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’ ' ' ABSTRACT
. A St ——

Gag trnnaport.botween the atmosphere and alveoll is
influenced by gas physical properties and flow raté’(&)} These
parameters were varied to study several mcchanlsmsiaaéerlying the
dynamics of pulmonary vent{lation, )

In living human and canine lungs, lower pglmonary resis-
tance (Rlp) incrcased with gas density (p) and V. In the dogs,
flow in pertphéra! airways (id<4 mm) was laminar, so the cffects
of p and V on Rjp orcurred i; central airways, where higher Rey-
nold's numbers (Re) and the frequently branching pattern of brﬁmch};/-

prevent the growsh of laminar boundary layers. Alr«ays resistg Eng}
d ¢« A a Pl ﬁ'\?g‘
was best explained by the equation R = K V P -y The expon-

TN

ent 'a' reflects the proportion of inertial to viscous losées, and

changes from'l1.0 to zero according to the reduction in Re between

glottis and peripheral airways. 1In healthy subjects breathing air

at ambient pressures in excess of 4 Ata, maximum aerobic capacity

was lowered by expiratory compression of intrathoracic airways.

During submaximal exercige, CO, retention occurred at depth. These
effects were due to lncre;sedKﬁ y 80 that healthy subjects Lreathing .-
dense gas resembled patients with obstructive lung disease,

. The regional d£strlbution of gas inspired by seated subjects

- i r
changed with V according to differences in regional time constants (RC).

3}



By increasing RC, greater p {ncreased the v dependence of ragional
/ >

N .

distribution. This dynamic redlstrtbutlon.of ventilation occurs
during quiet breathing, and {s opposed by forces generated by the

mechanical interaction of lung and chest wall, Concentration

differences between upper (U).and lower (L) lung regions influenced

N hat )

rthe expired concentration vs volume relationship such that 'closing

qvolumef {s systematically und«;estinnted when U/L<L 2, Since the
alveolar plateau was horizontal -when U/L % 2, its Lsual upward slope
probably represents sequential emptying of parallel {ntraregional
units having concentraalon differenccs > 2:1, Greater p {mproved
pulmonary oxygep exchange by reducing intraregional QA/Q variance,
Impaired inter-gas .diffusion coqcalvgﬁlynlncreased alveolgr stratifi-

cation of 0y, thereby matching stratified perfusion., Alternatively,

3 i
by enhancing mechanisms responsible for intraregional cardiogenic
{

\313 mixing, greater p reduced parallel inhomogeneity,
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_% 1'inertie et celles dues % 1la viscositd, et change de 1.0 & zéro selon la

)

Le tra sport\ des gaz entre l'atmosphire et les ;i.véoles est "\1n-
fluencé par les propridi¢s- physiques des gas oi;'. le débit N). Nous avons
modifié ces paramédtres r étudier plusieuz;s n;écanismos responsables de la \
dynamique de 1la vehtilatidqn pulmonaire, | . | ;

Chez 1'homme qt thez le chien, les résistances pulmonaires in-
férieures (Rlp) avgmentént hvec la densité () et V. Chez le chien, lo , |
débit dans les voles adrientes périphériques (diamdtre < L mm) est laminaire,
de telle sorte que les effets de PO ot V sur Rlp surviennent dans les voies
adriennes centrales, pﬁ le nombre de Reynold (Re) élevé et la mult%plicité
des divisions bronchiques empéche ls développement d'un écoulement llaminairo.
Les résistances des voles aériennes sont le mieux décrites par 1'équations

R= K Va P /91"‘. L'exposant ‘a' refldte le rapport entre les pertes lides

réduction de Ro entre la glotte et les voles adriennes périphériques. Ches

les sujets sains respirant de 1'air A plus de 4 Ata, la capacité aérobie

maximale diminue par la compression expiratoire des voies adriennes intra-
thoraciques. A 1'exercice sousmaximal, il survient une rétention de CO2
en profondeur, Ces effets sont 1ids 3 la P accrue, et ces sujets sains - f
respirant un gaz dense ressemblent auJ; nalades atteints d'un syndrome ob- p
structif pulmonaire, ﬂ ) h

Ches le sujet assis 1la distribution régionale du gaz inspiré varie

avec V selon les différences des constantes de temps régionales (RC). BEn

*%
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augrentant RC, la Aenait‘ acorue auLontc la dépendance de la distribution
r‘glon*f\to,via A vis V. Cette rsdiszk\lbution dynamique de la ventilation
survient en respiration calme, et est\ contrée par les forces produites par
1'intéraction mécanique du poumon et Lo la cage thoracique. Les différences
de concentration entre le sommet (S) et la base (B) pulmonaire influence

la relation concentration expirée/volume de sorte que le 'volume de ferme-
ture’ est systématiquemsnt sous-estimé quand S/B<2, Comme le platesu alvéo-
laire est horirontal quand S/B ¥ 2, sa ﬁnh ascendante usuelle représente
probablement li vidange séquentielle d'unités paralldles intrarégionales
ayant des différences de, concentration > 211, Une lp augnentée améliore

les échanges pulmonainéj d'oxygéne en réduisant la variation intrarégionale
des VA/Q. Une diffusion inter—ga;. altérée augmente vrﬂnieomblablcmont la
stratification alvéolaire de 1'oxygdne, s'ajustant ainsi i la perfusion
stratifide.  L'alternative serait qu'es augmentant les mécanismes respon-

sables du mélangs gazeux intrarégional cardiogénique, une p aoorus ré-

\

duirait 1'inhomogénéité paralldle,
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CHAPTER I (
A."N

INTRODUCTION N
4 /\ J*\

" In his recent undersea explorations, man has encountered

i
new disturbances of his internal environment. Ornephysical consequence
/

of increagsed ambient pressure i{s increased Aensityr%fagespiratory gases,
During an earlier study relatﬁpg gas densicy and egplr;tory flow (164), ’
basic questions arose regardlné the effect of hyperbariec conditions on
exercige capacity, airways resistance, distribution of ventilation and
pulmonary gas exchange, A review of contemporary literature revealed
several studies proposing mechanisms underlying these ;speéts of pul-
monary dynamics. To the extent that these mechanisms were in effect,
the behaviour of the lung)when exposed to variations in gas physical
properties and flow rate was predictable. The studies reported in this
thests employed experimental methods and designs gelected to deteq} the
pr;dicted behaviour,

Thus, this project has two general objectives; to provide

empirical information regarding alterations and limitations of pulmonary

. "

function produced in the hyperbaric environmené; and, from these changes
t& clucidate mechanisms underlying normal pulmbnary dynamics at 1 Ata.
The former aim is of poneﬁ€ial value to future undersea development,
since awareness of physiologic problems occasionally leads to technical
solutions or appropriate precautions. gﬁgter definition of pulmonary
dynamics in health may be of partlcular’v;lue in interpreting the battery

of sengitive tests generated by recent interest in early detection of

lung disease. The s:ope\ of the project is broad, in the sense that diverse

-



[y

PN
sspects of pulmonary function were investigated with a corre.po‘dlné
varfety of experimental methods., Some {ntegration results from inter-
relationships between airways resistance, -pulmonary ventilation and
gas cxchange, but the prime unifying feature {s the common invest{ga-
tive approach of varying gas physical propertics and flow rate, Al-
though gas viscosity (u) is a relevant fluid dynamic parameter, far
greater changes on gas density ( A) were cmployed, so gas physical
properties in these studies refer principally to gas density and
kinematic viscosity {u/p ), .

For the gsake of continuity, complete individual cxperiments
are presented [n separate sections of Chapter IV, Where components _
of these studies interfere with orderly progression, they are presented
in the appendix, Chapters II and 111 contain a review of’;elected as-
pects of pulmonary resistance and {ntrapulmonary distribution of venti-
laticn thought relevant to the expeyimental studies. In Chapter II, an
attempt is made to correlate newer theories of flow resistance and the
classical description of Rohrer. In Chapter III, the elastic properties
of lung regions responsible for static distribution are reviewed as a
basis for understanding published distinctions between 1i,) sequential
and asynchronous behaviour, 1{.) static and dynamic behaviour, and 111.)
regional and intraregional behaviour, Chapter V ;utllnes the conclustént

of this project which are considered to be contributions to original

knowl edge.,
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CHAPTER II

-PULMORARY RES ISTANCE

T A, Egquation of Yotion for the Lungs

i. Definition of Iulmonarv Resistance
The cyclic motlion of ailr bebﬁeen the atmosphere and the gas exchang-
ing surfaces of the lung is driven by pressuraes pene;'ntod by'the respiratory
mscles, A rirorous analysis relating Jung motion to the applied prassures
according to "ewtor's equation of motion is the basis of contemporary under-
standiny of the mechanics of pulmonary ventilation (99, 135). The pressure
appliad across the IunJ (PL) is the differsvice between airway oponinfg pres-
surs (Pao) and vressura in the pleural snace (Pp1).
Pl = Pao = Ppl

1

Transpulmonary pressuro l1s oppoa“ed by an equal ard opposite pressure\whioh
may be elastic (Pel), frictional (Pgr) and inertial (Pin). )
PL = Py + Ppp + Fyn o

Ilastic pressures are the product of the distending volume of the lung ()
and its elastance, usually expressed as the reciprocal of nulmonary compli-
ance (1/CL). Tho static balance of lung and chest wall recoil determines
the resting volume of the lung, so volume change (Vp) accurs about a ;'esting
alastic pressure (Pel,). Frictional pressure is proportioned to pulmorary
ﬂa’aw (V) by the pulmonary resistance (.I}L) and inertial pressuye is ; lated

to' volume accelaration ('\;) by pulmonary inertance (Ir).

’ / P = Poy, + VT/CL + RLV +* ILV‘

“«

The temporal rela\uonahips of theas' pressures are simpliﬂuél boonu‘qt normal
. \ =N

breathing approximates a simusoidal change of volume, Thus, the fifst de-

\

-
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rivative of volume change, ¥V, leads VT by 90° and has the amplitude w V7
litres per second (1!;5), where w is equivalent to 2 * x respiratory fre-
quency (f). Similnriy. the second derivative (V) leads volume by 180° and
is w 2\1'1‘ lps2 ‘
h ,iPL - Pely = &'PL-= Vp/CL + RLwVT + IIL“;?'VT (1)
This cquatiof’i;;\f lung motlion ’may he represented on x and y coordinates by
the circular motion of volume, Pel, ‘Pfr and P;\y}' are scaled to VT according
to equation 1, and are in phase with VL, V and ¥ respectively. PL is the
vector sum of these pressures, ‘

Pulmonary .resistance may he defined as the change of that component
of PI, in phase with flow per unit change in flow, This flow resistive pres-
sure (Pfr):reprosents the energy lost as heat of friction \betwoen“moying

elements during pulmonary flow,

2, Measursment of Pulmonary Reslstance

Several methods are currontly‘ employed to isolate Pgp and solve the
equation of lung rr;otion for R, These deperd on acc‘umtq measurements of
Ppl. Direct estimates h,avo been ebtained th‘mug;; a needle sampling pressure
in a small intrapleural-air pocket, The anatomic_ lo’catic‘m of the esophagus
in the pleural féi'j‘x;c\e allows an indirect estimate of Ppl from an air-contain-. =
ing esophapeal balloon, These and other techniques were eo;nprahensively

reviewed by Agostoni (1),

a. Interruption of Respiratory Flow. During quiet bx:oathlﬁg. Pin

‘is negligible (96), and P is the vector sum of Pe)l and Pryr, When flow is

suddenly interrupted (w = 0), P[, becomes equal to P.l; so the changs in PL
must be Pry (50). poes
PL'= Vp/CL + RV

wion ¥ =0, PL' = Vp/oL
therefore Pp ~ 51,‘ = Prr = RV

[
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b, Subtraction of Pal. 39ince the elastic prensure is in phase with
lung volume, “in. increasing proportion of the volume signal may bhe subtraot-
od from P, until the corrected. signal is in phase with flow (104),

S '

PL - Vp/CL = Prr w RV

s

0. Mnum Resonance, As w increases, V increases ‘npldnly until
-Pin oqunls! Pel at the resonant frequency (fo) of tha lungs (38'). Since the
prassures ,are-180° out of phase, thelr vector sum is zero and Pj, oqunl.-; Prr.
Solving equation 1 for the resorant frequency gives Q

fon 1 v

d, Roslstiyo Work Donm on the Lungs, The area of a simltanmous

plot of Py, arainst Vr is the resistive work (W) done on the lungs par breath,

Assuming {i sinsoidal breathing pattern and constant rasistance throughout

Ta

the cycle, Rp may be pnlcul‘g#:ed accorﬁlpg to Nisell (110) from the aquat}lon

' 2 2)’
Rz_;_ge’_r_t . | A ()

whare t is the perlod of the respiratory cycle,

e. Alrways Reslstance, A quite different approach to resistance

measursment involves the estimation of alveolar pressure (Py)y) during ventis
lation from the associated change in alveolar volume/. When a subject hreathes
while sitting in an airtight boxk.),,nthe box pressure changes with changes in
body volume, Body volume changes to the extent that changes in alveolar
pressurs cause compression and expansion of alveolar Jgas. Box prqas:ro also
changes to the extent that the temperature and number of molecules of“ alve-
olar gas chaqgo. DuBois et al. (37) observed that rapid shallow breathing
through a heated flow metre mln{mu‘od the exchange of heat, water vapor and
respiratory gases in relation to the change of alveolar prosshro. so that

o

box pressure chnn"gol could be calibrated for Paly. Neglecting inertia, Paly
differs Trom Pao by the product of flow rate and the coefficlent of airvays
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raslatance (Raw), 80 hox pressure Ia in phasa wtth flow and their. rolut.lonnhip

may be tolvad for Raw, Mead (98) domonat.rntad that the volume change of a
constant pressura plethysmograph may be similarly calibrated for alveolar
praasurs, menr and Otis (?;}) modiﬂ‘od thin method to mmasure R,y during
qulet bronthihp by having the sub ject mbmntho a ¢as mixture containing

sk Cop .-mturatnd at body tempsrature nnd~pmsm1r0 (BTPS), %

3, Coumponent.s of Pulmonary Resintance f

~ >

Two diastinct components ars.arranged in series and contribute se-
parately to the total frictional precsure loss, Alrways resistance,
Pag = Palv, 18 influenced by nlmny%gaomatry arfid the physical properties of

tha fluld, Lunpg tissue rasistance Paly = (P - Pal) is doterminel by tiasue

viscasity and the nonidaeal elastic proparties of pulmonary tlssus,

- ¢~

R, Puvlmonary Tissue Rgsistance @

.
-

/ ‘ .
3 Resistance of pulmohary tissues (Rt) may be estimated by subtract-

ing alrways resiatance (Rqw) from pulmonary resistance (~RL) Carly in;osti-
ratorg (13, 34, 95) estimated th®d nonelastic work dono on tungs \wntllatod
with ﬁsos of difi‘eront physical propo!'tlo:l, reasoning that only Raw could
be al‘@ectod by such a changa, Fry et'al, (50)ypointed out that quantltativa
ostimates of Rt from the affacts of ¢ns physlcal pmpartios on Ry necessi-
tate an equal diatribution of turbulent flow aiong ther. airway for each pas,
Thoy theorized t»h,atﬂt.his cm‘mdition‘was satisfied.for equal flow rates and
lung volumes hy pases of equal kinmatl\c viscosity, so that R;;N varied di-/
rectly with pas viscosity, By axtr;pohtr.{ng values of Ry mpasured on such
Fases to zero viscosity, MIlroy et al, (94) measured a mean Rt in six heal-~
thy subjects '6-!‘ 0.6 cm HzO/]pa. Thoir subjeots inspired-500 ml of the pas
mixture to FRE; and noaqnmsm were obtained during a subsequent inspira-
tion of about one 1itrs of the' #ame gas from FRC, The inﬂu?o of volume



LY /
history and tidal volume on pulmonary pressurs volume hysteresis may account

for this relatively larpe estimate of tissue resistance (see bolow)(:

‘A second approach 1S to meaSure RL'during plethysmographic moaéure-
ments of Rpw. darshall and LuBois (86)/ found P, to exneed Faw by 0.10 to
0.35 cmWw healthy adults durirr rapid shallow breathing (V{<300 ml,
at 100 bhpm), %ivinp a mean value for Ry of 0.é1. Jaeger and Otis (71) re-
ported mean + s,d. values for By, (1.21 + .29) anfi Iy, (1.69 + Lb4) measured
simltaneousiy during quiet-breathing in 9 healthy adults, givine a value’
for Ry of N,UR cm H20/los, ¥With the same method, B;Ehofeg\and s;herrer (5)
revort~d sianificant differerces of Ry “etweer grouns of 10 adult men (:29 +
.12), 7 adult women (,50 4 ,15) and 10 children (1.0 + .32), 1In the same
groups, mean dynanic pulmonary corpliarce (7dyn) values wera 260, 160 and O
ml/em €20 respectively and ﬂe;; vital capacities were 5, i and 2,1iters res-
rectively, 4 si'“.ila‘r relationshin of Ry to lung volume and pulmonary com-
pliance was observed by Zachofen (3), who measured Ft in subjects of ?ifferent\
size, breathing with different tidal volumes anld at different end expiratory
positions, Whaen mean flow rate and FRC’ ;-emained constant, Rt increased with
tidal volume, For the same tidal volume; Ry increased more than £hr§;Atimes
when suhjects breathed at hirh lung volumes where Cdyn wasﬂdiminished'. Coubl -
ing the flow rate when tidal volume and FRC were unchanped did not aporeciably
increase tha nonelastic work perfodméd'dn lung ,tn.\issue, so that Ry calculiated

”

from equation 2 decreased,

; ’ . \ !
f:‘ These observations suppested that pulmonary. tissue does not bhehave
;a8 a flow resistance but as a-nonideal elastic element exhibiting pressure-
volume hysterasis, The ;rea of such a hysteresis loop repre;onts ‘the amount
of energy which ig not recovered when an elastic element is d istented ard
released, Dachofen and Hildebrandt (4) demonstrated in excised cat, dog and
wonksy lungs that the area (A‘) of pressure-volume hysteresis loéps is relat-



~,  ed'to tidal volume and pressure amplitude (A PL). ]
. o7 A = KVp AP (3)
The hysteresis constant, K, was 0,12 and varieg 1ittle with luny volume, lung
& size, tidal volume or eapecies, tmt decreased sliphtly with cycle frequency.
1 A remarkably similar value for K (B;Lo) was obtained frem dynamic tissue

pressure-volume curves in human subjects, supporting the conclusion that Ry
is mainly an index of nonflow resistive pulmonary hystaresis,

The effect of pulmonary hx§toresis on 3 values calenlatsd from P-V
loops is raadily apparent, and provides an oiplanation for the ,dependence of
Ry upon milmonary compliance, lurp voluve and tidal volume, iess obvious
15 the influenne of hysteraslic on Ry estimates from pressure-flow curves,
Constdaration of the corresndnding P-V plots suggests éﬁht the high Re
values of ﬂcf];oy ot al, (94), the lover values observed duriny panting (°6)

- and the neyli-ible values duriny Toreced oscillation (8Z) are not inconsis-
tent, A quantitatiwve qn?imate of thls e{fect may he optainbd usins equatlions
2 and 3 and assuming<i’ﬁy&teresis constant aof 0,1, donside; a healtﬁy adult
with values of C|, and R, at 7FC af 2C0 mi/cm H20 and 2,0 cm HzO/lpé respec-
tively, Tidal osecillations of 1,000, 100 or #0 ml at sinuseidal frequencies

;4

of 10, 100 or 240 breaths per mimite respectively, cive paak to peak flow

ose¢illations ofgl.g lps, ir the first '‘case, the elastic pressure excursion
is 5 em HZO,'thekhystorasis area calculated from equation 3 1s 500 g¢,em, and

. the tissue resistance due to hvsteresls alone is 0.6 en Hzojlps. Similar s&—
1ntions. for the second and third cases give Rt values of .06 and ,025 omv 120/
lps. Thus,, decreasing tée iidnl volume at the same flow rate caiises a similar
reduction in the calculated resistance of luny tissue, ‘,\ .

it should' be noted that for a yiven Vr and (L, the resistive work
. done agalnst luny t;issue is independent of rroq{xoncy. Thus, increasing the

T frequency serves only to decrease the work per unit flow, and the resistance

) a ‘"5 ° l‘ N \
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calculated from eq., 2, * Thla underlinas the s,;;;gest,lor; of Bachofen (3) that
H i

lung tissue resistance would be hetter expressed as work per breath than

pressurs per unit flow, In these terms, lunp tissue resistance accounts for

30% of the resistive work per breath done1on the lunps during gquint breathing

‘ |
(case 1 above), b\}r‘)t; only 37 during panting (case 2), Durinpg rapid oscillations

(4 cps) as in tha study of lacklem and “ead (£2) the resistive work on pul-~

monary tissue is negligible,

C. Airways Resistance * N

Y

1, Prinpinles of Fluid Lynamles -

»

Several recent studies examine the flow regime in the human ain&ay.
An attempt is made in this section to relate these contributions to basic
principles of fluld dynamies as found in a stardard reference (126).

a, Lamirar Dlow, In 1939, Hapan oobserved that the welrht of water

per second (W) flowing steadily throuph straight smooth walled cylinders was
related to the heipht (h) of the water head, ‘
ho= al + bW - (&)
The coefficient, a, varied directly with pipe length (1) and water

viscosity (m) and inversely with the fourt){ power of the radius (r). The

. sgcond teorm, WQ, wnich became insignificant for long pives, was not influenc-

ed by viscosity andﬂwas considered to represent the pressure rlquired to im-
part kinetic ener;y to the fluid, 'l\-ro years later Poissquille independently
dgn_on'strated that flow (V) in caplllary tubes was nroportional to the applied
press;xre (P¥, r* and 1/( u1), although this relationship ceased to hold for
shlox;/t lengths from the tube entrance, Expressed,in c.g.s. units, the empiri-
cal ﬁ’apen-?oisseunlo equation for th;a frictional pressure drop (P) in long

/
tubes 1is : . \ ' ] .

ﬁ,,gﬂ “ ' (5)

s
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where 1 and r are in em, ¥ in cm3/sec, & i‘n em H20+sec, and P in em H20,
X When Q}xid is cor/ﬁaidored to flow in parallel lé;ninqa, Newton's law

of friction s;.atos that fluid v/iscoaity"axerts a force opposing the flow
of one layer over annthnr,

7= u du/dy - (6)
The shear stress (T) is proportional to the shear strain, which {5 the ve-
locity gr.;;dient hatween laminaen (qu/dy). The solutinn of equation 6 for
flow in tubes of circular cross-section vhen velocity at the wall is zero is

w(y) = P - ¥2) bl (7)
where P is the t‘r‘ictional pressure drop in a tube of radins, r and lensth, 1 ,
and y is the radial distance from the tube axis,

It follows that tho velocity distribution of fluid laminae has the

shape of a paraboloid of rotation where peak velocity (ug) is in the centre
of the tube (y = 0) and is twice the avérage velocity (i), IMirtharmora,
the solution of equation 7 for F coincides exactly with the lHagen-Poissenille
equation, which ver}ﬁes Newton's law of friction for these conditions, Ac-
cordincly the velocity at- the tube wail is zero and the pressure drop is
proportioned to th? velocity gradient across the tube, The “ourdary layer
is thé radial distance from zero velocity at the wall to u,, so that for, a
riven (ﬂow, boundary layer thickness determines the velocity gradient :m;l
pressure drop, When the boundary layer thickness is-equal to tha tube radtus, N
the chanpe in veloclty occurs ove;' the maximal available radial éistance, |

so that the frictional pressure drop described by equation 5 is the lowest

possible par unit flow, : .

b, Flow in the ntry Lensth, As noted by Hagen and Polsseuills,
thg pressure drop near the tube entrance does not conform to aquat}on 5
According to Olsen et al (113), thia' discrepancy 18 explained as follows,
Fludd laminae are considered to enter a tube with constant voioc;ty 1.
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Since the velooity at the wall is zero, laybi'q\ncar the wall have a high shear .
—_ Lt .

on the outside and low shear on the-inside, They dec;;ibntt and, since total

fow is éonstant, contral layers accelerate until the distribution of ah;a;;i
across the tube is uniform, As a result, the boundary layer thickness ap-
proaches the pipe radius asymptotically as axlal distance (x) from the entrance "
increases, The entry length (L) is the axial distance from the entrance to

the site of a fully developed parabolic velocity profile, and can be deter- * .

2

s

mined from the equation

L = .02875 Re'd (8)
Re donptes the dimensionless Reynolds rumber, which may be considered to
relate inertial to vi;.}:ous forces in the fluid, spd <'i fs tube diameter.

/ Ra = (d pu)/u = (4p‘7)/(;rdu) . (9)
According}_;i whan{Re is 100, L is approximately equal #o three tube diameters,
The pressurs drop in the entry length (Pg) eyceeds Ahat assoclated with a
parabolic velocity profile (Pla) by the pressurg/required to accelerate core
molecules from @ to ug. The accelerative pressure (Pca) is relat@d to fluid
density and change in gas velocity according to the Bernouilll equation,

Péa = ¥ p(T2 = up?) ’ . o, (10)
Since U 1s equal to U/ xr? and u, yhen x = L is equal to 2{, it follows that

Pe -_—‘8‘1’.50*,1,’5 I;g (11)

v

The form of this equation is similar to the empirical equation of Hagen (equa-
tion 4), From a variation of equation 11, Olsen et al., (113) calculate that
Pe for the entire entry length axceeds P14 by a factor of 1,63,

Pedley et al. (119, 121) consider that the additional pressurs drop
within the entry length is due to the lncreased shear rate associated with a
thin boundary layer, When x<<L they assume that the voioclty profile within
the boundary layer is linear, and ou\tsido the boundary layer in the axisl
core it is blunt and of magnitude u,, In these m‘:ndltpnl.. the growth of the
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\bmmdnry iayer (rs ) is described by the aquation ﬂ
. . ré = [2px .5 ‘ . (129
P Yo
TTre———

{
W‘WLM“W layer growth according to equation 12,

the enerpy dissipation in the entry length was calculated, /

Pe/Pla = . (g . Re)-5 (13)
4 4

- -
where C is a constant determined by the welocity profile entering the iube.
ihen, Pg/I1a was measured in a Lranched tube model, it decreased prorressively
from 5,09 to 1,47 ag distance from the glfurcation increased, I; the entire
segmant hatween branches, this ratio decreased from 3,55 to‘1.91 as Re decreased
from 699 to 177, The variation of Po/P14 with d/x and Re vas adequately de&;
cribad by equation 13 when C was 1,85, confirming that the entry length theory
correctly describas the pressure flow relations in bhranched %uhes, B3y com-
binine equations (5, 9 and/l]) tha pressure drop in hranched‘tubes is expressed:
Pe = K(pn )e5Vvi:5 (14)
whers K is a peometric constant, equal to .SOBCX'S/ru when ¢,#.3, units are
used, Thus, Pg is more dependent on gas density and flow rate than Py4, re-
flectine the additional pressure drop required to accelerate core molecules
in the entry length,

c. Turbulent Flow. A different flow vattern is frequently observed

in pipes, where secordary motions perpendicular to the principal fluid motlon
occur, The transition from laminar to turbulent flow is facilitated by increas-
ed tuhe diameter and fluid veloclty and decreased kinematic viscosity; that

is, by increased Re, Wwhen Ne exceeds a criticil yalue of 2000 (Req), inertial

disturbances introduced into laminar flow by the pipe entrance or wall 1rre-
gilaritios yrow with time, At much lower Re (<1/6 Re¢), such disturbances
. die out locally whereas between this value and Rey, they persist proportional

to Re (135).

’

.
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Secondary motlons blunt the velocity profile by sweeping kinetic

onexlpy from the core toward the walls of the tube, Consaquently, the nhear

~

rate nand pressure drop are increased, The pressure drop caused by turbulent
/
flow (Pyy) ir smooth walled tubes has bean found proportional to a factor

of tube (aomatry, 1, and fluld kinetic eneryy,
r
Ptuskl.l’uz (15)
r 2

whara A 1is tho rosistiance coefficlent equal to ,O‘Z . Lividing equation 15

- / Ras’
hy equation 5 reveals that Py, oxceeds the pressure drop for laminar flow
in the sama pipe by the factor, 4.2 » 10-3 x Re+75, Wwhen Re is 10,000, Py,
15 about four times F1a., Pedley et al. (119, 121) calculate that most of this
inereass 1s due to the bLlunt velocity profile of turbulept flow, and point
out that the pressuras drop in frequently hranching tub;ss may be relatively

K]

unchanred hy the development. of cora turbulence, By substituting for A ,
}

Ptu = '?(P'75F'2571.75) / (16)

u, and Fe in equation 15

EE075

[

d, Additiona] Kactors Affectiny Resistance to Flow in Fives. The

classjcal flow regimes discussed above occur during contimious flow in
straipht ripid tubes of eircular cross section having smooth dry walls,
Several variations on these conditiors may influence the pressur?e drop. in
yeneral. these variations tend to 1nc;'ease the pressure losses by enhancing
inoertial disturbances of the velocity profiles, Such disturbances are pro-
;;J%rtional to Re, aml tend to alter laminar, entry length, and turbulent flow
equations in the directlon of purely accelerative pressure losses, Thus,

the pressure drop becomes more dependent on flow rate and gas density and less

dependent on gas viscosity than predicted for steady flow through smooth wall-

od Pip”" N | ' '

Yo 2y
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. (1) Flow Oscillnations. In conditims of sterdy laminar flow

through a single conducting element, velocities near the centreiof the tube
axceed those near tha wall, Wwhen the preasurs driving flow is sinusoidally
osclillated at increasing frequoncias, core flow eventually begina to lag tho.
applied pressura dums to the irertia of central molacules, In such circum-

stances, a greater proportion of the flow occurs nna'; the walls wheara the

shear rate 1s hirh, 20 that total flow par unit pras+sura decroases relative
to steady flow conditlions, The mapnitude of Lhis disturbance of the bound-
ary layer relative to lts steady flow thickness may he calculated according

to “omarslay (167) from the aquatlon

aQ = rqw/v A (17)

© ™~

vhers r is tuba radius (em), w Tangular frequency (sec=1) and v is gas
kinematic viscosity (cm®/sec). when tié dinensionless paramoter g excaeds
“ a vAlue of 1.0, oscillatory resistance exceeds that during steady flow, -By
this annl‘yj.kis, sinusoldal breathlny n't 10 cycles per minute causms a signi-
ficant increase over ;esistunce to steady laminar flow in the trachea and
larpe bmnc;d. (?5).

However, the boundary layer of flow in frequently branchire tubes is
rmich less than the tube radius, According to Schroter ard Sudlow (145) equa-

tion 1?7 may be rewritten to solvo for an analogous parameter, 8, by sibstl-

tuting boundary layer thickness for radlus,

B=rsVelr ' (18)
It follows that those features of flow in the bronchial tree which increase
resistance to steady flow by proﬁoting a thin boundary layer also cause this
reaistance to be less nf_fected by flow oscillations, TFor g>1,0 during air

broathing, r§ must exceod 2,8 mm when the breathinr frequency is 20 bpm,

T

and during forced oscillations at 4'and 10 cycles per second, r$ must ex=

qk;:{“‘“\

-
‘s

ceed .8 and ,5 mm respectively, Assuming uo = U, boundary layer thi

.,
!

.
,
—
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for a given steady ﬂow rate may be estimated using meusurod bronchial dimen-
sions (Table 1) and oquation 12, Tven though this asmmption undersstimntes

Ug, the houndary layer thickness when flow oscillations are 1,0 1ps doms not

. approach the values necessary for g>! until frequency is 10 cycles per sacond.

<

Combining equations 12 and 18, one obtains

B = (2wx)'5 . (19)‘

Ug
Inspection of equations 17 and 19 reveals that the effect of oscillatory flo;c
in the entry length (B) differs in several resvects from its effect () on
fully developed laminar flow, The term B is irdepengent of pas physical

properties and varies inversely with the square root of flow rate, It seems

"reasonable to conclude that airways resistance is vir{:h'ally. independent of

breathing freduoncy up to 10 cycles per second regardless of the flow ampli-
tude or pgas breathed, This conclusion does not take account of flow redis-

tribution among parallel airways (see Chapter III).N

(2) Wall Roupghness, Schroter and Sudlow 5(_“‘5) pointed out that
the maximum size of a protuberance which will not alter the laminar flow cha-
racteristic in a vipe ray be estimated according to Schiller:

E/"<‘_‘._t:2,i

R Res .

-
—

where E is the h;;;:\ht,\o{ktha protuberance and r is the pipe radius, Thus,
surface irrepularities muist exceed 155 of the tube radius in order to dis-
rupt lanina}' flow when Re is 103, sugresting little effect of bronchial rough-
ness in .these conditiors, It is less clear what effect the same irregulari-
ties may have on thin boundary layers, It- seems possible-that a 1 mm protu-
berance in the trachea (r = 10 nmm) may not influence a fully developed para-
bolic] veloclty profile but may disturb a boundary layer less than 1.mm thick,
l‘-\xrth“oﬁmore,/ Pedley ot al, (121) cite the possibility of Taylor-G3rtler vor-

tices associated with flow over concave surfaces as promoting transition {rom
' ¥
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laminar to turbulent boundary layeras, If \eithar factor is oparative in the A
airway, the pressure losses will tond to qxcoed the predictions for flow in
smooth walltid tubes,

The affect of a liquid film 15n‘1nrr, the i;mqr surface of conducting
tuhas was axamined by Clarke at al, (27), Thelr results sucoest that when.
the stream of air flowiny through a liquid lined airwiy remained lamimar,
there i5 very little increase in resistance ghove that predicted from mrrg
inF of the lumen by the liquid layar, ‘hen Fe was sufficlently hiprh, waves
davelopad in the surface film, ascociated with a very large increase in re-
sistance, "“ave Tormatior occured at lower Ne for thicker liquid Jayers and -
lower liquid viscositles, The authors conclude that the thin surface layers
vresent in healthy lungs prohably have a neglipible effect on flow resistance
at all but the highest flow rates, 4

Yajor effects of alrway distensibility on resistance seems unlikely

since radial velocities are necaessarily small relative to axlal velocities

*(145), The sharpness and elastic stability of the bifurcation spur may also

influence the airway velocity profiles, bnt no theoretical or ermpirical es-

timates of their possible contridution are available,

e, }Mow in a Venturi T™ibe, 7The classical patterns of pipe flow
discussed above are descrihed by fixed relu*ionships among tim pressure drog,
pas physleal properties and flow rate. The variable flow patterns in a well
studied fluid veloclty metre bear considerable similarity to those in human
upper airways (69)., A Venturi tube consists of a straight cylinder having
a central circular constriction, For an ideal fluid, the lateral pressure

/
difference (A P) between the tube and the constriction is purely inertial

~

and equals the increased kinetic pressure of the constricted stream. The ve— -~ -

locity of the ideal fluid may be calculated frd’m the Bernouilli equation

u = (g_%_g) .‘5 ’ \
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Because real fluids are via‘cou:, thore 15 a component of A P dus to viscous

shaar, and calculations of ideal velocity overestimate the true velooity,

_which 15 squal to the total flow (V) divided by the, cross-sectional area (A)

~

of the conatriaction, The ratio of hian'l»-to true velocities is the Qoaffi-
clent of discharpe (C4)

=1 (20)
A

——.—-p L)
ZaP

P /

The inertial (ldeal) component of A P increasss with Rn, and a loparith-

wl

mic plot of C4 apainst Re demonstrates a charactarlstic pattern. When Re<10,
lop C4 incre/nsen linearly as lop Re, with a slopa of 0,5,

Cqd = K + Red (21)
Substituting squations 9 and 20 for Re and Cq, and solving for A P

AP = KuV | | (22)
Thus, for low Re, tha pressure drop varles diractly as as viscosity and flow
rate and s indeoen;ant of ras E’ensity. These prassv/lre losses are almost
entirely viscous, and similar to the losses of fully developed laminar pipe
t'lovf. At very high Re (>10"), AP hecomes comple-te].y 1ne,rtia”1 ard C4 is equal
to 1,0, Solving equation 20 for Cq = 1,0,

P=K'pi? (23)
whare K'' = _g__“'. Thus AP varies as tha(kinetic energy of the pas inde-

»“L

rendently of pas viscosity. In the intermediate range (10<Ro<10"), the

loparithmic C4 versus Re plot is curvilinear, As Re increases, the slope

progressively decreases from 0,5 to zero, Substituting for C4 and Re in

tho middle range of Re, where C4 a Re:25, , M
/ Pa=Ky(pu)vls (24) .
The form of this equatlon 1s ideptical to equation 14, describing flow in \

ths entry length, USimilarly, when Re is hlghcr; Cd bscomes proport.io»ned to

\ ,
Re*125, and the resulting equation resembles equation 16 desoribing turbulent
‘pipe flow, ‘ \ ‘ '
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P =Ky pr?5 ue2501075 (25)

In addition to praviding a hetter description of upper ailrways rasis~
tance than any of the classical flow repimes, thls Venturi tube model offers
a unifyinpg concept for the variety of flow conditlons axisting throughout
the human airway during normal breathing, Inspgotion of equations 22, 24,

25 and 23 reveals that AP 15 related to ras physical properties and flow
rate according to the general equation
AP = kv % ult (26)
The exponent, 'd, increases prorressively wiéh Pe due to the increasing influ-
'

enca of fluild inertia on the pressura drop, This relationship is also true

"for the classical flow repimes as indicated in Table 1. It seens reasorable

e
§

to conclude that the continuously chaneing flow pitterns in the Venturi tube <
pass throurh velocity profiles identical to those of laminar, entry length,
turbulent and o#ifice low as Pe increased, Conversely, it may be arfged that
departures from airways resistance ecalculations based on classical flow re-
‘Eipes will be s;qtemattc. in the sense that the exvonent, 'a’ will charye ac-
cording to the prevailing Re‘agd exponents of gas physical properties will

change according to equation 26,

2, Apvlication of Fluid Dynamic Principles to Alrway Morphomstry

In general, the exvarimental investiyations of a certain problem in
resaarch has to precede the theoretical considerations., 1f however, the
possibilities of an oxperimental investigation are so slipght, as they are
in this case, it may be pernissible make a theoretlcal repconstruction
of the ovent to bherin with, The flow of alr in the respiratory tract
i1s a purely physical event, the laws of which are fairly well known, If
these laws are applied to this special case with consideration of all
posslible factors, wo may assume with a hirh derree of probability that
we approach the real conditions very closely.

With theses remarks, Rohrer (133) introduced the classic paver that
has heen the foundation of our understanding of airways resistance for over
fifty years, Relatively recent measuraments have directed attention to se-

veral errors in Rohrer's calculations, arising in good part from the lack
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of smpirkcal checks for the complicated theories, Nevertheless, his approach
implies an underlying physical basis for a physiolopic paramater, and should

serve as' a model for hypotheses rolatiné the available fluid'\dynamic princi-

ples to alrway dimensions, ) /’

a. 'Morphometny of the Respiratory Tract. Airways/differ marked}y

from straight smooth walled cylinders of circular cross section, The path-
way from the mouth to the extra-thoracic trachea (135) bends sharply down-
ward at the pharynx, where the width considerably exceeds the anterior-pos-

terior diameter, At the glottis, the cross section is irregularly reduced

~ o

to about 1,0 cm® hefore increasing to three times that area in the Uifhaped
trachea, For such irregular passages, the effective Buthway for flow’ is less

than the total cross Section and the hydraulic diameter (Dy) may be calculat-

ed/if the cross sectional area and circumference are known,

Dh=U4  area - (27)

circumference

Below the carina, the airway branches repeatedly, At lesast two ex-
céllent studies (62, 159) provide'tl;:e dimensions of these alrways obtained
from casts of excised human lungs fixed at about 75% of total-iung capacity,
Although” these dimensions provide a guide to the calculation of bronchial
‘resistance, very foy resistance measgrements have heen made in the same con-
ditions to validate the calculations; Most resistance measurements are ob-
tained at FRC in living Aumah subjoct;‘where few detailed-measursments of
airway'dimensiongpg;e available, | .

If respirgtory flow is laminar, the frlctional pressure drop per
unit length of an airway is proportional to the flow ra¥e divided by the founth
pawer of the radius (see B, 5), When two airway segments are connectad in
series, the total prossu}o drop is t@o arithmetio sum of the frictional }osa
in each, Hho; a bronchus branches into f;b daughter airways, the rosist;;po

due to parallel flov beyond the bifurcation (RD) is caloulated from the in-

i;ﬂﬁhy -
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. -
verss sum of daughter resistances (Ry, R). \ z
.l___ e 14 + 1 ‘ .
Bp R R E

If the daughtser bronchi have equal dimensions, resistance psr unit lenpth - o
I o
décreasas heyond a bifurcat.ion when the branchinp coefficlent (ratio of to-

g

I

tal daughter to parent cross sectional areas) exceeds \F? nleibgl’ (159 ) ob-
served that the branchin{' coefficlient lncreased pro;,ressively.,tmm ,9 at the

carina to 2 at the most peripheral bi“urcation, and that the J_',émth of daughter

~ar
~

branches varies between .81 and ,87 of the parent length, ’-Accordinply, Lreen
(59) caleculated that the resistance per unit lensth of the bronchial trse be-
rins to decrease at generation 9, and the resistance per generatton is max-

imum at generatlons 4 to ? beyond which it falls off mf))idly. These calcula~

tions, A lustrated in figured, are qualitatively similar to estimates of -

Eorsfield and Cumming (63) who also assumed laminar flow in an assymetric

model of alrway morphometwyv (62), ’
o

Insvaction of éguation 9 reveals that, for a "iven flow in a dicha-
tomous bronchial tree.where the branchiny coefficient is 1, Re in ‘the parerit
bronchus exceed dayghter Re by a factor of \12. Similarly, beyond generation

-

9, Re decrease by rare than a factor of two in each succeeding generation,
Table 2 shows that with relatively low [Mow rates ,\ Re in the up'poer alrways and
large bronchi sugrest turbulence, and it is r_\ot until the eighth peneration
that Re fall below 100. In the inturmediate bronchli 'the length to diameter
ratios range from 2,5 to 6.0 (62), so that nl} bronchial segments ibetween

R Y
branch points are shorter than their entry lenpgths calculated .from equation 8,

b, Phgs’i‘cal Properties of Respiratory Cases, The usual inspired gas
is air, whieK may be considered as a mixturs of 21% oxygen (02) in nitrogen
(N2), This is rapidly wamed to 37°C and saturated with water vapor (H20) so

\

that at 1 0 atmsophere of nbsoluto ambient prossure Qv\ta), the inspired gas

contuins by volume about 74% N2, 20% 0% and 6;» H20, Pulmonary gas exchange

-

t v




Geometric and Hydraulic Parameters of the Humam Alrway

+ *
Afrvay Dimensiong / ' Flow Parameters

Stte § L - 4 A& b R n
 Pharynx ‘ 10 1.2 1.2 450 3240
Clottis 250 .80 .50 1000 4800
\ " Trachea 0 12 1.8  2.54 200" 2160

Main Bronchi 1 476 122 -2.33 215 1580 ,086

 Lobar Bronchi 2  1.90 .83 2.13 235 1170 .052

6 .90 .28 3,96 125 210 .049

8 .64 .19 6.95 72 82 .05

15 .20 07 113 5 2 .035

-
v

+ Tracheo-bronchial. from Weibel (159); Upper airway from Rohrer

G: Afirway generation. ’

L3

L: Length of airway segment (cm). o
g

d: Dismeter of airway segment (cm).

- A: ‘Total cross-section area (cnz).

)

* Calculated for t'loiv (V) of + .5 lps at & cps (air).
U: Average velocity = V/IA (cw/sec).

Re: Reynold's number = 'l'de/p

rd: Boundary layer thickness = (2ux/p Uo)‘s, vhere x\‘- L and Up = U, (cm).

a

B: Wormersley's parameter, aodified for frequently branching tub

- . N7
NN

1.06
.64
.60
.66
.43

(135).

es, - QQu xIUo)',
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alters the inspirate by removing 02 and adding carbon dioxide (CO2) in ap-
._ proximately equal voluv;us. Accordingly, the alvcoolur gas expired after the
central airways are washed out contains about 6% CO2 and 14% 02, During re-
breathing and shallow rapid ;Janting. the flowing gas must approximate the
alveolar fractions,
The ;;hysical properties of these gases which influence theyenergy
d'issipation during flow are the viscosity ( u ) and the specific pravity, or
‘density (»), -The viscosity of a fluid may be regarded as the internal co-
efficient of friction of the molecules, indicating the amount of force required
L 'fér' molecules to sli;ie ove;- each other and their container during mass flow,
The Coge S, units are dynes/cm.Sec, or poises, and can be converted from force
to pres'sure units (cm H20,sec), by dividing by the acceleration of gravity
(g = 980 cm/secz). Tif\e dynamic viscosity increases with temperature sccord-
ing to Sutherland's factor, and is indép’andent of the ambient pressurs over
a wide rang:é from 1,0 Ata (128). Values at 37°C for indiv.idual respiratory
Rases are :t;:mpiled ‘in Table 3, Due to molecular interaction, the dynamic
viscosity of a gas mixture is usually higher than tha;. cal;)culated from the

fractional volumes and viscosities of othe confponents, The viscosity of res-

piratory gas mixtures may be estimated by compa;'ing the pressure .drop across

a pn;eumotachograph for a fixed flow rate of the mixture with that for the

same flow of air (94),

K Gas density is the mass of gas per unit volume and varies directly

as the ambient pressure and inversely as U;o absolute tomperatur&. The

c.g.8, units are grams/cmJ, which can be converted to pressure uhits

:(cm Hzo.se;cz/cmz) by dividing by.g (70). The density of a gas mixture may

be calculated from the fractional volumes and densities of the components
‘ (128), The ratio of u to p 18 the kinematic viscosity ( v ) of the gas

which has the c.g.s. units of cw?/sec., This characteristic ‘is important to
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K ’ o . i s "x"m%
N 26 ,
. Dable.d * -
i / .+ i -
Gag th;igl!’?rggggtiel
- / &
Gag L B -2 '
He 16 2.02 1.250
Hy0 %) .1.00 141
N2 1.09 © 1.81 .166 v
0, 126 2,10 .169
1 1
002 ' 1.12 ' ‘057 00?1 3 k
N [
; SF6 3.34° ) 1.20 .025.
*
Mixtureg ; .
; .
Henz 063 2-010 .690 - /
Air 1.12 1.87 o aer ‘
SFg032 » 4,26 1.60 .038 J

+ Values at 37°C, 1 Ata as listed by Radford (128) or in the Hand-

book of Physics and Chemistry.

p : density ( g/L x 10°3)

u : viscosity (~Paises x 10°%
. e 2

v : kinematic viscosity (cm“/sec)

- / "
* 14% 0,, 6% CO,, and 6% Hp0 in He, N3 or 8Fg. Values for density i |

calculated from components, air viscosity from Rohrer (1395), and )
HeO3 and SFg0; viscosities relative to air measured with a pneuiso-

tachygraph (104),

8
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the dynamics uo/f flow in that it indicates the ratio of viscous to inertial T
forces present in the fluid itself, ' R

¢, Rohrer's Calculation of Airways Resistance

/
]
(1) Rohrer's Equation, Recognizing that flow through tubes may be

laminar or turbulent, Rohrer (135) calculated the critical velocity (u,) for

transition to turhbulence in various airways, assuming Rey to be 1290, From

/
equation 9,

L)

ug = 1290 x v o (28)
d

He then calculated the density and viscosity of inspired and expired air, care-

fully correcting for®body t(:mperatfure, humidification' ard respitato/ry quotient,
n =1,873 x 10”7 cm~H20.sec

=1.117 x 106 cm HzO.s;eczlcm2

< .
! : ~

v = 1677 eml/sec

h-3
i

Using measured alrway dismeters (mm), equation 28 was solved for u, in metres/

sec, Kor dimensional eéquivalence, d should have been expressed in cm and u, in

‘
—tcm/sec, ‘This error ,overestimated u, by a factor of ten, so that air-velocity

at all but maximum flow rates was thought to be less than u,, Rohrer conclud-

‘ed that “tubular® flow in the resplratory system was laminar, and acéordingly

tha&art 'of the pressure/drop was calculated from Hagen-Polisseuille e‘/:;uation
(s 5.

In addition to the pressure losses due to tfxbu]:ar ﬂ/ow, Rohrer consi-
dered the disturbanc;s 1nv flow pattern induced by the local constrictiqn of

the plottis and changes of flow directlon in the nose, pharynx and bronchi.

These disturbances add eddies which grovw with time when u>u, and
L4 \
portional to Re when u>u, With repeated disturbances, the flow pattern may

appear turbulent at velocities as low as one-sixth u, (Re = 215), Below this
. \ .

Aower 1imiting velocity (ugy), all disturbances dle out locally, Due to the

- -
i . A
2
i

ld oo - = —
~
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erroneous ca]:culation of uy, gas velooity throughout most of the bronchial tree
| did not exceed ugy, Accordingly "additioml" losses were confined to the upper

airway and large bronchi, and were a variable fraction of the kinetic energy

of the stream (% puz) dependent upon the :adius of the bend relative to the ra-

_dius of the airway, Rohrer solved for the "additional" losses (P,) using-the

equation of Weisbach ) —
’ . ‘2 -
Pa = h P g &
2xcr i R

. \
where E is a constant of bend geometry, A

Rohrer's equation for the pressure loss in ailrways associated with la-~

‘minar "tubular’ flow and “additional" losses due to inertial disturbances may

be wriit.tem /
- i ‘ P=28lu g + p g ' | ~ ) (29)
* ) rr 2rfr ’ \
~— _ This is simplified as follows: ‘

' \\ P= /k]_‘.l + Kz\"z ! ’ (30)

~

] R

K1 has the units of resistance (om HzO/lps) and contains gas viscosity and a ™~

- ._constant of airway geometry; K has the same dimensions and contains gas den- ~

- , I
sity and a constant of bend geometry. Whsn measured P-V relationships are plot-

i}

ted as P/{I against V: a straight line relationship is frequently obtained. The
slope of this 1ine is K2, and ,the zeroc flow intercept is Ky (87).

R=K1+K2v

~
=

~— .

Accordingly, when ¥ is 1,0 1ps, R is ‘the sum'of K1 and K2,
\

Rohrer's equation provides a g description of most airways resistance

| .
measurements, Yet a good mathematical description does not necessarily des-

eribe the nature of the pressure drop, and several assumptions implicit in the

~~

.r{’;vvt“
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be argued that the second term of Rohrer's equation can decount for the ad-
ditional losses due to turbulance 1if the appropriate tubular geometry is in-
cluded in K2, Fry et al, (50) theorized howaver that for a pgiven alrway geo- .
metry, the distribution of turbulence in the bronchial ;.rae must change wtt;\
gas kinematic viscosity and flow rate, The geometric factors contained in Ki
and K2 change accordingly, making unlikely the possibility that K1 and i(z
have any pinysical significance (99), More recent analyses of flow In branch-
od tubes suggest a quite different bronchial P-V relationship which is less
affected by the distribution of turbulence (113, 119, 121, 146), Further-
more, the venturl tube analogy of upper alrways resistance sugpasts that si-
milar exponents relate pressure drop to fas physical properties and flow rate
in extrathoracic and intrathoracic airways (69, 70)., It now becomes interest-
ing to recall that Hagen considered the second term of his empirical descrip-
tion of flow in short pipes (eq., 4) to represent the kimetic energy added to
the fluid beyond the entrance. This 1s quite consistent with the present
understanding of flow in branched tubes and in a Venturi metre, and raises
_ again a basic theoretical possibility as yet untested. Is the nature of the
pressure drop associated with complicated flow patterns through irregular air-
ways geometry correctly described by th? sum of viscous losses (K1V) and
inertial losses (Kz\.lz)r

(2) Upper Alrways Resis;tanc . For the upper airway, Rohrer solved
equation 29 using published anatomic dimensions of the nostrils, pharynx,
glottis "and trachea, Because these passages vere very irregular in cross
soc/tion. the hydraulic diameter (see eq, 27) was calculated as the effective

diameter for flow, During mouth breathing, the calculated resistance (Ryaw)

¢

was ,61 om H20/1ps (K{ = .05, K2 = ,50), most of which was due to additiomal
}

losses across the glottis (K = ,01, K2 = .S4), Though these caloulations

underestimate iho contritution of omphirynéoal resistance -(148), their sim-

v
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\

ﬂartty with aubsoquent. measurements of Rygw (14, L& 64, 69, 148) is re-
nnrkablo considering that Rohrer thought the flow regime to be lnmlmr. The
accuracy may indicate that the flow pattern existing during “tubular® turbu-
lence ls/ quite similar to laminar "tubular® flow when "additic;ml" distur-
bances are frequent, This possibility is supported by the calculations of
Pedley et al, (119, 121) who showed that most of the pressure losses during
turbulent flow are due to the{ él\mt velocity profile,

- (3) "Bronchiolar" Resistance, Because no published dimensions of

the bronchial tree were available, Rohrer measured the lengths and circumfer-
ences of airways axtendiné from the trachea to 1 mm diameter bronchioles in

a collapsed right human lung, Solution of equation 29 pave Ki and K2 values
for this "bmnghiolar" segment of ,11 and ,08 cm Ho0/1ps respeq‘tively.’ The
K{ value is quite close to the value of ,17 cm HzO/lps estimated by Green (59)
from the refined bronckial morphometrics of Weibel (159). Both values are
considerably lower than subsequently measured values of ,6 cm HoO/lps (14, 44,
65, 148, 157). This discrepancy has been attributed to the omission of a
term for turbtulent "tubular® flow (9%) but it now seems more likely due to -
frequent distortions of the parabolic velocity profile in the branching
bronchial tree., Rohrer was aware that no uniform equations were derived for
velocities hetween uc and ugy. Had he been forced to consider bronchial ve-
1oci'ties greater than Upls the relevance of entry length phenomena to airways
resistance may not have remained obscure for the next fifty years.‘

(4) "Lobulax" Resistance., For dimensions of airways peripheral to

1 mm bronchioles ("lobular" system), Rohrer relied <;n published histologic
observations, The calculated "“lobular™ resistance (Ki = .25, Kg = ,01) close-
1y resembles values subsequently measured in peripheral airways (61, 82, 84),
"Additioml" losses were negligiblo, suggesting to later investigators (59,
63) that thoy might also be neglected for the total ™bronchio-lobular® rosu-

-~
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tance (K1 = ,36, K2 = .09),  Accordingly, lobular resistance accounts for
more than half of the lower airways resistance (Rlaw), in contrast to sub-
sequent maasuramonts which demonstrate that peripheral resistance accounts
for only 10% of Rlam This discrepancy is in part due to Rohrer's underssti-
mate of bronchiolar resistance, but must also reflect an underestimate of the
number and total cross section of lobular airways relative to bronchiolar
alrways,

d. Flow Visnalization Studies. Rohrer was the first to test his theo-

ries concerning flow patterns in hranching airways, A machine driven hellows
sucked steady alr velocities through a glass tube (1 - 7Mem, d - 1cm) from

two daughter-+tubes (y junctlon, 45° angle), one of which was filled with

ammonium chloride vapor, The average flow rate was varied to a maximum 6f 4
1,57 1ps (u = 200 cm/sec, Rae = 1200), and a clear separation of vapor and‘;air

was observod, From eq., 28, Rohrer had erroneously calculated ug and ugt to

be 2160 cm/sec and 360 cm/sec, so these observations supported his conclu-

sions that turbulence does not oacur and eddies do not persist in bronchi

during quiet breathing. Subsequent studies (35, 145, 162) examinod flow pat-

terns only several diameters downstrsam from the tube entrance and showed

k¢

turbulent eddies at lower Re, suggesting th hrer might have overlooked

imated the effect of loecal /

this region of his model and therefore und
disturbances in a frequently branching system,

Gaensler (53) point;ed out Rohrer's/dimensional error, and calculated
ug for a 21 mm trachea, assuming the Reg”to be’ 2000, His value of 140 om/sec
(¥ = 485 ml/sec) proved higher than observations in subsequent studies,

West and Hughes-Jones (162) perfused segmental bronchi of a hollow
alrway cast with water marked with dys, During expiration, streaml ines waver-
ed in the trachea at the squivalent alr flow of 340 ml/sec (Re = 1360), Bd-

dles wers observed at 670 ml/sec downstream from lobar bronchi, and at 1340
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nl/sec downstream from segmental bronchi, Daring inspirntion, turbulence occ-
curred at lower flow rates in all airways, being first observed at 220 ml/sec
in the trachea (d = 17,5 mm, Ree = 1075). At 670 ml/sec, turbuienca extended
from trachea to seymental bronchl (Re = 700). Dekker (35) visualized the onset
of turbulence in twelve excised trachea perfused with asteady flow rates of
wvater and dye or air and smoke,” The critical Re were similar for water and
air, and varied with the dlameter of the tracheal inlet, D«}rinp inspiration
the critical flow rates were 380 ml/sec (Re = 1380) when the glottis was re-
moved, and 52 ml/sec (Re = 190) with the glottis present in the cadaveric
position (adcuctibn). Abduction of the cords doubled the critical flow,

These resultns suggested that critical Re in the hupan trachea and large
‘ bmué!;\i"aro close io 1290, as suggested by Pohrer, Furthermore, the inlet
geometry of the airways /produces turbulent eddies when Re exceed about one-
sixth of the critical value (Rohrer's Uét) which persist for some distance
downstream, Hyatt and Wilcox (65) found evidence supporting similar flow pat-
terns in vivo, From the difference (A P) between impact, or total, pressure
and lateral pressure they calculated gas velocity at several points across
the exi:{ra thoracic trachea in human volunteers, from the Bernouilli equation

B u = QZA P/p
The veloc!ty profile was blunt at flow rates ;af 0.5 to 4,5 1ps, This is pre-

sumably due to tracheal turbulence, although laminar flow with a blunt 'voldé;-

1

ty profile cannot be excluded, \(

Schroter and Sudlow (145) examined tha effect of tube branching on
flow patterns of alir marked with smoke in per;pax models of airways, The
branch angle (70°) and diameter/length ratios (1/3,5) were similar to the mean
dimensions of airways generations § to 20 reported by Horafield and Cumming
(62), Secorndary motions were observed to complete at least one helical oycle

within three diameters downstream of the branch point at all flov rates (Re .
/
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50 - 4500), and to produce convective dispersion of smoke in the air streanm,
As an important addition to flow visualization, a hot wire probe was employed
to measure the velocity prét‘ilo for flow through two generations from Re 100
\to 1500. The velocity profiles were distorted in a characteristic manner for
both inspiratory and expiratory flow, resulting in a uniform distribution of
velocity across the section of the tube, This suggestod' that secondary mo-
tions lnduced%by airway branching (and similarly by the glottis) oppose the
tendency of fluid momentum to accumulate in the center of the tube, thus
ténding to maintain a blunt veloclty profile in the tracheo-hronchial tree
when Re exceed 100, This concept is the major addition to Rohrer's understand-
ing of the flow resistive pressure drop, and its implications are discussed

in the following section,

e, Calculation of Bronchlal Resistance from E})try Langth Theory,

As discussed, Pedley et al., (119, 120, 121) used the measured velocity pro-
files of Schroter and, Sudlow (145) to calculate the pressure drop in their
bronchial model, The calculated pressure-flow relations over a tested Re
range of 177 - 699 conformed closely to the general equation for boundary layer
\growth. This suggested a ma jor contribution of entry length phenomena to the
inspiratory pressure drop in the bronchial tree, and provided an equation with
which to calculate the pressure from Weibel 's alrway dimensions, Olsen et al,
(113) independently concluded that entry length phenomena are important in
producing the pressure drop in a different model of airway morphomatry. They
reasoned that three anatomical features of the bronchial tree disturb the ve-
locity profiles of inspiratory flow, causing the pressure drop to exceed
laminar losses by a fraction of the kilnetic energy of the gas, These extra
losses are interrelated, but can be caloulated separately from appropriate
equations, The short length of alrway segments bstween branching points re-
lativ& to their hydraulic diameters accounts for at least 75% of the total
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pressure drop in each generation during inspiration (.5 to 2,0 1ps). The an-
gle of each bifurcatiep causes redirection and secondary motion of the flow-
ing gas which account for less than 104 of the total losses per generation.
When the branching coefficient exceeds 1.0, additional viscous losses occur
due to separation of flow laminae, aécountlng for 10% or less of the total
drop. ' .

The pressure drop per generation of Weibel's model A (153) are compar-
ed for an inspiratory flow rate of 1,5 1ps in the left panel of figure i, -
The results from Pedley et al (120) exceed laminar values by a factor of 10
in larger a%rways whers linear velocities and Re are hlgh.‘ This factor falls
off r&pidly‘beyond the Uth peneration to less thany 2 by g;neration 8, and Rlaw
is about 0,6 cm H20/1ps. The values of Olsen et al, (113) follow a similar
pattern bhut are agout two to three times gyeater in all generations, and~
Rlaw is 1.6 cm H20/1ps. Although the estimated effects of entrance length
phenomena are qualitatively similar, the discrepancy in pressure losses when
the two approaches are applied to the same airway dimenslons is surprising,
It is not apparent from the equations published whers the discrepancy lies,
Assuming the equations are solved correctly, the credibility of the approach
of Pedley et al, (120) is enhanced by their experimental verification of the
;quations employed, I

The inspiratery pressu;e-flou relations calculated for the bronchial
tree (carina to alveolus) are compared in the right panel of figure 1, Green
(59) and Pedley et al, (120) calculated friﬁtlonal pressures using the alrway
dimensions of Welbel's model A. The difference between their valg;s for a
given flow indicates the additional energy losses attributed to bouédary layer
growth, Thus, bronchial resistance (P/¥) increases with flow rate and at 1,0
1ps is three to four times greater than laminar resistance., In the same lung

model, Olsen et al, (113) predicted much greater additional loasses, so that
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their calculated bronchial resistance (1,35 om H20/1ps) 1s eight times greatsr

than Green's value, When they used dimensions of an "effaectiva" pathway in
an asaymetric bronchial t;oa, the pressure drop at 1,0 1p& /(.? cm H20) was
agout one-half of their calculated valus for Welbel's model, The graatox:
effoct of additional losses matimated by Olsen et al, (113) is also present

in this "‘affective“ -pathwny, as indlcated by the greatsr curvature of their
P-v plots., As a result, these P-V relations are more similar .to those of
Pedley et al, (120) than are the equations employed by the two proups, = This
suggests a significant effect of the assymetric branching pattern on bronchial
resistance, which has not bean directly axamined previsusly, The authors

do not discuss this possibility and presentAlittle 'information regarding the
construction of thes "effective" pathway (113, 146), -

Thus there are differances in the effects predicted for entry length
phenomena and difi‘eren;::ss in the alrway morphometry to which these concepts
ara applied, When one alsf‘constdern the wide range of lower pulmonary re-
sistance among n;mn‘}; subjects (14, 44, 148, 157), it does not seem reasonable
to validate either approach on tha basis of how close].y they simulate publish-
ed measurements, In this regard the resistance calculations of Green (.17
om H20/1ps) are as close to the only published values of lower pulmonary re-
sistance (157) measured in circumstances comparable to Weibel's model (no

bronchomotor tone, 75% TLC) as either of the entry lehgth estimates, On’

the other hand, good theoretical evidence has heen presented that entry length

phenomena may contribute in an important way to bronchial resistance, and these - °

theories provide an excellent framework for further oxporirpents.

In summary, steady flow through br:anched tub® models of b\ronchnl
goometry cause frictional pressure losses three t‘o four times granlyl.er than
those of laminar flow when Re are as lov as 200, The theory of bo\%ndary
layer growth in branched tubes adequately accounts for the addltlon%l pressure
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losses, and predicts that bron;hwllb resistance varies as the square

root of gas viscosity, density and flow rate. Even,la;ger preﬁpure -
"losses may occur in larger-bronchi due to boundary layer ty;butence,‘

uaiteady flow and wall i;regularities. Such losses would cause r;;
‘sistance in central airways to be morec dependent on flow rate and gas*

density, &nd less dependen; bn:gas vlscos;%y. The low Re of peripheral
airwvays may animlze the additional iosses;)and1laminar f16w~mny ﬁrev&il.

W

5. Observed Effects of Gas Physical Properties and Flow Rate

Gas physical properties were varied in a number of pulmonary
° 3
mechanics studies (8, 9, 10, 11, 13, 34, 50, 55, 58, 69, 70, 79, 85, 87,

94, 95, 96, 114, 142, 144, 156,‘16&), and their results were comprehen-
*

sively reviewed (34, 50, 81, 99). 1In general, these investigations shared
the objective of determining the “physical bésis of pulmonary resistance
by comparing results with predictions based on Rohrer;s equation, Ex-

cluding earlier gtudies of historical value, there?remaln relatively
- ° ,"

" few investigations which contribute observations bearing directly”on

the nature of pulmonary resistance (50, 69, 70,l85, B7, 94, 156). A

4

remarkable combination of hypotheses, methods, gases and’p;esentatton
4 v |

of results complicates comparison between studies to the extent that

the extensive literature tends to congist of unrelated qbservations,

o a4

Barach (8, 9, 10) reported marked relief‘frqm dyspnoea in
several paticents with either severe asthms or laryngo-tracheal obstruc-
tion when they breathed a gas mixture of 20% 0, in helium (HeOz). When

subjects breathed quietly rhreugh a 3 mm~1\d)or1£1Ce, the pressure at

‘the mouth decreased from 10.2 to 4.6 cm Hy0 when HeO; was substituted
w' * -

for afr. A similar reduction (n pleural pressure excursions were

obgserved in anhesthetiied, dogs bresthing through an added external

.t

¢ | .
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resistanca, althounh no, diffrrenco was observed when the external
resistance was rcmevpd., Barach npctulated thnt the 3 fold de@?enoc
~lp’gas deng ity durtng HeOp breathing may have little effect {n normsl
suhjngts where the force required to move gas is small, but may Aub-
stn;clnlly reduce the work of breathing in patients wlth‘qrscructlve

lung discasc, This insight {s correct insofar as the f[low regime in

the added registance {s density dependent,

»
1 !

Bayliss nnd Robertson (13) calculated pulmonary viscance
from plots of pleural pressure and lung volume obtained {n three cats
ventllated with air or 20% oxygen in hydregen (N262)~|t 9, 18, and 36
cycles per minute, Although H30; is only one fourth as dense and_60%
ag Qiscous as air, pulmonary viscance was similar on the two gases -

except at the highest frequency, where the viscance' . ratios (N202/Air)

were .93, .63 an? .77, Using a similar technique, Dean and V§aacher

»

(34) observed no difference {n the pulmonary viscance of tracheotomized
dogs breathing afr or HeO;, They concluded that if a 3 fold reduction
in gas density did not alter viscance, a fully developed laminar para-
bolic flow regime must cxist in the bronchial tree. They pointed out,
however, the large component of volume dependent, flow independent
"plastic! viscance {n their ggnsuromentn. Presumably the large tidal
volumes and low end expired volumes {n both of ‘thesc experiments caused
. congiderdble P-V hysteresis, so that the viscous pressurc losses of
air [low were too small to contribute a detectable difference during
foreign gas breathing, Mcllroy and Christie (95) measured ;he tidal
vo}ume of excised human lung::vcnttlated‘with a congtant transpulmonary
pressure at thnd 15 breaths per minute. Because an’ index oﬁ‘vlscodl
resistance (Vr3/vrl5) did not change during ventilation of 3 normal

lungs with 90% H, they also concluded thit most viscance was due to

tissue rather than gas flow,
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Otis and Bembower (114) used the {nterruptor technique to
meagure pressure-flow relations in twenty normal subjects bralth}nf/
air or HeOj. Curves were fitted by eye through the P-Q data for each
subject, and mean (4 SE) rea}stiwe pressures for all subjects_were
determined from these curves at 0.25 lps_{ncrements of flow. When
thé.e'dnta were analyzed according to Rohrer, the theoretical P
rélations fell within 1 SE of the ;cnsured values, Thus K} was equal
;n the two gases according to their similar viscosities, and Ky on air
is three times greater than the HeOj values, according to the density
ratio ot these gases. Although the*o data were interpreted to support
Rofirer's description, the authors pointed out a systematic discrepancy'
between the measgréd values and the expressions above. In fact, when
the measured values in their Figure 2 are replotted as PIQ against 0,
the slopes (Ky) and sero flow intercepts (K;) give the following
expresgsions; ,

Pair = 228V b .57 0
PHeOy = 1.76 V + 2997

Thus, the best fit to the.measured values ‘shows a two fold decrease in

£

Ky during HeO, breathing and a corresponding 20% reduction in Ky, Similar

obgservations were made in three sugjects breathing air at reduced ambi-
ent pressure, ;hcre the same systematic discrepancy between theoretical
curves and mecasurcments was evident. The authors reasonably concluded
tha; reduced gas density lowers airways resistance by diminishing
pressure losses due to turbulence, although it was not conciusively
shown that this reduction conforms to Rohrer's prediction.

Using an esophageal balloon, Fry ct al (50) measured the
‘frictional component of P|, by interruptor technique in subjects ™
breathing air and a mixture of 20% 0, {n argon (A 03). They reasoned

that Pfr was due to tifsue viscance and resistance to laminar and

t
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turbulent gas flow.

3ah\_/ '

. pu.gluv+x2p02 + Ky

wvhere Ky is the coefficient ofktisoue resistance. Since A 0; was 1,18
times as viscous and 1.33 times as dense as air, the kinematic viscosi-
ties differed by only 10%, suggesting a gimilar distrléution of turbu-
lence for the two gases at the same lung volume and flow rate, The 7
congtants Ky u ,'and K, p were obtained by successive differentiation
of measured P-& curves on each gas, En 18 normal subjects,

Patr = 1.50 ¥ + .71?/"?\

PAO, = 1.87V + .99V
and in 14 patients with emphysema,

P air = 6.66 vV o+ 1,87 Vv 2

PAO, = 7.12V + 2.50 ¥
For both groups, the change in resistance on argon was completel§
accounted for (within the variability of mea;urements) by the’ghange
in gas physical properties, suggesting that Ky is negligible. To the
extent that the change in pressure on flow interruption measures gas

flow resistance only (104), these results do not dislgrﬁe with other

studM®s demonstrating significant tissue resistance, and validate

. Rohrer's equation for gases of ecqual kinematic viscosity.

Mcilroy et al (94) measured R|, during single inspirations of
pure helium and ethane, The constants Kj and Ky were quite different

. from those predicted from the constants on air., Despite its greater

—~—
~

viscosity, helium produced a substantial fall in Kli?ghercas ethane

i ~. @
produced no change in K; though its viscosity is about' half that of
ajry,—When air density was increased in a hyperbaric chamber at & Atu,ﬁ*

both K} and K, increased in 3 subjecta (87).

2
at L Ata, P = 1,27V + ,50¢° -

N !e -2 . -
at 4Ata, P = 2,37V + 1,17V .

B
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Malo and Fuhr; (85) measured Ry, in another 3 gubjects breathing gases

of different molecular. weight at diff;r;nt ambient pre;ihreQLN.Resis-

tances weré quite similar when {dentical gas densities were produced

by different combinations of gas and pressure, and increaagd wi;h !

relative gas density (RGD) and flow rate according to the ;egtesslon, ~
P = .45 (R + .63) ¥ °°

Dy substituting appropriate values for RGD and 0, Rohréx's constaﬁts

may be calculated for air breathing:

. o 2
at 1 Ata, P = ,28V + .42V

" at 4 Ata, P = 86V o+ 1,20 ¥ 2

In both hyperbaric studies, K; increased with no viscosity change,
and K3 increased somewhat less than the 4 fold density change. Accor- =
dingly, Rohrer's equation did not provide an adéquate physical basis
for the changes in resistance which occurred with changes in gas kine-
matic v}scosity. This_was attributed to an alteration in the di;ttibu-
tion of turbulence (50, 94), or to failure of the equation to account
for boundary layer growth (120, 121).

In 5 subjfects breathing air between 0.5 and 5.2 Ata, Varene
et al (156) found Raw to increagse according to the expohential equation,

R/Aw = KI"S9

Mean Raw was about 2,5 times greater at 4 Ata (3.91)(than at 1 Ata,

and this effect was intermediate between the 2.0 and 2.9 fold increases

found {n similar studies (85, 87) discussed above. The exponent re-

lating gas density to resistance for these data is quite similar;to

'

that relating Vv to RL in the study of Maio and Fahrt (85). Thus, the

- 1imited data available suggest that resistance varies as the 0.6 power

L

of gas density and flow rate for these conditions. During HeO; breathing,

4l o~




the change in density may have less effect on resistance, as

40

indicated by exponents of 0.3 calculated from the measurements of

Grape et al (SBi and Otis and Bembower (114). Such a trend was

demonstrated in the upper airvay (69, 70), wherc the complicated

fluid dynamics of a Venturi tube provided an adequate explanation,

If the;pronchtal flow regime is similar, the frictional pressure

» ) N
drop would not be explained by the classical flow regimes either alene

or in combination, but rather by a continual metamorphosis according

to the prevailing Rq,
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INTRAPULMONARY DISTRIBUTION OF INSPIRED GAS -

A, Quasi-static Distribution

During quiét b’r:uathing, the distribution of ventllatlon is uneven in
the sense tﬁ?t\}ung reglons receive different fractions of the inspirate (AV)
in relation to tt;;ir end-expiratory volume (Vo).N This conclusion is support-
ed by extensive observations of multiple and single brfath washouts of trac-
er gas from the lung and by estimates of ragidnal ventilation by broncho-spi-
rometry and radioactive pas techniques (15, 18, 47, 107)., ‘In the majority
of multiple breath washout studies, two'or more exponentials are required
to describe the replacement of lung gas by its diluent (133), _ Thus, the nor-
mal lung washes out a.-; ii:hit conslsted of two or more chambers with different
oV/Vo, Following a slow vital capacity inspiration of oxygen, the expired
gas contalns, progressively less oxygen as expiration proceeds, This must be
due either to incomplete mixing within alveoli or to changes in the propor- :
tion of total expired gas delivered from regions having different AV/Vo.
Ralioactive gas techniques have demonstrated a vertical gradient of AV/V,
and bronchospirometry has demonstrated a wide range of AV/Vo within a given
vertical region, The former is likely due to a gravity dependent gradient
of pleural pressure, but little evidence is available to assess the moc){aﬁisl;ts
proposed to explain the latter,

4

1. Uneven AV/V, Between Vertical Lung Regions R

a, Different Vq. The end expiratory volume of lung regions is pre-

sumably determined by the local static transpulmonary pressure and the volume-

pressuire characterlstics of the region, In a’classic study, Milic~Emili et

a
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al, (107) demonstrated that upper lung regions are more expanded relative to ,
their total capacities than dependent regions,

Subjects inspired 'air labelled with radicactive Xenon (133Xe) from
rasidua].\volume to TLC. During short breath hold po!‘lt;ds at 12 to 20 different
inspired volumes,. gamma radlation was detected with scintillation counters
spaceduat. different distances (D cm) from the lung top, Reglonal count rates

) at:ach lung volume were converted to regional goncent:ations by repeating
the measurements when gas in the iung wasg equilibr’ated with a known 133Xe
concentration in a closed circuit spirometer (7). Accordingly, regional vo-
lume as a percent of regional TLC, Vr (% TLCr),. is the regional concentration
at each volume as a percentage of the regional concentration at 'I‘LC.‘ When Vp
(£ TLCy) was ;:/»lot;ed (fgainst lung volume as a percsnt of TLC, upper lung re-
glons wers mops expanded than lower regions (Fig.;2)., Between FRC and TLC,
tm\g re];ati’;nship was described by the mean linear regression nequation for
all’ ;;bjectgt ' ,

FRCy = 67.5 - 1,188 D (1)
Assuming the elastic properties of the lung to be uniform, the Vortic;l gra-
dient of statie transpulmc;nary pressure was calculated for each subject from
his gﬁdient of regional expansion and the pressure volume characteristics ’/
of his lung., The close agx:gement of the predicted gradient (0,2 cm H20 per
cm distance down the lung) with direct measurements of the gradient led the
authors to conclude that "intrinsic differences in regio;\al static volume/
pressure relations contribute little to the nomuniform regional distribution

/ of gas in the lungs® which "appears to result mainly from regional differences

in static transpulmonary pressure® (107), At full inspiration, the flat
slope of the préssure-volume curves leads to negligiblo\dlrfe'rencos in re-

glonal expansion due to the relatively small gradient in pleural pressurs,

As lung volume decreases, the P-V slope becomes steeper, and the same'gra-
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o FIGURE 2
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Ordinate: Regional lung volume, expressed as X regional TLC (Vy % TiCr).

Abscissa: Overall lung volume, expressed as % TLC and % VC. Each solid
line represents a vertical lung region located D cm fton the lung top in
a seated subject,

Regional lung volume decreases with distance from the lung top,
and uppermost regions are about twice as expanded as lowermost regions at
RV and FRC. Above 25% VC, the steeper slopes for dependent regions indi-
cate their greater contribution to overall volume change, and the linear
relationships for all regions indicate that regional volume change is not
sequential. Ag lung volume is' reduced below 25% VC, upper lung regions
contribute a progressively greater proportion of overa
(after Milic-Emili et al (107)).
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dient in transpulmonary prossure causes increasing differences in reglonal
expansion, The vertlical gradient in alveolar sire wng subsequently conflirm-
ed by microscopic study of lungs of dogs frozen intact (%),

b, Different AV, The quasi-static change in volume of a lung re-

glon is presumably determined by its volume pressure characteristics and the
local change in static transpulmonary pressure (AP)., Dollfuss et al, (36)
studied the vertical distribution of & M holi of 133Xe injected into the in-
spirate at various lung volumes during a slow vital capacity inspiration,
Concentrations at TLC following injection at lung volumes greater than 25%

VC showed a systematic gradient from low values at the apex to high values

at the base (Fig, 3), The praeferential disftributlon of inspired gas to lung
bases 1s consistent with the repional volume-overall volume plots of Milie-
Bmili et al, (107), who offeréd this explanation: "As a result of the less
subatmospheric pleural pressure at their level, the lower regions of the lumgs
lie on a steeper pétrt of the static volume/pressure curve than the upper zones,
Therefore, regionally uniform changes in pleural pressure that occur during

inspiration produce ralatively greater volume changes in lower than in upper

regions®, Accordingly, there is- a systemati'oh;lifferenc'e in :lung compliance
between regions of different vertical disttanca from the lung top. The ‘rela-
tive compliance of two regions (C1/C2) may be calculated from equation 2,

" C1/c2 = (100 - FRC1)/(100 - FRC2 _ (2)
where FRC{ and FRC2 are obtained from equation 1, When regions 1 and 2 are
5 and 30 cms from the lung top respectively, the compliance of the superior
region is only %% of the regional compliance at the lung base,

1t is intervesting to express the gravity dependent differences in
__Av! in terms of alveolar differences of pit:mgen concentration following a
t:\.:ul breath of oxygen, Alveolar ?itrogon (4 N2) at end inspiration can be
enlml;tod from the FRC (Vo) a7/ tidal volume (AV) assuming n;gligiblo dead

v
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FICURE

Average regional l”x::

concentration (ordinate) measured in eight -

vertical lung regions (abscissa) following bolus inspiration from
different lung volumes,

Above 25% VC, the proportion of 133%e deltvered to vertical-

lung regions increases with their distance from the lu
AV of the lowermost region ig about twice ¢

This relationship 1is
fuss et al (36)).

ng top, and the:

het of the uppermost region, .
reversed when inspiration starts at RV (after Doll-
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space,

% N2 = Vo x 79 (3)
Vo + AV

Regional FRC (Vo,) expressed as a percent TLCr may be estimated from equation
1, Similarly, the regional tidal volume (AV,) as a % TLCy, is estimated from
the mean regression equation in table IV of refersnce 107, rewritten:

AVr = (L6627 + ,023D) AV 4 ) ‘ (%),
’ TLC

For a tidal volume equal to 10% TLC, equations 1, 3 and 4 may be combined:

% N2 = 62,5 - 1,188 D x 79 (5)
%2~ ,9 b .

Solving for the most widely separated regions (D = 5 and 30), nitrogen con-

centrations range from 70% (superior) to 514)99 (basal), For larper tidal volumes,
regional cencentrations decrease and their differences increase, so that a ti-
dal volume equal to 20/ TLC results in N2 ’concentrations of 65% and 444, Thus,
the gravity dependent gradient in pleural pressure accounts for considerable
unevenness in the intrapulmonary distribution of inspired gas,

c. Sequential Ventilation. Lung regions haviné the same A V/Vo may
be unevenly ventil;;ted if the dead space (VD)J which contains a}.::oolar gas, is
distributed differently from the fresh inspived gas (VD/Vo # A V/Vo). Regions
ventilate sequentially when their fractional contribution to the total change
in lung volume varies throughout the respiratory cycl‘e. For quasi-static
changes in lung volume, Sutherland et al, (152) demonstrated that vertical
regions having widely different & v/Vo wlll‘contributo a constant proportion
throughout inspiration and expiration if the regional pressure~volume charac-
teristics are uniform and mono-exponential and if the regional changes in
transwlmongry pressure are equal, Any departure from these conditions may
cause sequantial ventilation due to the static pressure-volume characteris-
tics of lung repions, This differs from asynchronous ventilation, which may

develop during rapid changes in lung volume, causing a departure t::on the sta-

\
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iio elastio oquiiibriuﬁ of lung regions, These dynamic ovénts are rovia#ed
An Seotion B of this Chapter, and are mentioned here only to distingulsh.
them from quasi-static sequential ventilation, It should be noted that asyn-
chronous ventilation may either enhance or diminish égqﬁoﬁtial ventllation,
Mich of the avidence concorniné sequential ventilation was obtained
from the curve relating expired pgas concentration to exp}red volume, Follow-
ing a single hreath of oxygen, the expired N2f~volume plot shows four dis-
tinct$phasea| I) a volume usually less than 100 ml containing no N2; II) a
gimilar volu;e demonstrating a sigmoid-shapod/;hcrease in N2#; III) a linear
increase of 1 to 2% Np per litre expired (alveolar plateau); and IV) an in-
crease in the slope of the alveolar plateau as lung volume approaches RV,

(1) Different Pressura-Volume Charactaristics

(a) Low Lung Volumes, Rauwerda (129) and Fowler (47) sug-

Fosted sequentlal regional filling, such that early-filling repions inspired

most of the dead space, which contains nitrogen during oxygen breathing, They

concluded that these reglons with high nitrogen tensions expired late in ex-
piration glviné‘the chdtigyar{stic upward slope of the alveolar plateau, This
"first in - last out" hypothesis was tested by following an inspiration of
oxygen with a further inspiration of air., When the inspiration began at RV,
the "first in" regions containing more oxygen were "last out", as evidenced
by the downward slope of the alveolar N2 plateau at end expiration, No re-
versal of the terminal slope was gbservod when the experiment was initiated
at FRC, /
Koler et al, (75) measured tho relative expansion of upper and lower
lobes with closed circuit bronchospirometry, Durlng‘nn interrupted vital ca-
paclty inspiration from RV, upper lob-os .received more of the early inspirate

and less of the late inspirate than'lower lobes, No consistent pattern was

demonstrated between lobar contributions to early expiration, but upper lobes

L
.
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contributed an increased proportion to late expiration. Since lower lobes

¥

are dependent in upright and supine man, thesc obscrvations may be due to
the pleural pressure pgradicnt (see below) and offer no conclusive evidente
regarding the intrinsic P-V characteristics of lobes at low lung volumes,

These results demonstrate interlobar sequential ventilation at low lung

volumes, but no evidence is presented to support "{irst in - lagt out!

h N

sequential ventilation at mid lung volumes,

Radioactive gas techniques have confirmed a gravity dependent in-
spiratory sequvnée which occurs only when inspiration }s initiated at low
lung volumes, Milic-Emili and co-workers (Fig.2) observed that most of the /
volume change from RV to 20% VC occurred in superior lung regions, and sug-
gested that écpendcnc airways closed at low lung volumes., When subjects in-
sgired 133%¢ boli from RV, regional concentrations were much greater in ;pica}
than basal regions (Fig. 3). The slope of the subsequent expired platcau (gig. 4)
increased at a?out 25% VC (Phase IV)‘indicating an incrcase in the proportion
of the expirate coming from upper fggions. The end expired 133Xc concentra-
tion approximated pre-expiratory conéentrations in apical regions., When
ap;cal regions having high concentrations of tracer were made dependent by

inverting the subject prior to expiration, Phase 1V sloped dawnward (Fig. 4).

Similar Eindlngs in other body positions suggest that the gravity dependent

pleural pressure gradient causes closure of basal afrways at low lung volumes,
Thus the "first in - last out" units demonstrated in upright normal

subjects breathing at low fﬁng volumes reside in apical regions; In congider-

ing sequential ventilation during quiet breathing it is importait to separate

this exclusively low lung volume event from other mechanisms.,

-
(b) Mid-lung' Volumes, From the lincar relations observed

between regional degrec of expansion and overall lung valume above 20% VC,

Milic-Emili et al (107) concludcd that fnspiration was not scquential except




‘at nid lung volumes, (fromAnthontsen et al (2)).
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JEE:;d iggcencracion versus volume curves from two sub}eccl who
led Xe boli from RV wyhile standing erect. Unbroken lines

represent data gathered' when subjgct exptred slowly standing up;
dashed 1ines represent data gathered wvhen subject expired slowly
{in the head-down posltion. S,

At about 201 VC, expited ¢oncentration changed abruptly,
and values at RV approximated concentrations in the uppermost lung
region, 1ndicnting gravity dependent leqyenttal eﬁptying of vertical
regions.at low lung volume, R

At higher lung volumes, the upuntd slope of Phtse III
(uabroken lines) may be explained if upper regions contribute an
{ncreasing proportion of ‘the expirate as lung volumé decreases.
During head«down enpiratlon, the slope was reduced or reVar:cd,
lndlcattng gravity -dependent aequential emptying of vertical regions

During raptd«expirat!on, ‘Phase 1IL ig horigontal, (noc _
.houn) indicating thn: sequential eaptying is abolllhed (72, 108),
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. at lonélung’yolumou. This rolntionship was not dotootaély different. when
mnsion was {n\onsured by inspiring 133Xe labelled gas to TLC fo1-

v

lowlng atslow deflation rrem‘TLC, suggosting that the relatlvo ratga of ampty~
ing-of the regions with open airways are probably virtually consfant (152),

* More sonsitive techniquas have demonstrated sequential emptying of
vergical lung re#&ons. Duriny expiration, Phase I1lI slopes ugggrés when unita
with high concentrations are superior, but when these unizsf;ra made dependant
by invertirg the subject hefore expiration, Phase {Il/slopos downwards (2, 26),
By combining pre-exPiratory rerional concentrations with the expired plateaux,
Antho%lsqn et al, (?) calculated that late emptying of superior rerions and ‘ ﬁ

early emptying of dependent regions departed very little from the emptying

ps}tnrn observed by Sutherland et al, (Fig. 5. Yet this élight sequential empty-~
ing can cause a significant slope of Phase III when vertical concentration dif-
ferences are large. They concluded that since sequential emptying is gravity
dependent, it 1s not likely due differences of intrinsic preséurarvolume
characteristics between lung reg éns, but rather to volume dependent differ-,
enées in reglonal A P or to a normono+exponential nature of regional P-V
curves, Although this conclusion is quite reasonable, it should.he noted that
the large vertical concentration gradiert is pot physiological and may obscure
intr;regional sequential emptying, It {Bl}ows that the latter is not ruled

out as a major contributor to the expired plateau, \

The scintillation'counters employed in these.studies necessarily exa-
mine both upper and lower 1dbes in all but the highest and lowest lung re-
glons (122), ° Several groupq have infirectly estimated lobar pressura-vdlumo
characteristics in man. Equal lobar compliances wers found in normll sub jects
when one lobe.was blocked and used as a “pressure capsule" to eatimate pleu-

ral pressure changes per .init volume chano measured by closed circuit brancho-

spivometry jin the other Jobe (67), Validatipn of this method was not present-

)
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Effect of sequential emptying on regional lung volumes. Ordinates:
Regional volume, cxpressed as % regional TLC. Abscissas:
volumes as % TLC, Solid lines (UM,L) represent emptying
of three vertical lung regions required to account for t
slope of Phage III in Figure 4. Dashed lines represent
and lower regional volumes would have been during non-gequential
emptying. (after Anthonisen et al (2)).

During rapid expiration, all regions empty slong M, tn-
dicating that contributions to the expirate from vertical lung
regions are not only constant (as with dashed linen), but they are
equal (72, 108).
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od and the poas’fbﬁ—ity of local pleural praessure changes over the obstruct-

od 1obe (171) makes the interprotation of these rosults diffienlt,.

In the oxcised dop lung, slipht hut signifieant difforences have béen

observed betwoen the deflation prassure-volume characteristics of upper and-

lower lobes (43, 48), Upper lobes are more expanded rolatlive to their total
capacities than lower.1obes, The volme change of upper lobes (% TLCy) oxceeds
that of lower lobes (% TLC)) between Py, 5 and 0, but is loss than lower lobes

i

at higher transpulmonary pressures, The net effect is a smaller AV in upper

lobes above 407 TLC and_un ’relatively rrreater contribution of uppervgob&s to

late expiration than is predicted above by assuming uniform P-V charactarlisties,
In the same study, Faridy et al. (43) observed similar results when

the depgreoc of lobar expanizion (. TLC 1ohe) was. measured in relatlon to over-

all, lung volume (& TLC lung) by radicactive gas tw;c‘:hniques. Bake et al, (6)

used '‘essentially the same techpiques to study apical and basal expansion in

six supine living subjects. Since rravitational differences were minimal,

the striking similarity of their results to those in excised dog lungs sug-

gested difforent P-V characteristics between human upper and lower lobes, The

implicati'o“q‘s of these findings are a slightly increased vertical gradient of
4

h ]

ventilation and “first in - last out" sequential ‘ventilation in the sense
that the rolative contributions of lower lobes to inspiration and expira-
tion ‘increnses with lung volume. Accordingly, these fiifforences would exag-
gorate the .rmvitx dependent sequence in nprlﬁhi man at mid-lunpg volumes
and minimize it in the inverted position.

/

(?) Different A P, Sequential emptying”of parallel units during

a quiet axp{-mtion may bo oxplained if the change in pressure applied to high
/

AV units durinp early expiration excoeds the AP of low AV units amd this
Vo ‘ ) Vo
topopraphy changes with expired volume towards a greater AP over the poorly

ventilated units, If similar volume def)andont inequalities of A P occur during
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inspiration, "first in™ units will inspire a large fraction of the common

»

dead space. This mechanism (s not directly investigated by measurements of

L)) -

regignal AP between end-inspiration’ and end-expiration, which do not neces-
sarily convey sequential information, A further distinction is neceassary
between this volume dependent inequality of regional AP and time dependent
agsynchrony of AP, the latter being of possible importance only during rapid
breathing, . e

Larger AP over lower lung regions wer; meagured with intrapleural
needles in the dog (42) and in seated human volunteers (33), Ag;stoni (1)
criticized this "small bubble' method for the distortions introduced by the
surface tension of the air-liquid interface and the small radius of curvature
of the deformed lung. The "pressure capsule' method (67) also recorded larger

AP in lower lobes than upper lobes in seated or supine normal subjects“ﬂuriﬁg

quiet breathing, but these pressures may not reflect local pleural pressure
changes associated with normal lobar expangion. Although these methods may
be inadequate, the findings of Bake et al (6), explained above by differences
in lobar elastic properties, wouldiBe equally well explained by a higher AP

over lower lung regions at mid lung volumes. Schilder et al (143) measured

more negative end-expiratory pressures {n upper—esophageal -balloons than in

middle and lower balloons in seated subjects, yet observed no significant
vertical difference in AP during maximal voluntary ventilation. It appears
reasonable to conclude that the topography of pleural surface pressure under
dynamic conditions is still to be investigated (1). 9

Tﬁus, soquentiai‘ventilatlon of vertfcal lung regions occurs at
low lung volumes due to closure of dependent airways. When all airways are
open, the proportion of a change in lung volum; contributed by depende;t

/ .
reglons increasecs as lung volume i{ncreases (Fig. 5 solid lines). Accord- &

ingly, dead space is preferentially distributed to upper lung regions during

/
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quist breathinhp, therehy inermsasing the nonunlformity of vent'natio‘h q?nong

/ —
vertical lung reglons, This effeat is necessarily small at mid-lung volumes
because dead space is a small proportion of the tidal volume and the amount

of sequentlal ventilation is small, In contrast, airway ¢losure at lower

volumes may canse a marked reduction in the ventilation of dependent regions.

2, Uneven A V/Vg Within Small Lung Regions

In a series of N2 washout experiments during bronchospirometry, Martin,
Young and ‘their coworkers have examined the distribution of ventilation within
broncho-pulmonary rerions, Following a sinvle hreath of oxyren, N2 concen-
trations were p'raat/er in the expirate from upper lobes than from lower Jobes,
andvlobar alveolar plateaux sloped upward arnd exhibited cardiogenic oscilla~
tions (8B), The results sugpested better ventilation of lower lohes than up-
per lobes in normal supine man, providing the first localization of parallel
compartments havin\;z difffarent AV/Vy., Since the % N2 in the expired ras in-
dicates the degree of dilution of alveolar pas by -the inspired oxygen, oscil-
lations of N2 concentration on the }obar plateaux must indicate a range of
AV/Vo within each lobe, Finally; the sloping lobar plateaux indicated in-

complete diffusive mixirr or sequiential emptying of parallel units, such that

hirh A V/Vo units contributed a preater proportion to early expiration, These

<

/
observations and conclusions may be explained by the vertical gradient of
pleural pressure, since the lover lobes of supine man are dependent with res-

pect to p'rnvit/y and the vertical heirht of lung lobes is substantial, This

é ®-

is a less likely explanation of similar observations at the sermental level,
» . '
where sloping’ expired plateaux with cardiorenic oscillations sinified intra-

sermental uneven ventilation (168), Multiple breath washouts from lobes,
serments and subsopments subtended from 3 mm bronchi demonst;:ated a ranpe of :
-""'7:-»_' ¢

AV/Vo which was as wide as the-observed in the whole lung (149), ,,'l'hey con~

clude that hydrostatic forces cannot be a major cause of uneven vevAt!la«
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tion, since the mechanical properties of 'the’ luny responsible for these dif-

—

ferences ars as widely distributed in volumes less than 20 ml as they are/ in
the whole lung,

a, Series [nhomogenaity. In the previous discusslon, the lung was

considered to consist of two or more chambers connected in parallel, each
containing gases of uniform concentration, An alternative model considers
a proxim'al well-ventilated space connected in series with a peripheral poor-
ly ventﬂ.ate('i space, The different gas concentrations in the two chambers

proceed toward equilibrium by molecular diffusion, The question of whether

inter-pas diffusion proceeds to complation during the time of a respiratory |
eycle has been the object of axperimer;t and controversy since the stud;r of |
Kroph and Lindhard (76). Even if the time for complete diffusional mixing

is too short, the concentration differences along a single";/)ulmonary pathway

may be abo?_ished by convactive mixing of inspired and alveolar gas (42), If

mixing by diffusion and convection are ’mcompleta; there exists a gas concen-
tration gradient along each pulmonary pathway, causing the most distal alveo-

lar pgas to i)e less diluted by the inspired pas than when pas concentrations

are unifornm,

(1) Diffusion in Lung Models, The time required for complete dif-

fusion mixing has besen examined by apﬁlying the laws governing the process

to theoretical lung models., The models are usually based on the morphometry
of Weibel (159), which predicts that a tidal volume of 750 ml inspired into the
lung with a square front reaches the twentieth generation nqt more than 2 mm,
from the distal end of the alveolar sacs, Rauwerda (129) caleplgted that

a concentration pradient between nitrogen and oxygen is.reduced in .38 secs

to 165 of its original value over a 2 mm distance from the distal surface of”
‘his lung model, On the basis of these bc':alculatlons th/o possibility of sipg~

- . b
nificant series inhomogeneity of ventilation was virtually discarded for
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tventy years,& Cumming et al, (29) pointed out that the closed proximal erd
of Rauverda's model is an unrealistic foature which increases the rate o\f dif-
msionl mixing in the distal direction, In their model of the alrways, a 83-
milar concentratlion difference established 2 mm from the distal end decreasad
in 1 second to 8% of the initial value, and this gradient waSOSpread'ogor the
distal ? mm of the model, Pliper and Schoid (123) transformed this pgradient
from linear dist‘:mce to airw‘ny volume, -Thoy concluded that the concentration
differences were abolished in less than 1 second in the distal four penerations
coritaining most of the volume, Accordinply, the 8% differsnce at 1 second

was confined to a small airvay volume, ‘r’!hen LaForce and Lewis (78) examined
a mocdel which included alveolar volume, no gradient remained after 0,1 sec in
the last three penerations containing 604 of the lung volume, They conclude

that series inhomo7zeneily must be insignificant curing normal breathing,

The calculations in these studies assume a step concentration differs

ence established at a site within the lunp where airway volume is equivalent

U

.to the tidal volume, Cumming et al, (31) considered movement of tho inter-

face with convective flow duringfidal volume cycles of 500 and 1000 ml, The
initial concentration pradient spread along the alrway during inspiration, and

the locus of 50% of the initial concentration proceeded no further than 250

ml down the lung model whon the convective flow rate was .67 1ps, At this —
point, molecules moved mouthward by diffusion as fast as convective flow

moves them toward tho ‘nlveoli, so0 that 'an assumption which establishes the

pradient 500 or 1000 ml within the lung underestimates the time required for
diffusive mixinpg, This concept mf}')“.considnr:xbly alter the relevance of mole-

cular diftusion to uniformity of ventilation distribution, Where earlier con-
siderations placed the intorface between inspired and alveolar pas within a

very few mm-of the gas exchanging surface, At may be located in some peripher-

al airways boyond which multiple parallel units having different "A V/Vo exist,

\ /
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'a:~,xnert kases equally, these results 1ndicnto a rise in expired nitrcyen unre-

,_
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L

Tt follews that molecular diffuslon may aot to equaliea not Eﬁﬁlypatmti!‘iod
concentrations but also parallel inequalitiss, The authors point out that

“the critical nature of the houndary nonditlion to these caleulations necessi-
tates more accurate astimates of alrway morphometry and consideration of tho

of facts of as mixinnlby convoctive diffusion (154), turbulence, and socond-
ary motlons at alrway bifurrations, As no analysis has dofined these conditions

satlsfactorily, a conclusion about. the completeness of pas mixing from modal
.‘_\ . 1)

studiea {3 not yot possibhle, .

(2) DiffMiston ond tha Alveolar Platean, Following a tidal breath

N

of oxyren, expired nitrover concentrations increase with volume expired in

mid-lun\p reslons,  The provressive increase in theo proportion of pas deliver-
ed from poorly ventilated replons may be due to asynchronous nimpty;nf: of pa-'
rallel units or to incomplete tfifﬁ\jiion mixine in saries units, Altemativae-
ly, proyressive diminution of June volume due {0 a respiratory quotient (R)

Lu89 than 1 may increase tho-.alveolar nitroyen concentration with time, Re-
sults of tho excellent ‘study of Sikand et al, (147) help to separate the pos-
sible mechanisms, tollowing a 1,51 inspiration of atépon-oxypen, the expir-

oci arron/nitroron mtio.:s (A/N;z) decrsased continuously. Since R affects both

N E

)

lated to pmlmonary gas axchanpge. Dependent lung ro lons having hirh AV/Ve
contribute a vreater pmpox'ti:);n of the early expirate (2, 26). Since they
also have lower "IA/Q ratios than upper regions (7, 160), .expired 02 and CO2
concentrations must Indicate a progressive rise in R if soqnentilal emptving of
veril;ical luny replons Is rasponsible for the alveolar N2 slope, This chanre
was not observed, and the alveolar slops of A/N2 decreased with breath hold
time, sugpresting that series 1nhomopeneityﬁ Ts the main factor contributing

to the alveolar plateau. These results were reasonably simulated in a lunp

model consisting of three evenly mixed compartments in series, A 1,51 in-

a
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spirate filled a ,3 1 dead spacr, mixed uniformly by convection with alveolar

gas in an intermediate 3,0 1 chamber, a d diffused into a 1.0 1 terminal chamber,

It is Interesting that the 16% difference between nitrogen concen-
trations in the upper and lower lung regions do not contribute to the alveolar
slope., The ma jority qf evidence supportng gravity dependent sequential empty-
ing (2, 26) was obtained with concentration differences larger by several orders
of magnitude than during the conventional single breath test. This sugéests
that the small amount of regior‘ul sequential emptying is not detectable when
concentratibn differences are smller. Alternatively, the high expiratory
flow used may have aboligshed the sequential enmptying of vertical lung regigns
(72, 108), thereby ul;derestlmnting its contribution to the alveolar plateau
of R during normal single breath./ Piiper and Scheid (123) point out that
there is no recason for parallel inhomogeneity within small lung regions to
correlate with \./A/Q inequality as has been argued for the gravity dependent
vert!. al gradlents.' Accordingly, the results of Sikand et al (147) do not
exclude a major contribution to the alveolar Ny slo.p\e by sequential emptying
of intraregional parallel units having different ,‘A‘l)\)\lo, Indeed, their ex-
perimental resul’tg may be alternatively ex;;laing; ny pa‘lrallel inhomogeneity
if different gas"concentratipns between such pnralllel units approach . equi-
librium with broalh ;mrd“;;me.

It {s generally held that gas mixing during a breath hold occurs
by molecular diffusion. Reduction of concentration differences between
parallel vertlcal‘ lung regions during a short breath hold i{s unlikely,
furthermore, 1f diffusion proceeds ag in most lung model studies from a
blunt interface locauid 2 mm from the distal surface of respiratory units,
there i{s no anatomic basis for parallel units distal to the interface., How~

ever, 1€ substantial alveolar gas is present in conducting airways as predict-
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od by Cumming et al, (31) breath-holding may promote uniformity of concen-
trations in the subtended parallel lung units, |
Evidence supporting this possibility is reported by Engel and T\is
colleagues (39, 40), who developad a rapid response technique for\ continmious
measurament of nitf‘oeen concantrat./ion (FN2) in pas campled throuph the walls
of intrapnlmonary airways, During inflation of the lungs of anaesthetized
dogs with a constant flow (\71) of oxygen, cardiogenic oscillations of FN2
ware repularly qobserved in pas sampled from ' mm (i,d,) airways, Followinp
a two sacond breath hold, FNz in U mMm airways was 50% of the alveolar concen-
tration (FAN2), and decreased progrossivaly from these peripharal alrways to
the Jobar bronchi, where Nz/FAN2 was less than 10f. At higher h,etm in-
terface betwean inspired oxyren and alveolar pas was displaced toward the al-
veoli",' whereas lower \./1 shif}ed the interface mouthward, As indicated hv the

reduction of dead spacéd with breath hollc! time, the mixing between alveolar and

inspired gas is mmch slbwer in the absence of cardlac activity, The authors

‘conclude that cardiac induced flow oscillations/in eripheral airways enhance

gas nixineg during a breath hold by promoting -Thylor diffusion and/or convec-

tive mixing., DPurinr the subseguént axpird n, (L. Enpel, persomal communti-

5
cation) cardiorenic oscillations of FN2 6ccurred in all airways sampled, These

wera hest explained by asynchronous emptying of parallel lunpg units having

different Fliz, As calculated from the heirht of expiratory Giwdiopenic rip-

3

ples, the rangs of EN2 Ain vinits sthtonded from bronthi U

e

durine a bre:{th-hold. Such a reduction was not observ

,d, is reduced

t the trachea, These

»

’ /
results stjxmzest a role for molecular diffusion in reducing. the AV/VO of peri-
pheral parallel units during a breath-hold, The authors point out that uni-
fomity oi‘ parallel unit concentrations is likely enhanced by reinspiration of

gas expelled from numercus units z’nd miked in their common mouthward airway

T

during each cardiac impulse: éimilar]y, the presence of xlveolar gas in con-
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duoting alrways durdny the inspiratory phase of quiet respiration limits the

range of pas concontrﬁtiom in subtended parallel units (138),

1t therefore app\énrn necessary to mo}dif‘y the existing concept of
intra-pulmonary inter-pas (;\Tfmulon. Perhaps a first approximation nf the re-
/quirod change is" to partition the intermedinte chamber in the model of Sikand
et al., (147)., The pressure volume characteristics of the two parallel compart-
ments must produce diffearent AV/V, n\mg\ sequential emptyins such that the well
ventilated unit contributes a Preqter proportion of the early nxmmte. Youny
ot al, (170) proposed such a node.l and demon-;t.rated that fTow ouoillqtlonq al-
ter its emptyinc sequence when the resistances in the parallel pathwavs are
aqual (see below), To the extent that permst;n (Q) to each compartment is
ovenly dis';.rib\xted, aVv/Q correlates’ positively with AV/Vy; th:;t is, in the
opposite diraction to the inverse correlation in gravity dependent units,
Intrapulmonary ras mixine hetween the parallsl units reduces the unevenness
of ventilation,

Is a distal.chamber in series with each paracilel chamber required
to account for.stratification of pas tensions within each parallel unit?
Several studies have demonstrated a separation of gases of differine dif-
fusivity during a sinple breat/h test (30, 41, S4, 125), Althouph these re-
sults are interpreted as unqualified evidence supporting strati t‘tcxtio;n, the o
~possihility of diffusion amony parallel units offers an alternative explana-
tion, In a study by Cumminy et al, (30) one litre of a ras mixture contain-~ Iy
ing 40% SFg and '{0,‘6 Ne, was inspired rapidiy from FRC and expired at 1,0 lps,
The PO;;lllts and 1~ntarpmtnt.'\on ot continuous measlxromnnts ot “SF6 and Ne during :‘
.eXpiration are quite simllar to the observations of Georp ct al, (54) and
Powar (129), Sl is about seven times more dense ‘,‘han Ne, a ,/since diffusi=

vity is inversely related to the squai-o root of ras molepilar weirht (128), the

diffusivity of Ne is about 2,7 times that of SF6. n no end inspiratory pause
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was nl].powed; the expired concentrationa of both pases decreased as expiration
proceeded, Thoe slopes for each gas differed, in the sense that the Ne/Skg
ratio inoreased throurhout expiration, After a 5 second end-inspiratory hreath
hold, the alveolar plateau of Ne/Slg was horizontal and the expired ratlo was
identical to tha 1nsp{red ratio, The alveolar slopes of each gas may be ex-
plained b]; stratification or by late emptyiny parallel units having low A v/ Vo
hence lowsr SFg and Neon cencant,:rations than the earlier emptying parallel
units, Assuming no separation of 54 and Ne during mass flow, it is arpued
that the Ne/SF¢ ratio in parallel units must be iden't.i'@l so that asynchronous
emptyine would give a horizontal Xa/SF6 plateau., Accordingly, the upw/a,,zd
slopa of Ne/SFg must be due to more rapid dii‘ﬂ.xsiorli\ of Ne toward the peri-

£ 1

phery. | )

ll

Howevar, to the extent that there 1is diffusion batween parallel units,

P
\

Ne moves more rapidly than SFg along the concentratlo‘\P vradient from the high
A&/Vo unit to the low AV/Vy unit, Accordingly, the ‘be/SFé ratio hecomes
lower in t‘:x; early empiying unit, and the expired plat&:au is explained by
sequential emptying of parsllel units having different ‘Ne/.‘SF(,. This "élveolar
slope decraases with breath holdiw@ time as both pgases equll ibrate Between

the parallel units. The alveolar slope of each gas cont L\nued to chanee between
5 and 30 seconds although the Ne/bl‘6 ratio did not, indlcz\tlng that gas mixing
duting this interval was equal for Ne and SFg, Pilper and|Scheid (123) point
out that this further homo;{enization is not easily explained by molecular dif-
fusion in pulmonary air spaces, since the chanye should be di fferent for the
two gases, They suggest that gas mixing during this time occyrs by diffusion

through pultonary tlssue or by convective mixing caused by the ﬁecganical ac-

e

tion of the heart, Fnpel et al, (39) attribute tho mechanical mix\i\qgv action
of the heart to Taylor diffusion and convective mixing, They calculatéed that

the effective diffusivity of gases during Taylor diffusion is not Trelated to ‘

!E' .
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the pas mélecular waipght in the same way as molecular diffusion, In fact,

" ; + "”; ) —‘1
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for cardiopenic flow in 6 mm bronchi, both the effective diffusivity and—the

]

. ot
' S convective mixing due to secondary motion is greater for SF4. than for air or
helium, Arcordingly, the pa/radox in the rmsults of Cumming et al, (30) may
be explalned on the basis of cont¥nued homopanization of pas tensions among

parallel units by a process less sensitive to molecular weirht differences,

> -

..t The slopes of the "alveolar plateaux ‘measured at FRC between the ?QQ/,/’

ﬁ,é‘
and 1250 ml: expired were 2,25 with no breath hold .ard .7% after a 30 sec brehth

CO~C
hold (30), The. authors conclude that at least two thirds of the plateau re-

f’lec;t ‘incomple'ate diffusive mixinye It should he noted thst this deoes not
o ¢ Yimit muogtribution of sequenti;al emptyinz of parallel units to less than
o one third of the slope, since pa; r\niic‘ﬁg dz;.r‘m; a b’reath hold may reduce the
slopa of the alveolar.p]ateau by diminishinpg concentration differences among
intraresional paralle]i units, Furtharrmore, Anthonisen et al., (2) po:Znt out
~ that the rapid inspiration and expiration used in this study considerably al-
ter the p;rallel distribution of ventilation in the sense that concentrations | |
‘ ‘in vertical Ting repions are equalized (134) and sequential emptying is \
- —abolished {T0%), As a result, the parallel concentration di‘f;f‘%ronces nay he |

mich larger during a ‘normal inspiration and expiration,

(3) Diffusion and Gas Exchanre, Kvistra et al, (?7) ventilated

‘ dogs with hyperbarically oxyrenated Ringer solution, and reg-ularly observed kK

.dit‘ferences 0/2000 mmHy between 1nspired and arterial oxyren tensions, n

[

snmplesr/taken at increasing distances from the lung in the outflow tube,
- . :

~

oxﬁ'en tensions were propressively higher and carbon dioxide tensions proyres-

sively lower, These obs:ervntlons in conJ\;nction with the much lower diffusi-

vity ot oxygen ani carbon dioxide ln°¢l’atnr,, than in a-h‘ led the authors to
9 - eomclude that over‘ all pas transfer was ‘d)fmsi‘én limiteé. They sh;itiated

th;ge results_in a spherical model which allowed diffusion from :the centre

.
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. throuph a rudhm of 85 mm to the yas axchange murfaom, it wafi latar snug-
c( -
pro:ltod t.hnt Lhe very mu dlmonnpnw of th\n diffunion modal 'mw ba due to
[y "“n
more oxtnnq\va tufbulgnt mixing \n &bn rentra of rnnp\ratﬂry lohn]an during

»
- T ]

wator hmathf‘nv ("), va -

R . 5 ‘h\):/ '?'v . , - L o

. Althourh stratification of. par \concentratlons Vo of ma Jop sipnd ficanan ,
. o % v '

duriny 1iquid breathing, the-avatlablm awldence surirestn that fLhis is not

trme durirw: pas hreathinge, }.Mnrtain ot al, (92) ohnnrve! that nlvno)n'r-&rtnr%al .
‘differences ot oYYwon }mtjll\l/il prossures (A = a L0, ) ware jroater in ch%n during
[\ » o
- ventilation with alr tyan with a mixturs of 54 02 in 5F4 ‘na hyparbrric chamber

at 4.0 Ata (20 x atr dersity), No changas wore obsarved In mixed venous oxy-

>
pan tention or ih parcont venous adnixture, suppesting that an Impﬁmv«@l mat.ch-
) N N 4

iny of ventilation and parfusion in-reapiratory units wes responaihle for the

rmprovéd gas exchange on SF§, They roazoned that pas density tsjunltkely o
4 - \:7 ¢ “\ » “
ohnmf\ reglonal- porthsion or elde.tic proparties, but, mdy inotease repional

. . , [ L .

3

resistances and conveative mixing, Thay speculate that inoreanpd repstonal

PR resistances may reduce the variations of"VA/Q ratios amony parallel units as -

folYows, Low Va/Q anits are poorly,ventilated due to their low oom'pltnnco .
S S ’ .
diring air breathing, but during dente pas hregthing, reﬂstnnom\\am ny -

fistently larpe to alter the parallel distribution of ventilation, if the
resistance to low VA/Q un\tm, is less than to- hirh VA/Q units, SFE breathing

will decroane tho variation of \'IA/Q. It. seoms that additional mndttlcm rmmt

-/

" bo satiafied hefore this mechanism explains thelr rosults, .Amony ~ertieal ¢
) - . A .
fung replons, low compliance units are located in the superior reyions bf

" the lung, nndfh;vo low AV/Ve and high \’I‘A/Q, A shift of ventilation toward
s ‘ ’ e . | A T
. tha‘m roygiona and alwny from dependent reyions having low VA/Q cRn only jnoroense
’ - ’

v { ) . )
tho VA/Q vnrlanga. Aceordingly, - the VA/Q variance responsible for the A - a 102

=2
-

(
‘ ' " u\\ut reside within amall lunp regiona- vharu the pravlty determined hwerso

- corré]ano.n" hatween AV/Vo‘nnd VA/Q may not exist, Murthdmores, the resiss - . oy’

’
3 -~
\ o
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tance of peripheral 'ni;*way',s supplying, parallel units within small lung re-
gions must be density dependent, This is quitg i)ossible since Re, as cal-
culdted from the data of Ross (137),‘o;$ceed 1000 in_four mm°airways when
ﬂo-\;v of the dense gas is ,2 1ps, . N

Molnoulan diffusivity is abou'r L,y times less on the dense pas vnuix-
ture, which :hou‘ld mapgnify “the effect of pas atratxf‘ication when compared to
air breathinf, O the other hand increasbd convactive mixing of inspired
and alveolar pas due to the low kmematic viscoaity of the QF:Qmixt;xr‘e may
offeet tre decreased molecular diffusivity (41), The authgrs were reluctant
to accept this explanation since it implies that series inhomogeneity accounted

for an A - a DO2 in excess of 5 rmmHp diring ‘air brefthinr, Altérnatively, if

cardiogenic flow oscillations d.el'wc;r £as from paralleiu'nits into their com-
B -

‘mon airway during quiet b"eathir}p:, the physical properties of. the SKg mixiure

* favor mixing by Taylor difmsion and convectien (39). Accordim*ly, the dyna-

mic mixing of the heart may cause a gre&fer reduction in pérallel inhomogene-
ity during ventilation with a high density gas, 4

Pulmonary pas exchange was measured in normal men breathing denee pas

mixtures (L6, 1L17', 139) " *In five subjects, A - a DO, ranged from 4 to 20

.mmg while breathing air at 1 Ata-and from 26 to 37 mmHg while breathing 0,9%

e

veen in helium at 31.3 Ata (117), The‘latter pas mixture was b, times as
dense as air at normal baron;et,i*ic pressure, and its oxygen partial pressure
when inSplred (Plog) ranped from 216 to 221, Tﬁe anthors considered that

(.
increased P02 wonld increase A - a DOz due to true shm ts. and the increased

o
+ gas density woulc}_'impair molecular diffusion and might| also cause redistribu-

tion of ventllat.{ion. 1n ona subject who ‘breathed 1,14 _oxyyen in helltm at

’,
14,6 Ata, 'tho measured A - a LO2 of 27 mme exceeded ‘the value of 19 measured
at 1.0 Ata, deSpite virtuallv identlcal values fox‘ P102 and -the smaller (2,08)

discrepancy in gas d’pnsity for tho two conditions. This same subject was one

4
1y
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of five whose A - a DOy was measured while breathing 100% Op at .25 Ata (116).
In this environment his A - a DOy decreased to 8.0 mmig {n aécoré with the re-
sults in other subjects, suggesting a continuous de;rease in A - a DOy as the
fractio?s of ln;rt gas in the ingpirate decreased. Overfield and his co-workers
(116, 117) pointed out that {f the distribution and magnitude of QAIQ ratios in .
the lung are constant, the apparent shunt 2aused by areas with low QAIQ will be
minimi zed by the convergence of gas R lines as ghe inert gas fraction decreases.
They considered this the most probable explanation of th; increase A - a DO,
at 31.3 Ata, !

Saltzman e; al (139) measured A - a DOj in three resting subjects who
breathed gas mixtures of O in nitrogen or hélium at 1, 4 and 7 Ata, The POy

remgined constant at about and the gas dengsity range rom . 4]
m?"d b }50 mmHg and the gas density ged f 35 7

»

~

times tha~density of air at 1 Ata. Despite the increase in inert gas fraction.

L4
as ambient pressure increased, an inverse relationship between A - a DOy and

ga; density was evident, especially in two of the subjects. The authors choge ',
to ignore this trend and attempted to explain the failure ‘to demonstrate {m-*
p&{}ed transfer of oxyg;n Quting densf gas breathing. They considered it most '
likely that stratified inhomogeneity was not a significant factor in pulmonary
gas exchange in these conditions.‘ In a subsequent study, Flynn et al (46)
reported A - a DOy values %easured in two healthy subjects immersed to the N
chintin water, While brcathiag a mixture of 21% 07 in helium at 1.15 Ata,

A - 3.002 for the two subfec:s were 29.4 and 49.1 mmHg. Tiese vaiues de-
creaseé:to 14.5 and iZ.l‘respectively when the subjects brfathed 1.1%’0} in
heliumé P10y values for the two conditions were about 176 muHg and ché gas

aé.depth was about 4 times more dense than at the surface., S§imilar reductions

in A - a DOy at depth were observed during two levels of light exercise.

e» i -
In conclusion, subst;;§jal sceries inhomogeneity has becen demonstrated =

° *

during saline ventilation, It seems plausible that other investigations

o
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. iscent of the static P-V hysteresis in the whole lung (&), Usiné'a standardiz-
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roviewad, penerally interpreted as supportiny stratlfication, actually do-
monstrate incomplete gas mixing in parallel unita, the conc;ntrations of which
proceed toward equillbrinm by cardiac indneed Taylor diffusion and convective
mixing as well as by molecular diffusion,

bh. Parallnel Inhomopenaity, Cardio,enic and Mow indueed oscillations

observed in pas expired from peripneral lung units are best explained by se-
quential emptying of intraregional parallel units havine substantially different
ras concentrations, Sueh concentration differences are presumably due to vari-
ations in the intrinsic stress-strain characteristies of respiratory units,
leeal differences 1n applied stress, or different distribntion of dead space,

The stress—%train characteristics of individual alvenlar walls in
the cat (52) arnd man (150, 151) share many ;f the visco-glas&*c properties of
static P-V curves in the intact lune, Length-tension relationships are pon~

linear and sra diffaerent on ﬁtretch than on release‘fhysteresis). The hys;

»
o

teresis increases with the final force and decreases with repeated cycling,
associated with an increas<e in tissue compliance (adaptation). Following a
sgretch, the force decreases Q}tﬁktime (stress relaxation) at a rate propor-
tional to the final force and to the rate of extension.“ Adavtation and dyn§~
mie Aysteresig/;ay be explained by the same molecular rearrangement (visco-
elasticity) as stress rala;ation, whereas the static component of hysteresis
(plasto-elasticity) is not, In human lungs, the area ofsqhe hysteresis loop

is a constant proportion of the area under the lenpth tension curve, r&aln-

ed cyeling pattern to minimize variations due to stress relaxation and adapté-

—

tion, Supihara et al, (151} measured the kength of tissue at which force first

increased with extension (Lo) and plotted lenpgth-tension raiationshlps as ex-

tension ratio"( A = L/Ly) against applied stress, The length at infinite .
“ . T ]
\ o .
stross (Lmax) was predicted from the Length tension curves, and the maximww— |
; .
I . .
. ’ - —_—
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axt%nu ibility ,‘ratlo (Nmax = Lme/Lo) wan’ calculated, The atress devel opod

at any “strain w;-s mlatﬁé\ 1o N max, which is reprasentative of many properties’

":,l.

-

of tl?e tissud, ' In 17() spacimens obtnlnad at autopsy.or surrsry from 36 lungs,
, anx\\ ranyad !“rom 1-.)3 to 2,6, An mv‘nrsn correlation of A g, with aye was
found ..:Innd N max was lowser at any age ip patients with diffuse ohstrictive
Tun; citémaso. W:Lthin each luny, thera was nomaniformity of N .y which was
nrivt toporraphically located and did not exceed the ranye of means’ between dif-
ferent lunpes (1,48 to 2,2), The authors point out that A pax may decrease

due to n\rednction in the lenpth of tissue responsibl;a f‘é_r the “aton" at Lmax,
or due tc\‘ an increass of Lo, To thas extent that variations in Lo are responsi-
qble for the rante of )max in each lunsgz, there may eyist a ranre of Yo within
small lund rerions, Furthermore, the chanre \1:1 stress for a gsiven chanpe 1in
length was|greater for a tissue with low N .. At 25t extension, the st!"ess

in a tissue havine X pay = 2,0 Is only 20% of that in a tlssue with A pax = 1.5,

and this dififercnce becomes laryer as the depree of extension is increased,

If these resylts apply in the intact lung, low N pax units ;mvinc a hinhg‘r Vo
ars less compllant and less ventilated by equal applied stre;s than high X\ pax
anits,  The nu;,hors speculate that the ranpe of intrareyiopal & V/Vo may be
increased by ldcal varlations in surface tension txr*appl ied pressures, .
&Poherts%n ot al, (132) described the distortion oroduced by discrete

,forces exerted arainit the pleural suri‘;co of excised dop lobes, At applied
pres'bures of 40 and BO em H20, parenchymal distortions were closely limited
to the pleural 'm\tace and sharply dem‘a'rcqted from the surrounding parenchyma,
-{ They cono‘ludo that! the lung has mechanisms which localize distortions pro-
ducoc} by locnl p‘re::\e\ure chanves. 1t may be ~nr(;'mad that, these mechanisms
stabilize the vnntu;\lor; patterns of intorconnected lung units exposed to un-

* equal applied stresses.\\ The authors algo observed considerable variation in

\ , \
the avérare alveolar dlmspsio\'xs within lobes exposed to a constant transpulmonary

\
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pressure, providing preliminary support for  variations in Vo within luny
raglons, ‘

Intra-regional differences in VD/V; may occur due to differences in
regional atrway volumes, In the dog lung, the bronchial path to terminal

bronchi exhibits a wide ranpe of 1ehﬁ§hs and diamsters, such that the longar

path has the wider diameter (137), As a result, the dead space volume is dis-

tributed nrefereniﬁal]y to neripheral alveoli. Similar measurements on the human
{uny indicate the inspired volume required to introduce fresh inspirate into
acini subhtended from atrvays with diffarent transititimes ranres from 102 to

231 =l (62), Thus, inspiration of jOO m} of oxyzen wvould pive alveolar n{tro-
ren concentration difforences of about 5% due to dead space ventilation alone,

3. Svmmary , .

In qugsi~static conditions, vertical unevenness of intrapulmonary
ventilation 1s due to the exposure of lungs with esseﬁtially uni form P-V charac-
teristics to a gravity-dependent gradient of pleural surface pressure, A£
mid=lung volumes superior lune rerfiops are more expanded, hence less- compli- .
ant, than depéndent regions, The profereﬁtial dis;ribution'of slowly inspir-
ed ras to ‘epernient repions is adequately exvlained by the vertical eradient
of complfance. Less conclusive evidence suppests that different lobar P-V
curves, difrerent re-ional 4 P, and sequontial ventilation each act to in-
érﬂfﬂénxh;bvartical ran-e of A V/Vo, althoukh,thetr total éontribution is ne-
cessarily small, At low lung volumes, ventllation o} basal re;ions:is mark-
edly reduced, presumably due to yravity dep;;dent airwvays closu}e.

An equally wide range of A V/Vo exists within small luny repions dur-

inp qmiet breathinpg,” Althouprh series inhomogeneity is by far the most pro-

d

L}
minent cause duriny saline breathing, the majority of obsorvations in more .

normal ¢onditions supgest the presence of subatantinl‘paral}ol inequalitie=

of AV/Vo, \Tha”most pfausfble explanation is based on variations in stress-

-
¢
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strain characteristics of individual alveolar walls, which suggest that
un{ts with high V5 are less compliant, hence less ventilated, than low

Vo units, The amount of unevenness is substantially reduced by intra-
i . ©

pulmonary gas mixing, and an important role of the mechanical action

/ .
of the heart in this process is suggested. ;

Y, <« s
Thus, the intrapulmonary distribution of ventilation may be

described by a series of Vo/AV distribution curves, each representiné
a vertical lung. region, Thﬁ‘mcan Vo/AV values are calculated from the
ratio of equation 1 to equation 4, and the corresponding frequency is
estimated from the'relative numbers of alveoli in each region (see Table
l;). The disé?rsion of Vo/AV is as wide within each region as for the
whole lung, suggesting that intraregional dispersion accounits For most

of the uneven ventilation,

& B, Dynamic Digtribution of Ventilation

When breathing frequency or flow rate is increased, regional venti-

»
<\3atioq is different from the compliance determined values observed during

N

quasi-gtatic thanges in lung volume. This suggests that one or more of the

parametgrs determining the quasi-static distribution is time dependent. The

} ) time avajlable for volumé change may theoretically influence the completeness
. - A '

. of diffusive mixing, the amount of respiratory pressure generated over each

' ) o ’ "

lung region, and the degree to which distensible lung units approach nlnst{f

\




equilibrium with the applied pressure, Most of the studies reviewed in this

section employ techniques which are independent of the inter-ras diffusion °
process, As discusned above, the literature cnntalns 1ittle information re-
gardinyg “he toporraphy of dynamic pleural sn;fane preSSure; Tn econtrast, a
considerable amount of information is available on the role of mechanical time

constants of lunpg regidns in determining resrional ventilation,

1. Machan’cal Time Constants of Pulmonary Wg1t3

Acenrding to the equation of motion, the pressure applied totlunp
units is dissipated in friction and stored in elastic distengion when inertia
15 nerlirible, During slow changes in luny volume, an equal A P applied syn-
chronously to two such units causes volume change according to their com-
pliance (Vi/V2 = C1/C2), When the volume change is sufficiently rapid, the
resistive nressure droo batomes a major proportion of tne apolied prassure,

so that voluma change is inversely related to the resistance of the unit
"‘ 3

(V1/V2 = R2/R1)., If the resistance ratioc differs from the comnliance ratio

(C1/C2 # R2/R1), there must be a chanre in the relative distension of the

N
units (V1/V2) as breathinez frequency or flow rate changes from zero to in-

"N\

)

finity., Thus, the condition for frequency dependence of ventilation distri-
bution oxists when the products of pathway resistance and compliance are not

equal (R1Ct # 5[2C2). This product has the dimension of time, and is called

A

the time constant (T) of the pulmonary unit.

,  Otis et al., (115) comsidered a single pulmonary pathway to consist
p

of a volume-elastic element having a compliance, C, connected in series with

a conductineg part having a r;sistance. R, When a sinusoidalspressure of fre-
. ! - )

quency (f) and amplitude (Pm) is applied across this model, the resultant .flow

‘v :

wave leads Pm by a phase angle (ﬂ } and the volume chanpe (Vt) is determined

L3
R A o

by the impedance (Z), ' ‘

/ > ’

o
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0 = tan~l x 1 vhere w =2v{f

———any

wHhC

= Pp/ nfZ where 7 = VRZ + (__1___) 2
wC

Thua, temporal relations hstween pressure and flow are detarmined by the time
constant and éycle frequency., Also, the limits for impedance as frequency
approaches zero and infinity are 1 and It respectively, T

When two or more such untgs are arranged in parallel, the distribu-
tion and timing of flow in the separate pathways is ée}arminad by tﬁe dis-
tribution of thelr impedances, Tf the time constants for all pathways are
equal, their impedances rhanpa proportionately with frequency. The behaviour
of this sytem can be duplicated by a single equivalent resistance (Re) and
volume elastic element (Ce). If tho parallel time constants are unequal, the
1mpedan<:~es of separata pathways do not change proportionately as frequency

increases 50 that a diffarent value of Rg and Ce is required for sach frequen-

CV,

Ce = wzézggj + T]C;)z + (¢ 4 C2)? (6)
w (T1°C2 + T2°C1) + (C1 + C2 .

where the suBscrints (1, 2) denote the parallel pulmomary pathways, ' Cq ap=
proaches the equal time constant value (Ci +vC2‘) at low frequencies, but de-
creases as frequency increases, In effect, a smaller proportion of the total
volume is delivered to lone RQ units as frequency increases because a greater
proportion of the gppl\ad pressure is used to overcome resistive 1mpedancl.

In addition, the témporal .relations of pressure; and flow are different among

<

pathways with unequil time constants, so that flow between paral)lel units

(*pendelluft') may:oceur,

Thus, Otis et al. (11)) demonstrated that time constant inequalities

-

' b
amony pamllel luny, un\tq may causé a fall in pulmonary compllance as breath-
4

ing frequency increases, Although thia mist be assoolated. with a pyedictnhlo

- fy ' . -
o
o i . .
/
.
. . .
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change {n the distribution of ventilation among these units, no systematic
analysis of this conclusfon has been published. The relative tidal volume
of a two compartment model may be calculated from equation 6 and 7 of Otis

et al, (115), ustng‘the equation

Ver/Vea = 1230/ 12 -»-Jazz +( 1 )2 Jalz +( 1 )2 (7)
wC2 w(Cl

When the solution of this equation is compared with the solution of equation

6 for a range of breathing frequencies, the change of Vu/Vt2 from the static

value (w = 0) i3 much greater than the change of Cq from it static value (See -
Chapter 1V), 1t follows that the absence of frequency dependence of compliance

does not necessarily exclude changes in regional ventilation, which may be de-

tected with more sepsitive techntques.

2. Effect of Breathing Frequency on the Intrapulmonary Distribution of

Ventilation e;

3

a. Evidence for Asynchronous Ventilation

(1) In Squects with Obstructive Lung Disease, In patients with

abnormal spirometry and elevated airways resistance diagnostic of chronic ob-
o “ QU
structive pulmonary disease (Copd), Cdyn falls significantly below Cst as fre-
quency of breathing {ncreases (81, 99, 100, 115), Multiple breath N, washouts
L3

were measured (32) with constant tidal volumes in geven such patients at 19

and 31 breaths per minute (bpm). When Ny % was plotted against breath number,

- wagshout during hy, erventilation was initially more rapid and subsequently slower

than during resting ventilation, xtlghé high frequency, an increaged volume

vas required to reduce expired N, to 2.5 and 1.5%, clearan;e.delny percentaég

was increased, and the distribution of specific tidal volumes i{ndicated an

fncreased numbeér of poorly ventilated alveoli. These results wcte_reasonably
simulated by a two compartment mithematical model having ‘time constants of 127 '

and 1.8 seconds, The effective compliance of such a lung falls from a static’

¥
I
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.‘
value of 0.3 1/cnt H,0 to 0,17 at 19 bpm and only slightly lower (0.15)

2
at 31 bpm., It follows that much larger changes in ventilation distribution
may occur at lower frequencies than the resting value of 19 bpm.

\\ Ingram and Schilder (66) measured Cdyn and N, wéshouts simultaneously
dur;kg qulet breathing and at increased frequency (30 - 50 bpm) In five sub-
jects whose washouts did not change, Cdyn decreased leks than°25;g whereas
in five 6gher ;ubjects, Ny washout was delayed and Cdyn fell more Ehan 25%.

y \
Fo; several reasons, interpretation of the correlation between frequeﬁcy de-
pendence of Cdyn and ventilation aistribution tqiﬁgte complicated in such®
clinical gtu ieﬁ\than in the two compartment model discussed above. Among
the frequency indapendent group were three patients with mild Copd whose low
Cdyn and prolonged washouts during quiet breathing suggest maximal redistributon
of resting ventilation. Secondly, in patients with aévanced airways obstruction,
Cdyn may decrease due ; phase diffesv'CEs between dead space and parenchyma
(100)which have little ekfect on ventilation distribution, Finally, the complex
p;tterns of change.with frequency of both Cdyn and Ny washouts in the simplest
two compartment models mny‘ e obscured by methodologic er;ors during measure-
ments in patients. Woolcockiet al. (166) assumed that Cdyn .in normal subjects
' i

was independent of frdquency,\ nd estimated that a 20% fall from the static value

is a detectable abnormality by'&heir technique., The sensitivity of the Nj

v"

washout technique to detect chsﬂges in ventilation distribution as frequency
increases is diminished by prefe§¥nt1a1'distribution of the common dead space
and 'pendelluft' to the short RC m 1ts\(lll, 138, 141),

élthough these considerations limit the correlation of frequency dip@n-

dence between Odyn and nitrogen washput, it is estab}ished that both tests of

»

ventilation distributfon change signt 1clntly'7hen patients with obstructive lung

P

dlscase {ncrease thequbreathlngurlte.
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(2) 1p Subjects with Normal Lung Function, Bouhys et al, (17)

. obgerved no' ch;nge in :rttrogen washout in five normal subjects who breathed
similar tidal volumes of oxygen at 10 and 60 bpm. In four healthy subjects

who doubled their resting frequency of breathing, Cutillo ?k al. (32) noted
kno significant changes in N, washouts. Macklem (81) reviewed numerous studies,
and concluded that most normal subjects exhibit a fall in Cdyn of less than

20% of the static compliance when frequency is increased to 70 bpm, It there-
fore appears that the intrdpulmonary distribution of ventilation is independent
of breathing frequency in normal subjects. Accordtn%;y, the mechanical impedance
of parallel pathways {g predominantly clastic so that re§}onal filling is deter-
mined by regional compliance, and ftruuys resistance does not influeﬁce the dis-
tribution of ventilation detectable by these techniques.

Among the frequency dependent group in the study of Ingram and Schilder

L

‘(65) were three "healthy" subjects with normal gpirometry who were cigarette
smokers with chronic morning cough and/or integ;ittent'episodes of purulent
bronchitis. In patients with normal spirometry, pulmonary compliance and air-
ways resistance, Woolcock et al, (166) demonstrated frequency dependeﬁce Qf
compliance and concluded that tﬁis {s a more sensitive test of obstruction in
peripheral airways., Macklem (81) summarized the evidenée demonstrating that

2 - 3 mmairways are a primary target 4in many forms of Copd and suggested that
peripheral airways obstruction may.exist for long periods with little or no
abnorqnlity of routine pulmonary function tests. Thus, small airways disease

may explain occasional observations of frequency dependence in 'normal! subjects.

b, Facttors Promoting Synchronous Ventilation It is probable that

RC 1nequa1ities do. exist within the normal lung (81)., The pathwiy to respira- .

tory units in the posterior basal segment of the lower lobe is .much longer

. ' . dnd should have higher restance than the pathway to units near the hilum or \

.~ T
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oonly 3%, Although detcctableotsynchéony between these same units occurs at

in the apical segments of the upper lobe. 'Accordlng to equation 2 depen-
/
dent lung regions aré about twice as compliant as apical regions at mid-lung,

volumes, /Because lower pulmonary resistance waries inversely with lung votﬁﬁp
(14, 157‘, it seems reasonable to expect resistance in the more exp{nded ;gper
regions to be less than resistance\in the”less expanded lower rééions. Accét@}‘
ingly, RC digcrepancies among vertical reglong may differ by more than a fac£::
of two due to the pleural pressure gradient alone,. Additional intraregional
differences due to random variations of geametry or bronchomotor tone may
increase the range of RC discrepancies. )

Séveral mechanisms exist which promote the observed synchronous
behaviour of lung units which have different time constants. Macklem and Mead "
(82) observed that the time constants of parallel units peripheral to 2 mm

<.

airways are very short in normal lungs (.0l secs) due to the low values of
peripheral resistance. They demonstrated that the frequency at which Cdyn
decreases below the static value i3 determined by the absolute magnitude of

the time constants as well as their discrepancies. Accordingly, a four fold

time constant difference in thése pathways causes a fall h Cdyn at 100 bpm of

higher frequency (a; w—> o0, Co = 50% Cst), lung gas inertia is expected

to influence the results (96). Consequently, lungs with widely discrepant

time tonstants among peripheral pathways may npt show sihnificant frequency N
dependence of Cdyn below 100 bpm. When the RC differences are sufficiently

large, distribution changes from the compliance determined va}ue, such that

s
the relative volume change of long RC units becomes smaller and later in time . \
‘y{ Al

-

; ,  ®
than adjacent units with shorte:cjiﬂy/constants."Due to their different relative

distentions, a pressure difference develops between such respimtory units,

2

which has been shown greater than one would predict on the basis of uniform

' v \ 3

P-V characteristics él@?. 105)., The extra proxiuroldlfferepcc between asyn-

chronous units has been attribufed to the interdependence of forces applted

o

. T N ) ot
/' . ) N o .
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to’ each through their mutual tlgsue /ntuchmentu. The result is pressure r :
. tending to restore the volume change of long RC units to their synchronous
va lu;s./ In addition to promoting ventilation through the usual channels,

‘this pressure drives flow through collateral channels which directly connect
respiratory ,units (81),

How effective collateral ventilation and \interdependeneb are in
maintaining f;equency independence of ventilation distribution in normal .
sui:jecbs ealnnot. be completely assessed by measurements of Cdyn. At infinite
frequency when the fall in Cdyn is independent of the absolute values ®f
the parallel time constants, a 2.5 to three fold discrepancyo in time constants

- H

' 18 required to cause a 20% fall in Cdyn (See Chapter IV ). It follows that

*

the expected vertival difference in RC “ to the pleural pressure gradient

4

i not detectablé'by Cdyn measurements in the absence of factors promoting

§ ; )
si"nchrony. This'is true despite the fact that the solution of equation 6',
o L
(:dal volume dis-

for a 2.5 fold discrepancy at w—> 00 gived a change of |t

1] . 4

tributlc;n (Vu/Vtz) of 250%. ,’: ' -

In sﬁmmnry, most. s:ubjects with normal rou}:tr;e pulmonary funct_ibn ,
tests do not exhibit a change {n dyhamic compliance or nitrogen washoutsp N
as breathing frequency increases. Accordingly, the ﬁéa}lel dijstributiou"
1 of ventilation is essentiall); de;:ehnined by theﬂela’sti% properties of lung

‘ units in healthy subjects at rest and exercige (101), However, these tests

—— ~go not directly measure the volume change of p/u_l,monary units, and the literature )
- ) / - ,/ N .
\daes not 1nd1ca§‘e' how much change in the relative tidal vcolumes of parallel : -

. . )
units must occur before the available tests become abnormal.. ' "

A

3. Effect of Flow Rate on Vent{lation Digtribution ‘ -

a. Expiratory Flow As }Aiscussed above, apynchronogn emptyini:

‘ of vertital lung regions occurs at low expiratory flow rate ({l,f), such that

upper' lung regions contribute a Progrgsulvcly ’grnt/hr proportion of the c/xplrltt

} 4 . N s ——

H
- N ’ [
i
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a8 lung volume decreases, Accordingly, the alveolar plateau of a single ,.
expiration alopes upward when upper reglonal conCentgatibn excceds that

in lower lung rogiqn;. Although several earlier studies (12, 15,)18, 47,
74, 136) of the effect of Qe on the slope of the alveolar plateau produced
conflicting results, it is now clear that the scquence of regional emptying
is altcred.

Jones and Clarke (72) measured argon concentration in the expirate
of tern subjects who inhaled 100 ml of argon at RV followed by a vital capa-
city breath of air. 'The amount of argon in the last litre of the expirate
and the upward slope of phage III progressively diminished as QQ incrcased,
suégesting earlier emptying of upper lung regions. They concluded that
regional emptying is influenced by regional resistance at increased Qe.

As discussed above, the slopes of phase 111 and IV slope downwards when
subjects are inverted prior to a slow expiration., Clarke et al, (26)
observed less sequential emptying as Qe was increased in inverted subjects,
suggesting that in both positiong the lung regions which are superior with
respect to gravity empty”progressively ecarlier as Ve is increaged. Accord-
ingly, the gradient in pleural surface pressure plays an important role in
the reduction of ;oquential emptying between vertical lung regions when Oe
is increased.

Expired lJJXe concentrations were measured in 7 subjects who
inhaled bolti froq’&V, thereby establishing a vertical concentrdtion gradienc
meagsured at TLC (108). During slow expiration, the expired conc%;tration
progressively increased to a value at RV which was similar to the concen-
tration in apical regions, During a rapid expiration, more 133Xe was expired
at high volumes and less at low volumes, giving a horizontal alveolar plateau.
The contribution of stratification to these changes\uas minimized by a 15

gsecond pre-expiratory breath hold at TLC, In two subjects who expired at
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several flow rates, these changes were progressfve, supporting the
contention that factors unique to maximum expiratory flow are not the.
explanation, Thus, vertical lung regions contribute a constant proportion
of the expirate throughout a forced expiration. Recalling that sequential
emptying during a slow expiration departs only sIightly from the plot of
v, (% TLC,) against lung volume (% TLC), shown in Figure 5, the changes
in emptylng 'sequence with Ve required to flatten the expired plateau are
very small. By reinspiring to TLC following an expiration interrupted
at a series of lung volumes, regional end expiratory volumes were deter-
mineiw(IOB). The vertical gradient of regional expansion observed at all
lung vslumes following a slow expiration was not present above 30% VC
following a forced expiration. Accordingly, the 'volume changes of vertical
lung regions are not only synchronous, but they are}aqual. This distinction
fs i1lustrated in Figure' 5, where the slow emptying of upper and lower
regions follow line u and 1, but during maximum expiratoryflow, both regions
empty along line M, indicatinhg a much greater effect of Qe on the emptying
pattern than can be inferred from expired plateaux.

| Millette et al, (108) offered these explanations, Because of
regional compliance differences due to ple;ral pressure gradient, lower
regions change volume more than upper ones for a given static a P, If
maximum effort abolished this gradient, differences in emptying rate would
be diminfshed. This is not the explanation, since Martin et al. (91)‘sub-
sequently showed that low Qé achieved by maximal effort through a high
external resdstance did not alter the quasi-static emptying sequence. As
they point out, these obgservations do not exclude transient qsynchronyrbf
AP durtn; forced expiratory cffort, which could alter the emptying sequence

over a much larger part of the vital capacity a& high Ge than at low Q .

Alternatively, 1f the time constants of upper regions are relatively short

~—r

o
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due to their low compliance, an equal dynamic a P applied to both
regions may increase the emptying rate of upper regions more than lower.
Young et al (170) reported that when subjects voluntarily pro-
duce expiratory flow oscillations following a tidal brgnth of oxygen,
oscillation of N, and COZ concentrati{ons are observed on the alveolar
plateau. When these concentrations were corrected for transit time from
the lobar bronchi and sampling delay, the N2 oscillations were in phase
and the CO, oscillations were 180° out of phase with the flow oscillations.
Thus, units emptying at increased flow rates have r;latively low AV and
high OA , characteristic of upper lobes and regions. Because the ¥?ow o8-

'

cillations were small ( < ,1 lps), they reasoned that differences {n com-

]

partmental resistance could not account for these dif "crences. As an a}teré
native, they proposed a model with 2 compartments having different pressure
volume characteristics and the same Vos such that equal applied pressure
causes the low AV unit to contribute a greater proportion of the expirate
as lung volume decreases. From the equati;n of motion of the lungs, they

derived a first order differential expression for flow into either compart-

ment as a function of overall flow rate.

2 dvy _dv ., -f (V1) + £ 2 (V)
dt dt R

where V {s lung volume, equal to V; + v,

Vy is volume of compartment 1, and f| its elastance
V2 is volume of compartment 2, and f2 its elastance
R 1s the resistance to compartment 1
Graphical solution for step changes in expiratory flog rate (dV/dt) showed
.
alterations in the emptying sequence of the two compartments which caused
increases in expired NZ concentrations synchronous with increased flow rate.

Although this model was proposed as an alterative to a time constant model,

-



P

80
L)

the equation is identical to one derived by Pedley et al (122, eq. 7) to
explain the effect of RC discrepancies on distribution of inapired flow.
As discussed below, &2 model with discrepant time con;tnnts will transtently
depart from compliance determined filling and emptying when flow rate is
changed. When an indfcator {s distributed during the transient, a change
in the sequence of compartment emptying is readily detectable,

In conclusion, the sequential quasi-static emptying of vertical
lung regions is progressively diminished as Ve fncreases. At maximum % ,
emptying of ve;tlcnl lung reéions i3 synchronous and is not determined by
regional compliance alone. This departure from compliance determined

emptying can occur at much lower v and may be explained by unequal

e »

regional time constants or by an asynchronous regional A P.

b.) Inspiratory Flow

Robertson et‘al (134) demonstrated that a bolus of 133Xe inspired
maximally from mid-lung volume {s equally distributed to superior and de-
pendent 1ung regions. They suggested that the distribution of a rapid
bolus is theoretically determined by the regional resistances, and concluded
that {f regional A P are equal, apical and basal resistances are approxi-

mately equal. Martin et al (90) assumed that regional filling dé}fng\maxlmal

[

inspiration {s resistance- determined, and calculated the regional time
constant ratios as follows. The ratio of count rates at TLC between upper
and lower regions is proportioned to their compliance ratio, Cu/CI’ following

l33Xe boli from FRC, and inversely proportioned to

a slow inspiration of
their resistance ratio QRl/Ru) following a rapid inspiration., The time
constant ratio, obtained by dividing the slow count rate ratio by the fast

ratio, (C,/C;)/(Ry/Ry), decreased as vertical distance between the regions

increased. Accordingly, regional time constants increase progresgively
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.
with distance from the lung top {n a very similar manner to regional
compliance, suggesting that regfional resistances at mid-lung voluﬁes
are equal.

Using ag electrical analogue, Macklem (81) showed that {f maximal

e

{nspiration 13 analogous to 4,square wave pressure change and superior
and dependent lung regions JZe analogous to two resistor-capacitor circuits
in parallel, then the dist;}bution of volume to the two regions at the
instant the pressure {s applied is inversely proportional to the regional
resistances and {s independent of the common resistor. Because it takes
a finite time to administer a rapidly inhaled'bolus, the regional distri-
bution by this analysis is not necessarily resistance determined but may
be a function of the regional time constants which include the common
resistor, This could account for the inability to demonstrate higher
concentrations of 133xe in the apex than in the base when apical resistance
was expected to be less than basal resistance.

Pedley et al (122) considered the theoretical effect of gravity
induced time constant inequalities on the distribution of constant inspiratory
flow between upper and lower lobes in erect man. Their analysis examines v
the transient departure from elastic equilibrium caused by a step change
of flow in the lung, and {s analogous .to the application of a constant
current to the electrical analogue discussed by Macklem (81). In contrast
to a square wave voltage (or pressure), the response of the parallel units
to constant current (or flow) is independent of the common resistor, which
merely provides a time invariant pressure drop. From the equation of motionm,
they derive an expression for the lobar distribution of flow (eg. 10, ref. 122)

which may be rewritten:

=
¥
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-Bt
C, * (Tl - Tu) exp
V Ry + R}
L
v -Bt
Vi

ex
Cp - T - Ty P

(—

R, t Ry
where the subscripts (u, 1) denote upper and lower lobes, C is
compliance, R is resistance, T is thelr product (RC), t is time, and B is
(c, + CL)ICUCI(Ru 4+ Ry). The instant flow begins (t == 0), the total
impedance to flowis resistive, and lobar flow {s inversely proportional

to lobar resistance ( Lim ¥, — Ry ). In the other extreme, relative
t—= 0 v o
Vi Ry

lobar filling is determined by lobar compliance ( Lim Ou = Cy ).
. t o0 - -
v C 1

1
If RllRu is not equal to Culcl (Tu 4 Tl)’ lobar distribution changes with
time from R1/Ru to Cu/Cl .

Using estimated values for lobar compliance and resistance, they
calculated the effect of inspired flow rate on lobar distribution of various
ingpired volumes, When P - U and P - V characteristics were linear, a greater
fraction of the inspirate was distributed to lower lobes at low flow rates
(Cy < € because they were less expanded, hence more compliant, due to
the vertical gradient in pleural ptessdre. As flow increased, the fraction
of the inspirate going to upper lobes increased until at very high flows,
lobar distribution was equal (R, = Rl)‘ Non-linear pressure flow relations
exaggerate the effects of time constant inequalities, and cause the dis&ri-
bution of a given inspired volume to approach the resistance determined
value at a Tower QI. Conversely, non-linear pressure-volume relations tend
to maintain compliance determined distribution. The distribution ratio
is also affected by allowing lobar resistance to vary with lobar expansion

in the same way as pulmonary resistance varies wfth lung volume, In this

Lo .
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°'“?1uR1 is greater than R,, and Vu/vl a}pro&chea a value more Jlacrepant
fromnﬁﬁa quasi-stati¢ distribution, ca&slng preferentfal distribugion of
{nspired volﬁmulgo upper lobes at htéﬁ ln;plra§ory flow rates. Thia latter
case was theotetfcnlly congldered mpst representative of lung cvents,

It follows that {f time ctonstant {nequalit{es are responsible
for the effect of inspiratory f{ow rates on vertical distribution of in-
spired gas, a characteristic pmétcrn of change will occur. At low flow
rates, regional distribution will be aciording to regidnal compliances,
As flow rate increases, a greater proportion of the inspired gas will be
delivered to short time coﬁgtnnt regions, Thia chaftige with flow will at
first be rapld and then progressivaly diminish until at high flows dis-
tribution is reaistancg'detcrmlned and essentially independent of further
{ncreases of flow tnte; A compliance determined distribution may be main-
tained to high flow rates 1[ RC discrepancies are small and the time course
of the translent is short reltcive to the time taken for the volume to be

v

distributed, Furthermore, collateral ventilation and interdependence of

lung regions may oppose any departure from compliance determined distribution.
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CHFAPTER IV !

EXPERIMENTS

A, The Effect of Gag Physical Properties and
Flowy Rate on Canine Lower Pulmonary Resistance

1. Introduction

Contemporary understanding of the nature of afirways resistance
is based primarily on the investigation of Rohrer (135). Recent theore-
tical studies, supported by measurements in airway models, emphasize
previously overlooked disturbances of boundary layers as a major cause
of resistance to breonchial flow (113, 119, 120, 121, 145). According
to the theory of boundary layer growth, Pedley et al (119, 120) predicted
that lower pulmonary resistance (Rlp) varies as the square root of gas
viscosity, density and f{low rate. This study was designed to test this
hypothesis by comparing predicted with observed effects of gas physical
properties and flow rate on resistance in central and peripheral segments
of the ]Jower pulmonary airways {n anaesthetized dogs. 1t has been suggested
that the underlying physical basis of Rohrer's equation as applied“éyithe
bronchial tree i{s not theoretically sound (50, 94, 113, 120). As the;a

arguments are not conclusive, a second aim of this study was to test

Rohrer's equation in the same way,

2. Methods

a., Experimental Procedure, Mongrel dogs were anesthet{zed

with chloralose urethane, The chest was widely opened by a sternum
splitting operation and the trachea cannulated. A retrograde catheter

with a 4,0 mm bell was placed in the right middle lobe according to the



techuique of Macklem and Mead (82)., The dogs were paralyzed witﬂ‘ -
succinyl choline, artiticially ventilated, and placed in a volumelen- N
placement plethysmograph from which lung volume was obtained. Flow \
wag meagsured with A small NIL pneuniotachygraph attached to the tracheal
cannula. lateral tracheal pressure (P ) was sampled with a pilzzometer
ring on the tracheal cannula, and pressure at the 1u§g surface (Ppl)

was cstimated by a catheter lying free in the plethysmograph. Prcs;ures
were measured with Sanborn 267 B and 268 B transduters. Prior to each
measurement of res{stance, the lung was fully fnflated (P} 30 cm H,0)

and allowed to deflate to predetermined transpulmonary pressures, The
lungs were then oscillated at 4 cps by a loudspeaker powercd by a sine
wave generator so that peak to peak flow approximated 2 lps. The pres-
gure differences of catheter bell (Pbr) from Ppl and Pey were simultan-
eougly displayed against flow on. a cathode ray oscilloscope (Fig. 6).
The resulting pressure-flow loops from the pnripheral and central airways
were closed by electrically subtracting the elastic and accelerative
components of the pressure. Flow, and the components of the peripheral
pressure (Pp) and central pressure (P.) which were in phase with flow
were recorded on a 4-channel Sanborn Poly Viso (Fig, 7). Flow rate was
then reduced to 1 lps and another recording was obtained, After at least
3 measurements at cach of two lung volumes (Table 4) a gas mixturc of 20%
oxygen in sulfur-hexafluoride (SF6) was connected to the inlet ot the
Harvard pump. The bag sealed to the loudspeaker (Fig. 6) was evacuated
and refilled with SFb6, and the resistance measurements were repeated.

Ag it was not possible to obtain sinugsoidal flow oscillations much higher

A
than 1.0 1lps on the densc gas, SF6 measureménts were made at 1,0 and 0.5

b3

lps in all animals. When these were completed, the cervical vagi were
§

cut and the measurements were repeated on SF6 and air,
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VILUME (W)

-y

£N

- TRACHEAL PRESSURE

Re = (Ptr - Pbr) ~ Paccel {+ W) (Ptr)
v ~ BRONCHIAL PRESSURE
- - P (— Vl’ | (be)

Rp = (Pbr P\;;l) el

“ PLEURAL  PRESSURE
(Ppl)

FLow (V)

Schematic diagram o% experimental apparatus.

Anacsthetized dogs in a body plethysmograph (upper right)
were ventilated by Harvard pump or oscillated by a loudspeaker (upper
lett) with either air or SF02. During oscillation, the differential
pressures in central (Pty - Pbr) and peripheral (Pbr - Ppl) airways
were displayed against flow (lower middle), and the resulting P-V
loops (solid line%) were closed (dashed lines) as {ndicated.

‘it
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FIGURE 7

Bl e i) WP gl ‘ gererty e +-.,-...-"
Vv . - o
, ) | | ]
S : o ; - '
| lps ial:hthhuhnmth RPN U |
A 65%VC B 35%VC

o

Photograph of Poly viso recording of v and the central (P:) and
peripheral (Pp) pressures in phase with flow (corresponding to

dashed lines an oscilloscope in Figure 6) during forced oscil-
lation at two lung volumes.

5%
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. " TABLE 4

Lung Volumes and Catheter Pogition During Resistance Mecasurements

Expt. vC % vC RETROGRADE CATHETER SITE

_No. 1.BTPS ' HIGH LOW D (cm) d(mm) G  Re

1 2.13 57 29 7.0 4.6 6 116

2 2.00 68 36 10,0 3.3 12 6

| 3 1.60 ;59 34 9.0 3.0 12 58
4" 2.12 68 35 7.6 4.2 11 105

5 1.33 63 30 106 3.5 17 67

6 - 1.70 " 69 - k)| 11,5 3.5. 15 67

7 ©1.90 68 36 13.5 3.5 15 59

8 1.50 69 35 10.8 3.8 ‘12 75

\ 8

D = distance from carina

d = airway diameter
- g

G = airway generation

Re = aversge Re for air oscillations at 1 lps (see text)
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. Arterial Blood Gas Tensiong .
\ . . 'S Lo
o Expt. Pa02 . PaC02 | pH
No, AMir SF6 Air SE6 Alr’ SF6
L .
1 95 101 23 28% 7.41 7.34
2 88 96 32 38 7.40 7.30
3 - 69 76 -35 51 7.37 723
4 70 62 30 46 .7.33 7,22
5 88 83 36 42 7.34 28—~
‘ 6 - 85, 90 3? 40 7.35 7.32
7 100 111 "4l 38 7.29 7.30
-—8— 91 52 38 56 7.38 7.27
. R I SV "ﬁ, ~
Mean + sd 86+ 11 84+ L1 34+ 6 42+ 9* 7.36+ .04 1 7.29+ .05%
* denotes difference from corregsponding air value (p <'.O-l) -
o ’ /
N-m__»\“ " R
w ‘ .
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‘ Static prrdnuro-volumt‘curves of .the luhg we¢re recorded
throughout the cxperiment and no major changes were noted. Bloo{
sampla: werc drawn from ;ndwclling femoral artery catheters during afir
and SF6 ventilation (o: determination of P02, PCO,, pH and bicarbonate
concentration (Table 5). -

At the end of the experiment, the animals were exsnng;lnatcd.
The lungs were sed and air dried for ten deys while distended at a

transpulmonary prespure of 20 cms Hy0. The gross morphometry of tHe

alrvay wag determined by cutting along a thread from the trachea to :}EquN\

attachment on the catheter bel'l. At each branch point, generation number,

airway diam&ter andmléngth from the carina were recorded (Table 4). Pre-

sumably these values differ from those during the experiment due to changes
14

with lung volume and bronchomotor tone.

b. Data Analysis. Central and peripheral resistances were
v

calculated from the Sanborn tracing; by divlding'Pc and Pp by flow.
No;e that peak {lo;s'of 1.0 lps constitute 0.5 Lps inspiratory and ex- °
plratory flow. No attempt was made to separatg}insplracory and expiratory
resistances. . .

. Rohrer's descg%psive equation for airway resistiy; pressure
losses (135) was expressed for airways resistance:

R =K +K,V (1)

1
Using the two resistance values and“flow rates, simultaneous equations

were solved for K| and Ky, where K, is the change in resistance per unit

change 1UA&' The sum of Ky and K, is equivalent to the resistance at -
1.0 lps. Since measuremcnts}were made on both gases during flow oscil-

lations approximsting 1 lps, the sum of Rohrer's constants is nearly

{dent{cal 'to the measured resistance. A second equation describing the

&




Tof L5 lps, we attempted in experiments 2 and 8 to validate equations 1 and

[AN 9l

flow resfiastive prélsurc drop in branched tubes quellod on bronchial
morphometry has recently been put forward by Pedley et al (120, 121). W0
The equatiom may be written in terms of resistance

R~K (pu) > 03

and expressed in the general form ’

i

R=K (pu)"Vv? . (2)

4

Using the two resistance values and {low rates, gimultaneous equations
were solved for the esxponent 'a' on each gas., Thig value expresses

the change In resistance with flow assuming an exponcntlal”ﬁ};ssurc-flow

e
S

relationghip.” Similarly simultaneous equations were sgl&;d tor the ex-

ponent_ 'n', using rhe known dengity-viscosity productas for air and SF6

and the registance meagsured on each gas, 5

.Since meagsurements on air were not made at flow oscillations

2 over this flow range,  Resistances werc measured at .5, 1.0 and 2.0 lps

during air oscillations and Rohrer's constants and the exponent 'a! weré
calculated in the usual manner from the higher pair of flow rates, These-
values were then used to predict the resistance values at .5 lps, which
are compared in Fig, 8 with the resistance measured at .5 lps during that
maneuver, There is a reasonably close approximation of all values to

the line of identfity, with a suggestto; of better fit for equation 1 than
equation 2. These data suggest that the use of different flow rates for
the two gases introduced no systematic ecrror to efither the estimated
value of resistance at 1.0 lps when the actual flow rate was not exactly
80, or to the calculated values of X,, and K; and 'a'. 1In experiments

2 and 8, two flow sequences werc used (highest to lowest and vice versa),
and no significant trend was noted i;~g§§ resistances measured or constants

calculated, suggesting that flow sequenc& d1d not influence Af{rways re-

sistance, In experiments 1-3, Ptr‘Ppl was also displayed against flow,
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FIGURE 8
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versus R¢ predicted from values measured at 1 and 2 lps according to
equation 1 (left ordinate)and equation 2 {right ordinate).
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and the resulting loop was closed by adjusting the frequency of os-
cillations, The resonant frequency was slightly greater at 65% VC,
where it averaged 5.2 cps on air and 2.8 cps on SF6. No systematic
differences were obgerved on cither gas between the resistance values
at pulmonary resonance and the corresponding values measured at 4 cps.
Thus the latter values presumably reflect lower pulmonary resistance
at all lowrr frequencles,

For practical reasons, the order of gas exposure was not
randomized., To exclude systematic varfations of resistance with time,
the resistance measurements on both gases were regeated following the
first SF6 measurments in experiments 7 and 8. No significant differ;nég
or trend was ob;ervcd between the duplicate determinations. Accordingly,
all measurements were used to calculate the mean values of each parameter,
and an estimate of cxperimental variability was obtained. Table 6 presents
the coefficients of variation from these two ;xperiments. No ;ySCenntic
change 1s noted between lung volumes, The‘varlabllity of resigtance
measurements averaged 15 and 22% in central and peripheral airways respec-
tively, whereas the calculated constants exhibited 2.5 to ten times greater
variability,

Statistical significance of results was assessed by the pajred
comparfson t test, and the level of s;gnificance was taken as p < .05,
For each lung volume and airway segment before and after vagotomy, several
parameters (R, Ky, Ky, 'a') were tested for differences between their afr
and SF6 valuos; The constants Ky, 'a' and 'n' were each tested for

differences in their values between central and peripheral airways.

c, Calibration Techniques, The pneumotachygraph was calibrated

for each gas using the experimental apparatus. Afir blown into the chamber
enclosing the loudspeaker displaced efther air or SF6 from the bag through

the pneumotachygraph into the plethysmograph. The change of plethysmograph
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*The corrrspondfng mean values for each purameéer are ligted in Tables

Air

SF6

*
Coefficients of Variation
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TABLE 6

X

«32
.26
«36

.58

«39
e 24
e35

- 43

.39

K,

—

.86
.24
.63

.60

‘ﬁao

1.12

.23

.54

R

<

B

.17
.11
.29

.11

.13
.11
.13

.15

.13

!

265
.20’
.28

.23

032
.73
47

.62

48

8.40
1.45
eh2

1.45

2.20

¢35

" ,06

<19

.12

.37
o 27
.19

.19

.22

10 and 11.




volume with time over a constant and linecar range of the spirometer
transducer provided an accurate meagurement of flow rate. The pressure
drop acrogs the pneumotachygraph was linearly related to atr flow to
2.5 lps. The pressure-flow plot for SF6 was curvilinear, the pressure
drop being about 10% less than air at 0.5 lps and ;qual to air at 1.0
l1ps. When a large Fleisch pneumotachygraph (No. 4) whch was linear to
2 lps for the SF6 mixture was used, the pressure drop for SF6 was 14,5%
less than for air flow, Thia value i{s assumed to represent the difference
in gag viscosity between air and SF6 (104), suggesting that the pneumo-
tachypraph used in the experiment was non-linear cven at .5 lps for SF6,

In a geparate calibration procedure air or SF6 was osclll;ted
at 4 cps acrogss the pneumotachygraph between the bag in the loudspeaker
and a second bag in the plethysmograph, The actual fiow rate was calcu~
lated from the volume excursion (V) according to the equation

V= 2xtVy
where f {3 the oscillation frequency, The calibration curves foy both
gases were not different from steady flow conditions and SF6 flow values
~were corrected using this calibration curve. The frequency response of
the pressure recording systems were adequate for phase and amplitude to
x

7 cps. for both gases in simulated experimental conditions.

d. Calculation of Gas Physical Properties and Reynold's Numbers.

During forced oscllletlons. the composgition of the flow gas presumably
approaches alveolar fractions (.74 fnert gas, .14 0,, .06 C0p, .06 Hy0). _
Using data from the Handbook of Chemistry and Physics, the density of the
air and SF6 mixtures were computed to be 1.12 and 4,27 g/L x 10-3 respece-
tively. The viscosity of such an air mixture is 1.87 x lO'a poise (135).

As discussed above, SF6 was found 14.5% less viscous than air at room
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temperature. 1f the change in viscasity produced by heat, water vapor
and gas exchange is similar for both mixtures, the vigcosity of SF6
was 1,60 x 1074 poise. Thus, the SF6 mixture {s 3.8 times as dengse and
.855 times as viscous as air, giving it a density-viscosity product 3,2
timéé greater than [or alr, \

, Reynold's numbers were calculated at the catheter site from

the equation

' Re=~dpu/p

fow

where d (cm) is airway diameter and u i3 linear velocity (cm/sec.). Accor-’
ding to Ross (137), linecar velocity in a given airway of the dog lung may
be estimated: .

U= ,145 VT A '25/0'5
where VT ig flow rate in the lung (ml/sec), A is the cross sectional area
(mmz) of that airway and D ig (tg distance from the carina. For sinusoidal
oscillations, the average flow is the root mean square of the flow amplitude,
of which half {s inspiratory and half expiratory, The velocity equation
was simplified and solved for mean velocity during 1 lps oscillations for
each lung studied

U= 8.4 (d4/D)°
Using these values, average R, were calculated [or air oscillations (Table 4).
During SF6 oscillations at the same flow rate, Re increage by a factor of

4.5 (relative p/u = 3.8/.855). Thus R, are similar during .5 lps SF6

oscillations and 2 lps air oscillations.

3. Results

Lower pulmonary resistance (Rlp) was partitioned in eight dogs
(Table 7) in the repion of FRC (about 35% VC) and at a higher lung volume

(about 65%). At FRC, Ryp {ncreased from 1.56 during air breathing to 2.34




v/
TABLE 7

Effect of Gas Physlcai Properties and Flow.Rate on Rin

A. Pre Vagotomy - '

3% v b X2 Bip tat tat
Mr 77 .18 .95 14
SFg Measured .85 .60++ 1,.&5H‘+ ’ .36++ .37
SFg Predicted 1 .66 ‘ .67 1.33

2 1.72 .50 .50
3% V¢
Alr 1.2 .29 1.56 .15
SFg Measured 1.28 Lostt 2,34t a7t .35
SFg Predicted 1 1.09 1.10 2.19

2 2.80 .50 .50
B. Post Vagotomy # ’
85% v X1 ] _le tar ot
Air .61 .08 69 7 .10
SFg Measured .86 .15 r.o™ .10 .32
SFg Predicted 1 .56 .38 .94

2 1.35 .50 ° .50
3% ve ‘
Alr .64 .11 .75 .12
SFg Measured .91 .23 1.4t 16 .36
SFg Predicted 1 ¢ 55 42 .97

2 1.35 .50 .50
Mean values for individual experiments listed in Tables 10-13,
The SFy predicted values were calculated from cquations | and 2 (See text).

+ (p<.05), ++ (p<.01) and +++ (p<.001) denote differences from the cors
\

responding air values,

/

For definitions of other symbols, see text.
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during ventilation with SF6, At the higher lung volume Rip vas reduced
on both pases, and a significant dif{ference was again ;bserved between
air (,95) and SF6 (1.45). After vagotomy, Rlp measured in seven dogs
vas markedly reduced at FRC, and the reduction In registance as lung
volume increased was no longer evident, The effects of gas physical
properties werc similay to the prevagotomy results, as Rlﬁ increased
from .75 and .69 durin% air breathing to SF6 values of 1.14 and 1.0l at
35 and 65% VC rospectiﬁely.

The results ;n Table 8 reveal that almost'all of the change in
Rlp assoclated with changes in gas and lung volume occurred in central
airways (proximal to 4 mm bronchi). This is illustrated in Fig. 9, which
plots the partitioned resistance values before vagotomy during air breath-
ing (abscissa) against the corresponding values for SF6 (ordinate), For

the central airways (Left Panel) all points for both lung volumes lie
S

P

above the line of {dentity, and R. {3 approximately doubled during SF6
breatffing.d At FRC, R. increased from 1.08 on air to 1.81 during SF6
breathing. As indicated by the separation of crosses and dots, R, de-
creased on both gases at the higher lung volume, and SF6 resistance (.96)
remained greater than air resistance (.52). The exponent 'n' relating
resistance to gas physical properties was .44 at FRC and .56 at the higher
lung volume.

In contrast, the points comparing peripheral resistance (Figure 9 -
Right Panel) cluster more closely about the line of identity, and the symbols
denoting different lung volumes are not clearly separated. No significant
differences werc observed between mean Rp values during ventilation with
air and SF6 at ecither lung volume. Accordingly, values of the exponent

'n' were much lower, indicating that resistance in peripheral airways {s

virtually i{ndependent -of gas density,

¢
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FIGURE 9
X
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Comparison of resistance at 1 lps between air (abscissa) and SFg
(ordinate) for central (left panel) and peripheral (right panel)

airways.

The line of identity {s drawn (see text).
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TABLE 8

35

Alr

8F6

tnt

Alr

SF6

!

Pre Vagotomy

Re L}
.52+.19 66,14

96,337 464015

.56+.14 .04k, 12%**

1.08+.37 .49+.30
1.81+.757  ss+.27

a4t 13 34,15

Post Vagotomy

Re
.35+.07
.58+, 16"

.36+.23

544,13

874,261

.36+.20

%

L d 3“1. 09
.44t.08F

*
164,12

224,12
274,12

194,30

++ (p < .01) and +++ (p < .001) denote difference from corresponding air

values.

* (p < .05), * (p<,0l) and *** (p < ,001 denote differences from corres-

ponding R, values,

For definitions of other symbols, see text,
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Simi{lar features are noted after vagotomy (Table 8). R,
increases significantly from .54 (35% VC) and .35 (65%VC) during air
breathing to .87 and .58 at corresponding lurng volumes durirg SF6
breathing, giving an exponent *n' of .36 in each case. Peripheral
registanco 1s much less affected by the change in,gas physical properties,
and the exponent 'n' {s significantly lower than in central airways,.

R. increased with flow rate at both lung volumes as indicated
by the values of Ky (Table 9). Before vagotomy ventilation with SF6
caused a four to five-fold increase in K, which completely accounted
for the increase in R. on Ehn dense gas. When an exponential P-V
relationship described by equation 2 was assumed, the exponent 'a!
increased from .22 and .26 on air at 35% and 65% VC respectively to
.46 and .56 on SF6 at the corresponding lung volumes, Similar changes
were noted atter vagotomy, |

In comparison with the results 1in central a{gways, values
for Ko and 'a' in peripheral airways are markedly r;duced on both gases
at both lung volumes before and after vagotomy (Table 9),\tndicating
that Rp is virtually independent of flow rate. Furthermore; neither
KQ nor 'a' increase with gas density,

The constants calculated from each experiment are presented
in Tables 10-13, Resistance values in each airway segment for each
tested condition of lung volume and bronchomotor tone may be obtained
by summing the corresponding values of K;j and Ko. The mean results
presented above may be summarized as follows, At both lung volumes
before and after vagotomy, R. increased significantly with gas (pn)

products and flow rate, whereas R  was not influenced by either.

P
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~ TABLE 9

Effect of Flow Rate on Partitioned Resistance

A, Pre Vagotomy

R Ap
% ¥ Mx sF6 Atr sF6
65 Ky L9414 L374.32 .38+, 13 .48+, 21
K, Jd24.12 L58+.397 064,05 02+, 1%k
a 264,19 564,407 L7411 .02+, 21"
35 Ky .854.27  .92+.38 424025 L3617 o
’ K,  .226.20  .89+.46""" 074,13 184,22 ri\_
: .22+.18 .46+.08"" JLl+.28 .20+.30%
B, }o;t Vagotomy . e
R "
) 65 Ky 284,13 .324.09 334411 .Sut.22%
"3 T Kg 074,07 .26+.13 OlE.06  -.114.18%*
N a 254,29 NYTRY 03,19 -.19+.25™**
35 Ky 217 L62+.22 .23+, 14 . 294,15
K, .124.06 .25£,07 - -.01+.05%  _.02t.07™"
a .28+.15 .301;19 L04+,35  -,08+,33%

+ (p < .05), + (p<.01) and +++ (p<.001) denote diffcrences from
corresponding air value,

1

* (p < .05), * (p< .0l) and **f (p < .001) denote differences from
corresponding R, value.

i J
For definitions bf other symbols, see text,




i Ty e
NN

103 ‘ »
R . b

TABLE 10

Partitioned Regigtance at 65% VC Pre Vagotomy | |

-~

A. Central Airwvays \ J .

K K

Eﬁpt. At - SF6 ‘Al "z'sre . ~
No, Air  SF6 Alr  SF6 Atr  SF6 In! \
- 45 L34 =06 .52 -.10 .51 - .64
2 62 -.25 o~ .10 1.;5‘ . .16 1.24 .26
3 " .35 L69 06 .06 A6 06 .54
. 31 .27 07 .50 .26 .67 .61
4 3% .18 g2 Lss .36 .73 .40
6 .16 .40 A3 .22 .49 .39 .63
7 .45 .78 2,54 e 733 @ s
8 46 .55 . .33 1.05 47 .58 .6l |

)
b A ~

B. Peripheral Airwvays

K

el

Expt. | 2 - ()
_No, Atr ~ SF6 Atr T SF6 Ate §F6 u!

1 .58 .55 .06 .03 .09 0 .06

2" .36 .39 .11 .09 .22 .20 .04 . ?

3 N2 .67 .07 *-;19 .22 .30 .18

4 . a2 .s2. .01 .01 .06 0o - .19

5 .28 .23 .03 .02 A L10 -.19

6 w .19 16 .06 .11 .31 .38 (02

7 .36 456 .05 -.13 .21 -.18 .« 04

8 51 .75 T Llh -.07 .26 .07 .04
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TABLE 11

Partitioned Resistance at 35% VC - Pre 'Vagotomy

A, Central Airways

Expt. ') 2 o

_No. Aix  SFb Alr  SF6 Aicr  SF6
1 S019 .76 -.10 .52 -.08 .39

) 3 )&;«/,u—"“""

2 .89 1,02 .38 .73 .35 43
3 .53 .47 .01 .43 TL02 .46
4 - J2 .67 .26 .65 .31 .55
5 .83 .78 .13 .66 .19 .41
6 072 1028 o37 095 . 038 037
7 .91 .76 49 1.61 .39 .61
8 1.44 1,66 - .26 1.56 22 YA

B. Peripheral Afrways

+  Expt, ‘_(_l_ {(_Z lat
_No. Alr ~ SF6 Atr ~ SFb AMr  SF6
1 .85 .40 0 .29 0 .39
2 A7 .29 .06 .04, 39 .12
3 41 .52 .01 -,07 ﬁ 0 -.13
4 224 .10 .24 .48 .51 .66
5 22 .29 -.03  -.06 -.23 -.21
6 24 .26 -.03 .02 -.16 .03
7 RELLIE & -;dg 3600 -.05 62
8 .67 .66 1 .38 39 L3l

n?

.33
.28
47
«26
.35
.62

A5

.05




Partitioned Resistance at 65% VC Post Vagotomy

a

A, Central Airwvays

Expt, E_l_ '_(_2_ Jat
Mo, Alr  SF6 Alx  5F6 Alr  SF6 In? g
1 47,28 -,08 25 -.30 .56 .22 k
2 2 L 04 L2 13 .40 .28
4 .30 .28 06 .16 22 . .43 .15
5 .27 .40 .12 .17 .36 T L24 .27
6 A6 .19 A1 28 .53 .52 .46
? .24 ,28 07 .20 .25 .38 .32
8 A4 L3 Jd4 55 .55 .55 .83

B. Peripheral Airways

Expt. l_(__l_ f; Jat
_No, A~ SF6 Mr " SF6 Alr T SFo nt
1 .45 51 -:04  -,01 -.15  -.02 .15
2 .27 .58 .08 -.11 .29 -.,38 .21
4 .27 .42 .03 06 A3 16 A1
5 31 .62 .02 -.12 23 -
6 A8 .42 .04 -.05 .19 -.10 .38
7 32 .42 -.02  -.01 -.05  -.15 23

s * .48 1.03 .03 -,50 .06 -.59 .03

L8 * g

. -
s
f
ot
¥
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TABLE 13

Partitioned Resisgtance at 33% VC Post Vagotomy

v

A. Central Afrways

Expt., El El tat

_No, _ Mr ™ SF6 Atr " SF6 Mr~ SF6 nt

T 40 .39 0 .23 0 .45 .32
2 76 .64 12 .34 A8 .43 .08
4 .33 L4l .08 .12 .26 .29 .18
5 .55 1.01 14 -.07 .25 -.09 .32
6 35 .17 .20 .27 43 .22 .46
7 .26 .46 14 31 ; I VR
8 29 .63 16 .56 4245 "70

B, Peripheral Airways '

Expt. El \\‘ﬁ\\sz‘ — N ‘ tat .
1 .26 L34 .02 .04 10 .14 .22
2 26 .19 ..06 -.,01 -.18  -.08 -.08

4 .28 .37 -.03  -.07 -.18 .58 .13
5 26 .30 -.05  =.12 -.38  -.4l -.11
6 .06 .15 .0l .06 .29 .26 .79
7 06,10 07 .06 .66 .28 .2
8 43 LS5 -.01 -.08 -.01 .15 .08
‘ | ,
3 3
o
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b, Diacussldn

These resultg demonstrate a significant incrcase in Rlp during
ventilation with SF6, Arterial oxygen tensions were not different on
the two gases., The small but significant {ncrease in PaCO, during SF6
ventilatfon may decrease alrways resistance in dogs due to vagally
‘medlated bronchodilation thus opposing the observed increase in resis-
tance, A quantitatively similar etfect of SF6 and Ryp was observed
after vagotomy, ténding to exclude this and other vagally mediated re-
flexes as a cause of the observed incrcased resistance. It {s most likely
that the increase in resistance is due to the change in gas physical pro-
perties. For a laminar flow regime, resistance to periodic flow exceeds
steady flow resistance at ligher frequencies, and this difference {s greater
with gases of lower hinematic viscosity (25, 167), It is argued in appendix 1

(P. 211) that because boundary layers are thin throughout the bronchial tree,

—_

resistance measured at 4 cps ig not different from steady flow resistance
during vent{lation with efther afr or SF6. Accordingly, the observed effects
of gas physical properties apd flow rate on lower pulmonacy resistance are
relevant to conditions of quiet breathing.

Information regarding the physical basis of alirways resigstance
in central and peripheral segments of thé“&fonchial kree is provided by/
the results of the partitioned studies. 'Peripheral resistance was nét s&g-
nificantly affected by gas density or Flow rate, which may be explained by
a fully developed laminar flow regime in tge;e airvays. Alternatively,
the effect of gas densityﬂ;nd flow rates on non-laminar flow may be masked
by a significant contribution of pulmonary tissue resistance (Rti) to Rp.
Pulmonary tissue does not behave as a flow resistance but as a non-ideal

clastic element exhibiting pressure volume hysteresis (3). The area of

the static hysteresis loop {s the resistive work (W) done on lung tissue
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per breath and can be converted to 'Rt using the equation (110):

Rti = 2 We

2
T

1l'2V
where t i3 the period of a respiratory cycle, Furthermore,the hysteresis
area Is a constant fraction (.12) of the product of tidal volume x elastic
pressure (4)., In this experiment, the average inflationary compliance
was 80 ml/cm H20 and the tidal volume during resistance measurement at
1 lps was 40 ml; giving a calculated hysteresis area of 2.4 gram ¢m, and
a value for Rti of .08 cm H,0/1ps. Since the mean values for Rp were ,44
and .49, Rti contributes a small proportidn ot the measured resistance in
peripheral airways. Thus, the failure to demonstrate a significant effect

of gas density and flow rate upon R, {s best explained by a fully developed

p

laminar flow regime in these airways.
A quite different flow regime must exist in central airways where

the resistance increased significantly with pas density and flow rate, At

both lung volumes, the exponents 'n' relating R. to gas physical properties

are close to 0.5. Similar values of exponents 'a' relate R, to flow rate

during SF6 breathing. These obgervations support the hypothesis that boundary

layer growth accounts for a ma jor component of flow resistance in central
airways. Opposing this conclusion is the finding that during air breathing
the exponent 'a' is considerably lower than 0.5. This may be explained Lf

doa

boundary layer growth effects are prominent up tv and beyond the retrograde

catheter site during SF6 breathing, but during air breathing, fully developed

parabolic velocity profiles exist in afrways contributing significantly

to R According to equation 5 in Pedley et al (119), the prcssurelﬁrop

c.
in their afrway model became equal to the laminar pressuré;drop when R, =

33, During air breathing, R, at the catheter site averaged 85 when flow

e

oscillations are 1.0 lps (Table 4), Given the errors in applying these

estimates, this value is not inconsistent with a fully developed laminar
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profile in atrways some gencrations proximal to the catheter gite.
Since these airways (4 to 8,0 mm) account for the major resistance
in the dog (84), the exponent 'a' may be markedly diminished. On the
other hand, Re at the same site and flow rate during SF6 breathing
average 380, and arc conceivably high enough to promste significant
boundary layer disturbances throughout the central alrway. Accordingly,
the measurements of lower pulmonary resistance can be explained by
boundary layer growth in central bronchi and laminar flow in peripheral
alrways., The transition between these flow regimes during quiet breath-
ing oscillates about the 4 mm airways according to the prevailing Ree.
. Alternatively, these results may be explained by a continual
metamorphosis of the flow regime along the tracheo-bronchial tree. Jaeger
and Mathys (69, 70) pointed out the fluid dynamic similarity between the
human upper afrway and a Venturi metre, 1In both, the pressure drop at
low Re is entirely viscous, but as R, increcase,inertial disturbance
account for an increasing proportion of the pressure drop, The exponent
fat relathg resistance to flow incréases progressively with R, from values
of 0 at R,<10 to 1.0 at Rci>10a. The energy equations describing
laminar flow, boundary layer growth, turbulent flow, and orifice flow
fall on this relationship (Table 1, P.19 ) according to the general
equation:

R=c v »* W@ ‘ (3)

In the lower pulmonary afirways, R, progressively diminish as gas
flows peripherally at a given rate. To the extent that the Venturi metre
fluid dynamics operate in the bronchial tree, the additional pressure
losses due to inertial disturbances at cach bifurcation will cause a large

'a' iun central airways and a small 'a' peripherally. According to equation
F

3, therc will be a corresponding large 'n' with less cffect of gag viscosity

-
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centrally, and a small "n' in peripheral afrways.

This concept is supported by the theoretical study of Olgen
et al (113). They calculated the registive pressure drops per generation
of a human afrway model at 3 flow rates, Values of the exponent 'a'! were
calculated from their results and are plotted per generation {n Fig. 10.
The exponent decreases progressively as flow proceeds peripherally. Fur-
thermore, for all but two generations, the exponent calculated for the
igher pair of flow rates is greater than that calculated for the lower pair.
These observations illustrate the theoretical dependence of the cxponent
'a'! upon R, in the bronchial tree. The effect of this concept on the
interpretation of our results {s demonstrated by a consideration of Fig. 10,
Between inspiratory flow rates of 0,5 and 1.0 lps, (broken line) Ryp varies
26

. From this observation, it is reasonable to conclude that boundary
F'S

as
layer growth effects account for most of the lower pulmon@ry resistance,
Partitioning Rlp with a catheter {n the tenth airway generation reveals

that R. is similarily related to flow (R, « 0'60) but that R, is virtually

-.03
flow independent (Rp«r v ). Now the additional conclusion that the peri-

P

pheral flow regime is laminar i{s supported., However, to interpret the par-

titioned results as indicating different uniform flow regimes in central

A

and peripheral airways would miss additional information. In the central
airways the exponent 'a' decreases from 0.75 in the trachea to 0,25 in

1)

generation 9. The former value is consistent with turbulence, (see Tab

whereas the latter may indicate that a parabolic velocity profile is
established within the length of generation 9 after being distorted/at
the bifurcation., Finally, this mechanism suggests that due to th¢ lower

breathing

}

than during SF6 breathing. It follows that the overall exponent in«qentrxi

Re, the exponent *a'! will be lower in each generation during ati

1
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FIGURE 10 ' -
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Resistances per generation were calcgfated from pressure 3
losses at three flow rates (Tables 1-3 in Olsén et al (113)), and
used to solve equation 2 for 'a' between .5 and 1 lps and between
1 and 1.5 lps. Values of 'a' were similarly obtained for total
(RLP), central (Rc) and peripheral (Rp) airyays from the summed
pressure logses in each segmenc‘(lu). For discussion, see text.
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airwayg in the present experiment may be significantly lower for air -
Lhtn tor SF6 in the same way as the value of 'a' decreagses in Fig, 10
from .92 at the higher pair of flow rates (hence higher R,) to .60 at.
the lower patir.,

The cquation tor boundary layer growth consfderably over-
estimates the measured values of 'a' and 'n! in the total bronchial
tree. Thus, the prediction of Pedley et al is less accurate than that
of Rohrer for Ryp in dog lungs (see Table 7). This does not necessarily
contradict Pedley et al, whose prediction was based on the morphometry
8t the human lung. 1t appears from this study that laminar flow occurs
at higher R, {n the dog lung than in a human airway model, where resistance
considerably exceeds that calculated for laminar flow when R, are as low

as 200 (119). Other differences aside,if a smaller ratio of R_ to Rlp

|4

exists in the human lung than was observed in this study (.3 to .5), the

exponents for the total airway would approach those observed in central

alrways where they are quite consistent with the prediction of Pedley et al,
According to Rohrer (135), the flow resistive pressure drop in

pulmonary airways is the sum of losses due to laminar flow and additional

losses due to inertial disturbances of the fluid in the irregular

conducting system. The former pressures are proportioned to flow rate

by a factor (K;) containing gas viscosity and the geometry of the afirway

segment conducting laminar flow. The additional losses are related to

the square og flow by another factor (Kz) containing gas density and the

geometry of the airway respongible for the inertial disturbances. Fry

ct al (50) pointed out that the distribution of turbulence along the

bronchial pathway is similar for two gases only when their kinematic

viscosities are similar, In these conditions, K; and Ky vary as gas

viscosity and density respectively so that the effect of gasg physical
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properties on resistance is predictable from Rohrer's equation (50, 94).
For gases of ditfering kinematic viscoslty, these conatants arec not so
related to physical properties, presumably because the geometfc factor
of each constant changes with the digtribution of turbulence (50),
Accordingly, although experimentally determined pressure {low curves
are adequately described, Rohirer's constants are not belfeved to account
tor the physical events responsible tor airway resistance (94).

It {s surprising then that predictions of Rlp on SF6 from
Rohret's constants during afr breathing (Ky x .855 t K, x 3.8) are with-
in 10% of the measured values (Table 7)., Before vagotomy, the changes n
Ky and Ky from air to SF6 are similar to Rohrer's prediction. Even after
vagotomy, where the predicted change (n these constants is less accurate,
ft would not be reagsonable to reject Rohrer's equation in view of the wide
range of error inherent fn determining Ky and K (sce Tables 6 & 9). Secveral
earlier studies show Rohrer's equation to predict adequately the change in
resistance when gases of dif{fering kinematic vigcosity were studied (85, 156),
and {t {s questionable whether other reports (94, 114) are justified in re-
jecting the equation. Perhaps there {s a valid physical basis underlying
Rohrer's cquation which is cg&patiblc with the theory of boundary laver
growth. This theory states that the parabolic veloc{ty protile of Poisscuille
flow is disturbed at each bifurcation (145) and energy in addition to laminar
losses is used to accelerate core molecules as the velocity profile is re-
established downstream (113)., These additional losses are proportioned to
the square of flow by a factor, analogous to Rohrer's K,, containing the
geometry of the bifurcation and gas density, Pedley ct al (120, 121) point
out that most of the resistance by which turbulent flow excecds laminar is
due to the blunt velocity profile, Accordingly, turbulence in branching
airways does not grossly alter the pressure drop, since a blunt profile al-

ready exists 1x\the absence of turbulence. It follows that a predictive

-

. \
N

\
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equatfion bagsed on laminar losses for the entire bronchial tree and
additional losses due to {nertial disturbances may provide not only a
degscription of lower airways resistance but a physical explanation as

well. In this regard, ft i{s noteworthy that a correct mthematical
description of Rohrer's cquatfon by equation 2 requires the o;poncnt at
to increase with flow rate, a fecature compatible with both the fluid dy-
namic principles reviewed above and the frequent obsorvntéqh that Rohrer'g

constants provide a good description of airway pressure-flow relat{onships. .

5. Summary and Conclusfions

Lower pulmonary resistance (Rlp) wags partitioned at two flow
rates (Q) in anacsthetized dogs during ventilation with air and with a gas
mixture (SF6-0,) having 3.8 x the density (p ) and .86 x the viscosity (u)
;f air. In airways peripheral to 4 mm bronchi, resistance (Rp) was indepen-
dent of pras physical properties and {low rate. When the equation R = K
(p u)" VvV was solved using resistances measured in central airways, the
exponents 'n' and 'a' cach approximited a vilue of 0.5. These results in-
dicate that fully developed parabolic velocity profiles exist in peripheral
aiiways,so that the entire viscous pressure losses are described by the
Poisseuille equation., 1In central afrways where Reynold's numbers (Re) are
much greater, frequent inertfal disturbances of the velocity profile cause
additional pressurc losses which are adequately described by the equation
of boundary layer prowth. It is likely that these two }low rgéimos are
not discrete but undergo a continual motamorﬁhos(s from predominantly
inertial pressure logsses to completely viscous losses ag R, decrease be-
tween trachea and alveoli. Primarily because Rp accounted for 30 - 50%
of Rlp, the boundary layer growth equation overegtimated the effeccts of
gas physical properties and flow rate on lower pulmonary resistance. Rohrer's
equabion more accurately predicted these effects, and it is suggested that-
there may be a physical basis underlying its adequate mathematical descriétton

of these pulmonary pressurc-flow relationships.

[
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B, The Effect of Gas Physical Propertiesg and -
Flow Rate on Human Lower Pulmonary Reslstance.

1. TIntroduction

In the previous section, the relationship of canine lower
pulmonary resistance with gas physical propertics and flow rate was
described and comparcd with theoretical equations developed by Rohrer
k135) and Pedley et al (119, 120, 121). Using a similar approach, this
study attempts to elucidate the {luid dynamics underlying human lower

pulmonary tesistance,

2, Methods \

- Lower pulmonary resistance was measured in 3 volunteer labora-
tory personncl, An esophageal balloonr (length 10 cm, circumference 3.5
cm) was positioned in the lower third of the esophagus. Under local
anacsthesia and aseptic technique, a #18 pauge medicut was inserted
between the second and third tracheal rings. The intratracheal posi-
tion was adjusted under fluoroscopy to give the smallest angle with
respect to the axis of flow and to ensure that the cathcter did not

move during respiration, The esophageal balloon and tracheal needle
were connected to opposing ports of a Sanborn 268 B differential pressure
transducer, The subject was seated in an Fmerson Volume displacement
body plethysmograph (98) and breathed through a Fleisch No. 4 pneumo-
tachygraph coupled to a Sanborn 270 transducer. A two way breathing
valve (Warren E, Collius High Velocity double J) was connected in series
with the pneumotachygraph, and the inspiratory line was connected to one
of three gas mixtures consisting of 21% oxygen in helium, nitrogen or

sulfur hexafluoride. After threc minufes of open circuft breath{ngl

punctuated by several vital capacity breaths, the subject inspired to
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total lung capacity, expired to his predetermined FRC and began to

breath rapidly (100 bpm) and shallowly (< 300 ml) for about 30 seconds.,

This manocuvre wag rrpeated three times on each gas, and air measure-~
ments were repeated before and after each forelgn gas, Measurements
were a1:o obtained at a lower lung voiume (FRC -1 lit;e) fn two subjects
breathing afr and SF6. In one subject (LE), FRC moaquremo;ts were re-
peated on alr and SFg after an Iintravenous {njection of 1.2 mg atropine,

Sipnals proportional to flow, pressure, and lung volume were
recorded on a Sanborn Poly Viso and stored on magnetic tape. To analyse
the data, flow and pressure gignals were led from the tape to a storage
oscilloscope (Tektronix No. 564) and the rosulting pressure-flow loop
wag closed by gsubtracting from the pressure a signal proportio?al to
lung volume (104). The closed loops were traced and lower pulmonary
resistance (Rlp) was calculated at + .25 and + .50 lps taking account
of the measured difference in pas viscogities (see below). Using Rlp
values at two flow rates, the equation Rlp - Ky + K2 v was solved for
Ky and K,, and the equation Ry =K (pp )" v * was solved for the
exponent 'a' on each gas. Similarly, the exponent 'n! was calculated
using the different density-viscosity products and the corresponding o |
differences in Rlp between pairs of different gases (e.g. helium-air
and atr-SF6).

Using a technique described above (p. 93 ), the pneumotachy- |
praph was found linear to 2 lps on all gas mixtures used. For a given
flow rate, the flow signal fof the helfum mixture was 12% greater and
that for the SFy mixture was 14,5% less than for air. These differences
are presumably due to the different viscosities of the gases. Gas den-

sities, calculated as outlined previously (p. 95 ) gave values for helium
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and SF¢ mixtures of .39 and 3.8 respcctively times that of air. Thua,
the corresponding density-viscosity prodﬁcts relative to air were ,43
(helium) and 3.24 (SFg).

Exrrors in the measurcment of lateral tracheal pressure are
due to angulation of the needle with respect to the axis of flow (yaw)
and to acceleration of gas between trachea and alveolus, If yaw isg -
constant, the regulting errors in inspiratory and expiratory resistance
are equal and opposite, and so may be ignored when Rip ts calculated

for both phases of respiration.

3. Resultg

Considerable cardiac artefact was encountered in the pressure~
flow loops recorded from all subjects, By replaying the recorded signals
.repeatedly, it was possible to obtain for each tested condition three to
één closed P - b loops from breaths apparently free from cardlgc artefact,
When the mean values for‘Rlp for each subject were compared (t-test) be-
tween gas mixtures, Rlp increased (p <.05) from helium to air and from
air to SFg (Table 14). At FRC, the exponent 'n' averaged 0.35 for all
subjects. At the Iowe; volume, the effect of gas physical properties .-
was greater in LW and less ié LE, giving a similar average value for 'n?

(0.31), After atropine, R}, increased from 0.45 cm Hy0/1lps on air to

P
.75 on SFg ('nt = 0,45).

The P - V curves were generally alinear. Between + .25 at

+ .5 lps, values of the exponent 'a' for all subjects (Table 14) averaged
2 ‘ "
0.16 at FRC, and were considerably lower than the corresponding 'n'! values,

This was also true at the lower lung volume, and after atropine the P - v
curves were linear ('a' = 0). 1In addition, a tendency for 'a' to increase

with gas density was apparent. This relationship was explored in more

v
t
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TABLE 14

o

s

Y

A: FRC — -

-Sub ject

PD

Lw

B: FRC-1

Sub ject
v

LE

Helium

\

n Alr
Ryp(+5d)  1.05(.18) .31  1.53(.16)
gt 0,14 . .22
K, .20 o bl
Rlp(iSd) .64(.14) .30 .88(.15)
Py 0 .13
K, 0 14
Rip(484)  .39(.15) .36 .60(.16)
a0 .14 0
K, .06 0
litrg) .

5 ) At
Rlp(iSd)l 1.34(.14)
'at .10
K, k .18
Ryp(£54) 1.17(.12)
tat .09
K, .12

/

cm H20 per lps.

Effect of Gas Physical Properties-and Flow Rate on Human

int

e 57

.30

. 27

nt

45

.16

Rlﬂt / -

. SF6
3,38(.10)
.48

1.90

1.34(.11)
.22
.38

+87(.14) .

.11

.34

1.43(.12) -
0

0
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detatil E;r sub ject LW, whose flow excursions alldwed the calculation
of Rlp at + .75 lpas. A second value of 'a' wag calculated for each gas
at the higher palr of flow rates (.5 to .75 lps). Although 'a' values
4increased with flow rate on ecach gas, a single value for Ky adequately
described the pressure drop at the threc flow rategs, The exponent 'al
also increased with gas density, and a good correlation was obtained

when 'a'! was plotted against a relative R. scale (Fig. 11).

4. Discussion

The measured values of Rlp during air breathing are similar
to previously reported values (14, 44, 65, 157), Of these studies, only
Ferris et al (44) mention the P - V contour which was essentially linear,
In this study, linear P - V curves were noted in one subject (LE) during
alr breathing whereas other curves were noticeably alinear, A review
of several papers which examined the effect of gas physical properties
on human pulmonary (50, 85, 87, 94, 114) and airways (156) resistance
revealed that both vary as the 0,5 to 0,6 power of gas density. Jaeger
and Mathys (69, 70) observed that upper airways resistance was related
to gas density by a higher power (about .8), so Rlp is expected to be
less affected by gas density than the total airway. In a model of the
human bronchial tree, the resistive pressure losses were completely
described b§ calculations based on the growth of boundary layers (119).
Applying the equation of bound;ry layer growth to human bronchial mor-
phometry, Pedley et al (120, 121) predicted that Ryp varies as the
square root of gas density, viscosity and flow rate (eq. 2, P,91 ),
In the dog lung, the exponents relating Rlp to gas physical properties

('n?) and flow rate ('a% were considerably less than predicted.
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The relationship between Reynold's number and exponent 'a'! in lower
pulmonary airways. Ordinate: Exponent 'a' ‘calculated from Rip values
measured in LW at .25, .50 and .75 lps on helium (O), air (®) and SFs.&)
Abscissa: Log scale of relative Reynold's number, expressed as the
average value calculated for the lower and higher pair of flow rates

for each gas mixture. Absolute Re calculated for generation 5 of
Weibel's lung model are 50 times greater than the relative values.
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The cffectg of pas physical properties and flow rate upon
human R1p appear quite slnﬂlar to those in the dog. The exponent 'n!
g less than that predicted by Pedley et al, suggesting that a flow
regime less dependent on gas density and flow rate than boundary layer
growth must account for a substantfal portion of human lower pulmonary
resistance. In the canine lung, laminar flow was demonstrated in air-
ways peripheral to 4 mm bronch{, which accounted for 306 to 50% of Rip.
In more central airways, the equation of boundary layer growth ade-
quately described the observed effects of gas physical properties and
flow rate upon rosistange. Laminar flow in peripheral alrways accounting
for a similar proportion of human Ry, is ome possible explanation of these
results. Alternatively, pulmonary tissue resistance (Rti) may obscure an
entirely adequate descriptioA of lower airways resistance (R law) by the
equation of boundary layer growth., Marshall and Dubois (86) reported
an average value tor Rei of ,21 c¢m H20/lps measured at FRC in 12 healthy
adults during a rapid shallow breathing manoeuvre quite similar to that
used in this study. When this value was subtracted from Rjp and the
exponents recalculated for R law, the values of 'n! were much closer to
that predicted by Pedley et al (Table 15). Accordingly, these results
do not exclude the possibility that the cquation of boundary layer growth

adequately describes the pressure-flow relationship of the human bronchial

c
~— tree,

.Onc fiﬁdlng opposing this possibility i{s the increase of the
exponékt 'a' with pas density and flow rate (Fig., 11). This observas}on
supports the theoretical dependence of 'a' upon R, discussed t; Section A,
and so suggests that the bronchial flow regime is not constant., Rather
ft undergoes a continual metamorphosis, in which the relationship between

resistance, gas physical properties and flow rate change according to
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-— TABLE 15

“\“\ ) *
Exponents Relating Gas Physical Properties and Flow Rate to R law
\ o

tat B "t a0 ) * gt
Subject Helium At SF6
PD . .18 . 54 .30 .75 .52
LW . 0 <53 .16 45 . <27
LE .26 . .92 0 S .14

§
* <
Resistance in lower airways estimated by subtraction ¢f Rt{ from Rlp'
4 )
(See text), ' ‘
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equation 3 (P, 109 ), During quiet breathing (V = .4 lps), R, between
lobar bronchi (1000) and 2 mm airways (50) are in the range where
boundary layer growth accounts for almogt all of the pressure drop
('a' = ,5), Outaside these R, limits, there is a tendency toward
turbulent or laminar flow. At high R,, turbulent eddies cause added
inertial pressure losses, which alter the exponents according to
equation 3 toward an '"a' value of 1 (for classical turbulence, 'a' =
.75). When R, are low, the parabolic velocity profiles may be re-
established within each generation, so that a portion of the pressure
drop per generation is entirely viscous and the exponents change
according to equation 3 toward an 'a' value of zero. Thus, when R,
are lérge, as with SFg breathing at + .75 lps, values of 'a'! in each
generation increase, and central airways having larger initial ta?
values account for a greater proportion of R law (Fig.ll, ta' = _35).
When R, are small, as with helium breathing at + .25 lps, the 'at
values per generation are reduced and the peripheral airways having
smaller initial 'a'! values account for a greater proportion of R law
(Fig. 11, 'a' = 0), Accordingly, the results of this study may be
interpreted to support a variable flow regime in the bronchial tree
in which boundary layer growth is the principle cause of airways
resistance.

A further objection to this interpretation is the observa-
tion that 'a' values, even when corrected for Rt{, are less than one
half the values predicted by Pedley et al, Futthermore, since gas
density was the predominant change in physical properties, 'n' muast
be at leragst as small as 'a'! to be compatible with eauatlonq3. The
descrepancy between observed values of 'n' and 'a' suggests a peculiar

flow regime in which the exponent relating resistance to flow is less
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than that relating resistance to.density. One possible explanation
1s the effect of periodic flow upon resistance in frequently branching
tubes. As previously described, resistance to periodic flow exceeds
reglstance to steady flow when the dimensionless term, B | exceeds 1.
B o= (2w xfug) (4)

where w 1is angular frequency, x {s distance from the bifurcation and u,
is core velocity., Thus, the tendency for oscillations to raisé resigtance
above the steady flow value increases as flow rate decreases. Further-
more, the panting manoecuvre often exhibits the highest frequency compon-
ents at the onsetﬁdf inspiration and expiration (Fig. 12). Solving
equation 4 for a frequency of & cps, values of B in the 2 to 8 mm air-
ways of Weibel's lung model (159) are less than 1 when flow exceeds
200 ml/sec, but at 100 and 50 ml/sec, B is equal to 1.4 and 2 respec-
tively, To the extent that thege effects exist in the bronchial tree,
the P - V curves are linearized and values of 'a! underestimate the
inertial contribution to bronchial resistance. Because B {s inde-
pendent of gas physical properties, 'n' is unaffected when periodic
flow causes added resistance. 1In such conditions, 'a' becomes less than
*n' and cquation 3 po longer describes bronchial resistance. Furthermore,
Rohrer's equation is also invalidated, since iunertial losses are under-
rstimated by the P-Q curvilinearity (Kp). Accordingly, failure to predict
the effect ot gas physical propertics in this study does not disprove the
underlying physical basis ot Rohrer's equation during steady flow.

Clearly, human lower pulmonary resistance is not adequately
described by equations for lamfnar, entry length, turbulent or orifice
flow regimes, This was also observed in the upper airway where the

variable flow regime of a ventur{ metre best described the measured
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resistance (69)2 Since the general cquation underlying this and
other clagsical flow patterns (Equation 3) may hlso describe
bronchial resistance to steady flow, it conceivhbly provides the
best description of human afrways resistance, This possibility
may be tested by comparing resistance measured on gases having
different physical properties with corresponding predictions
calculated from cquation 3 using 'a' values measured during air

brecathing in steady flow conditions,

5. Summary and Conclusions

Lowe: pulmonary resistance (Rlp) was measured in three
healthy volunteers breathing mixtures of 21% oxygen in helium,
nitrogen and SFg. R)p Increased with gas’density (pu) and flow
rate (V), indicating that bronchial flow i{s non-laminar. Soiution
of the equation Rjg = K (pu)” va pave 'n' values of about 0.3,
and.even lower values of 'a', Thus, Rlp is not adequately described
by the equation of boundary layer growth. Although tissue resistance
mav obscure an adequate description of airways resistance by this
cquation, the observed dependence of 'a' upon Reynold's number suggestsg
a non-uniform bronchial flow regime, To the extent that periodic flow
l{inecarized the P-§ relationships, these results are compatible with

va a l-a

the general equation R =K p M , where 'a! reflects the in-

ertial disturbances of flow.
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C. The Effect of Flow Rate on the
Repional Digtribution of Inspired Gas

1. Introduction

The distribution of slowly inspired gas among vertical lung

regions 1is determined by the regional lung compliance (36, 107)., Anthonisen

and his co-workers (89, 90, 134) observed that boli of 133xe rapidly in-
spired from mid lung volumes are not distributed according to régional
compliance, and suggested that during rapid inspiration, regional ven-
tilation is determined by regional resistance. The theoretical analysis
of this possibility has recently been extended (81, 122), and Pedley et al
(122) have calculated from the mechanical time constants of upper and lower
lobes detailed patterns of redistribution of lobar ventilation as inspira-
tory flow increases. The present investigation attempts to answer several
questions by determining the pattern of change in regional ventilation

as flow rate increased., These questions are: At what flow rate does the
regional distribution change from its compliance determined value; by how
much does it change when flow rates are very high; is the pattern of re-
distribution adequately explained by the mechanical time constants of

lung regions; if so, is the regional ventilation at high flew rates deter-

mined by regional resistances?

2. Methods

a. Experimental Procedure. The vertical distribution of gas

inspired over a wide range of flow rates was measured with a modification

of the 133xe technique described by Dollfuss et al (36).

L9
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TABLE 16

Physical Characteristics and Lung Volumes

Subject Age Height Weight TLC FRC/TLC % RV/TLC %
(yrs) (cm) (kg) (1.BTPS)
PD 33 172 82 © 6.6 53 14
MG 25 178 83 6.5 55 23
JH 36 180 76 7.6 48 23
s1 24 172 60 6.4 48 17
AJ 33 190 83 8.5 49 Y
L 29 180 80 8.8 52 22
AZ 30 176 77 7.0 50 ERPY

~ 4
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Seven healthy male laboratory personnel who were familiar
with respiratory manoeuvres we;n studied (Table 16), Two were moderate
ciparette smokers (PD and MG). Each subject sat in a chair with support
for hi; head, arms and back, breathing room air through a mouthplece,
After inspiring to total lung capacity (TLC), he was .witched into the
breathing cirvcuit (Fig. 13) and expired a measurod’yolume to functional
residual capacity (FRC). A 2 to &4 ml bolus of 133%e (2 mCL) was injected
with a syringe into the mouthpiece during a shoff7(3-5 sec) breath hold
at FRC. The subject then inhaled forcibly to TLC at ;arious constant
inspiratory {low rates determined by a Starling resistor (see below).
At TLC, regional count rates were recorded during a 20 sec breath hold.
The subject'!s position with respect to the chest counters was carefully
checked and adjusted throughout each study by means of marks on the
anterior thorax and a tixed pin point light source., After six to ten
different flow rates were studied with two or three boli each, the subject

was switched to a separate closed gpirometer circuit containing 133Xe in

air (7). Once 133Xe concentration was equilibrated between the spirometer
and the lungs, regional count rates at TLC were recorded during several
20 second breath hold periods. I

Regional count rates were measured by six scintillation counters
facing each lung and positioned in slit collimators mounted horizontally
behind the subject's chest, The most apical pair of counters were posi-
tioned about 5 cm below the lung apices, and the others at 5 cm intervals

down the lung. Inspiratory tlow was measured by a Fleisch No. 4 pneumo-

tachygraph coupled to a 270 Sanborn differential pressure transducer,

v
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3

Ape flow recording system was linear for .air to 8.0 lps. The flow

AY

signal was electrically integrated to give an accurate meagurement

of the inftial 300 ml ingpired volume. Pressure at the mouth (Pac)
wag cstimated by a Sanborn 267B differential pressure ttansd;cer.
Flow, integrated flow and Pao were gimultaneously recorded on a four
channel Sanborn Poly Viso, Inspired and expired volumes were obtained

trom the spirometer kymograph. A signal from a potentiometer attached

2

to the spirometer and the outputs from the scintillat{on counters were
stored on tape,

‘j The regional count rates\.were replayed from the tape together

o |

with the volume signal from the potentiometer. The following equation

was used to calculate regional ventilation per alveolus (Qr(alv)) for 12 L e

lung regions:’ -
) N CRr(bolus) xZCRr(eq) i \
Vr (alv) = . X 100 !

CRr(eq) xz CRr(bolus)

where CRr(bolus) 15 the regional count rate at TLC after inhalation of
the bolus and CRr(eq) is the corresponding regional count rate after
equilibration (background counts are subtracted). Thus, or(alv) is
expressed as a percentage of the mean ventilation of all 12 regions.
In four ;ubjects, several boli were administered when the
subject and breathing circuit were equilibrated with a mixture of 20%
_oxygen in sulfur hexafluoride (SF6). This gas mixture is about four
times as dense and .85 times as viscous as air, and appn:ntima'tely{:'l
doubled the lower pulmona;y resistance measured in two of the subjects

(PD and LW, Table 14). DuranfSFa measurements a calibration curve

wag uged to correct flow reéordinﬁs for gas viscosity and non-linearity,
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b. Preliminary experiments 1In order tg interpret the

} ' -
results, it was necessary to know over which part of the tidal volume

the bolkus was distributed to the varfous lung regions. For a given

133Xe bolus to be vertically distributed

flow rate, the time taken for a
will depend on the atirway volume between the injection site and the

lobar bronchi asg well as the volume of inspirate that is labelled by

the bolus. In a preliminary series of experiments, ghese parameters

were estimated in two subjects under the same experimental conditions

as described above. A scintillation counter with horizental slit
collimation was positioned in front of the extra thoracic trachea,

below the cricoid cartilage., During inspiration, count rate and flow
(pneumotachygraph) were simultaneously recorded on a four-channel Samborn
“Poly Viso. The analogue rate meter had 1 time constant of 3 msec and

the recorder a 90% response time of 8 msec, Tracheal count rate was
replotted against integrated flow, so that the area under each curve
represented the amount of injected tracer (Fig. 14)., 1In both subjects,

at all flow rates (.2 to &4 lps), 40 ml (5.0, = 8 ml, n = 12) was inspired
before 5% of the 133Xe bolus was counted and 135 ml’ (S.0. = 40 ml, n = 12)
was inspired when 75% of the tracer had passed the counter. Adding 46 ml
for the airway volume between tracheal counter and the lobar bronchi (159),
approximately 100 ml is inspired before the leading edge of the bolus
reaches the first point of vertical distribution, and the distribution

of the next 100 ml is measured by the bolus technique. Although the

trailing count rates usually spread over a largetr volume as flow rate

fncreased, this flow dependent component constituted less than 25% of

v

the inspired tracer, P
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To enable subjects to reach high flow rates before 100 ml
was insplired and yet to maintain constant flow during distribution
of the bolus, a modified Starling resistor was conatructed., A tube
of thin latex rubber (length 4.0 cm, diameter 2.5 cm) was enclosed
in an airtight lucite box (22'x 12 x 12 ¢cm), When the box pressure
was atmospheric, progressive lowering of pressure at the outlet of
the box caused proportional increases in flow rate until, at about
4 lps, the latex tube became visibly compressed and further reductions
in outlog pressure caused no further increase in flow. The maximal
flow rate could be changed in a reproducible manner by adding (or re-
moving) measured volumes of air to the box, When ghis device was
ingerted in the inspited line of a 1ow/resistance bag-in-box breathing
circuit (Fig. 13) the subjects could usually increase inspiratory ?1Bw' .
to 4 lps in less than 50 msec cV = 80 lpsz) and hence reach a constant
flow before the bolus was distributed at this and ;{l lower flow rates -
(Fig. 15). To reach higher flow plateaux prior to bolus distribution,
some subjects inspired against a closed stopcock, which was suddenly
opened. )
3. Results

In each study, the range of OI about the mean value for multiple
Aeterminaplons was less than' 15%. The pre-inspiratory lung volume varied
less than 100 ml frjfiigﬁ/for 95% of all boli inhaled. Variation of al-
veolar gas decg@prégsion due to Pao differences between boli was less

than 50 ml and Pao was virtually constant during the distribution of

e&ch:bolus.
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No systematic differences helween or(alv) of right and left
lungs were observed, and only mean values for each vertical lung region
are presented. Tﬁ; sum of count rates during equilibration is congidered
to represent total lung volume, so the proportion of count rates in each
vertical region indicates the proportion of lung examined (Table / ),

To {llustrate the methodologic variation, Fig. 16 plots the results of
duplicate determinations of Or(alv) for seven subjects and six regions.
Similar variation was observed when each region was considered seperately.

The effect of ingpiratory flow rate on the Or(alv) of the upper-
most and lowermost regions in ore subject (AZ) are shown in Fig. 17.

Each dot 'rpresents one measurement and the average values for simfilar
flow rates are connected as {llustrated. From such curves, values of
or(alv) were read at the same six flow rates for all subjects and lung
regiong. Flow rates were chosen which were cloge to thcse obtained in
all subjects. The mean (+ SE) values of Or(alv) for all subjects are
plotted against flow rate in Fig, 18, As flow rate increased, Qt(alv)
increased to apical regions (5 and 10 cm from lung top) and decreased
to basal regions (25 and 30 cm), whereas middle lung regions (15 and
20 cm) were less affected., Most of the redistribution of ventilationm
occurred between 0.1 and 1,5 lps, and Fig. 19 shows the ventilation
distribution down the lung for these two flow rates. The vertical
gradient of Qr(alv) was reduced at 1,5 lps. Significant differences
(P<.01) were observed in the two apical and two basal lung regions.

2

The vertical inequality of ventilation may be expressed by
the upper to lower ventilation ratio (VU/VL) defined as the ratio be-
tween br(alv) of the two uppermost regions (5 and 10 cm) to the two
lowermost regions (25 and 30 cm)., Figure 20 {llustrates Vy/Vy, dgdinst

ingpiratory flow rate for each subject. At low flow rates, apf‘gl
s
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TABLE 17

D(cn) 5 10 15 20 25 30
Mean 9.1 14.8 18,0 20.1 19.8 18.2
+ 8.D. 1.8 1.9 .85 1.2 1.4 2.9

h

\
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FIGUKE 17
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FIGURE 18
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and at 1,5 1ps. Lifferences of mean Vr (alv) between these flow
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and 30 cm from the top of the lung, Higher VI did not sipnifi- ¢
cantly chanze ¥ (alv) in any lung repion from its 1,5 lps value,
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regions were less ventilated than basal regions, and as flow rate
increased, ventilation distribution became more uniform, although
there was congiderable variability among the individual patterns of
redistribution., Three subjects appeared to change continually with
flow rates, whereas three others showed ma ximal values at low flow
rates. Ventilation ratios during SFe breathing were either higher
or not different from air values at comparable flow rates,

Figure 21 summarizes the results, and plots average (+ SE)

upper to lower ventilation ratios against inspiratory flow rate, During
quasi-static ingpirations (VI< 0.2 lps) the average apical respiratory
unit received about .65 of the ventilation to the average basal unit,

Ths ratio increased with flow rates in a éurvilincar manner, rapidly

at first to .76 at 0.5 lps, .81 at 1.0 lps and .88 at 1.5 lps, and then
more slowly to .90 and .93 at 3.0 and 4.5 lps, respectively. When u/vy,
was calculated in the same way, using only the uppermost (5 cm) and lower-
most (30 cm) regions, a similar pattern was ohserved., Mean Vy/V, for the
same six QI values were ,56, .65, .72, .80, .86 and .89, For 10 c¢cm and

25 cm regions, mean V,/V, were .73, .85, .89, .94, .92 and .92.

4, Discussion

Throughout these experiments, considerable care was taken to
maintain the position of subjects constant relative to the scintillation
counters, and the effects of random count variations were minimized by
using boli not less than 2 mC{, Despite these precautions, there was
substantial varifability of or(alv) determinatfons (Fig. 16, 17). Because
the methodologic variations are large, interpretations are confined largely

to the mean results,
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FIGURE 20
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It is established that regional alveolar filling is deter-

mined by regional complilnce‘dutlng quagi-static ingspirations from FRC
(36, 107). The compliance determined ventilation of lung regions may
be calculated from measurements of regional volumes during static con-
ditions (107).

T Vy/Vy, = (100 - FRCGy) / (100 - FRCL) (s)
where FRCy and FRCy, are the regional volumes at FRC of upper and lower
zones regpectively, each expressed as a percent of its regional volume,
at TLC. The mean regional FRC values for regions 7.5 and 27.5 cm from
the lung top previously reported (107, Table 3) give a Vy/Vy, value of
0.64, 1In the present study the ventilation ratio for the same upper

and lower zones was 0,65 as determined from the regional distribuytion

of 133Xe boli at 01< .2 lps (Fig. 19, 2I), 1t is therefore concluded
that at these flow rates, the bolus technique measures the compliance
determined ventilation digtribution, and accordingly the compliance

ratio for these regions (éﬁ/CL), 1;10.65.

Robertson et al (i;a) observed that rapid inspiration altered
the digcributton of 133xe boli from the quasi-static values by reducing
basal concentrations and increasing concentrations in apical regions.

At 0.3 lps, Vy/Vy, ranged from 0.50 to 0.77, but at about 4 lps the

ratio increased to values between 0,71 and 1.21. The present study

(Fig. 20, 21) confirms and extends these observations, and demonstrates
an interesting pattern of ‘redistribution. At 0.5 lps regional filling

is no longer determined by regional compliance Qlonc, and this alteration
increases progressively to [.5 lps., However, with further increase in
flow the distribution remains relatively constant, This distribution
pattern can be due to reglional differences of time constants or applied
pressure, The general pattern of redistribution in Fig. 2] closely
resembles the theoretical response of a two compartment lung model having

*

-

s
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dL{irrgn;“(og(gnql_timc constants (122).

4. Lung Model Studies, "To pursuc this similarity quan-

—
—

titatively, values for regional compliance and resistance were chosen,
) .

and equation 10 of Pedley et al (122) was modificd to solve for the
regional distribution appropriate to the present experimental conditions
(sec Appendix 3 Equation 13). 1t is assumed that the whole lung can be

modelled as Lf it consisted of two parallel compartments, i.e. the upper

-
1

two and lower two lung regions studied.

~

~ (1.) Choice of Values.

~

“

. The prgfiminary cxperiments demonstrated that a bolug volume

&
of approximately 100.ml reached the first regtfonal branch after 100 ml

were inspired. Since Vi was rapidly attained and held constant during

bolus distribution, equation 13 i{s solved for the time interval, ty to

ty, where t} = loo(m[) , and ty =2 . Accordingly thig Qolutioﬁ
{’1 (ml/sec) » '

» Sl

N, "

gives the vpper to lower digtributdon of thd&second 100 ml of the in-

-~ . y- *
spirate for each Vy. J

At Jgﬂy low Vqp (tl~+cn ), W/Vy equals Cy/Ci. Compliance
values of 0,098 (C;) and 0,151 (Cp) wéwe chosen, to approximate normal
pulmoaary cotmpliance (.25 1/cm H20) asﬁwoll as the experimental value

of Cy/C (.65). At high Vp (t, -+ 0), Vy/Vy approaches Ry/Ry. Macklem

(81) demonstrated rhat for a step change in pressure, reglonal resistances ‘

are not the only relevant resistance to flow in parallel units because
the‘rolative prcssurc‘npplicd to the paralled units at any time after
ty, is influenced by the common resistor (e.g., aigway from mouth to

: ‘
lobar hionchi)., :However, whema square wave of flow is apth:ﬁ,—fﬂe

common resistor merely provides a constant pressure drop such that'the

Ao
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pressure difference between lobar bronchi and pleura is adequate to

maintain constant flow. In this model, the common resistor does not

. \

\
influence parallel distribution, and RL/RU may be eatlmated\{rom Fig. 21

which shows that with increasing Vi, the mean Vy/V, approachas a value

between .9 and 1.0. Accordingly, the normal lower pulmonary tesistance
at FRC of .6 em 11,0/1ps (14, 44, 157) was divided equally betwhen the

two regions (Ry = Ry, = 1.2 cﬁiﬂ}ﬁ71ps$;~\A prediction for nbnfliqear

bronchial P-b relations was also calculat_odl by ;llowing tegional re-
sistances to vary 43 the 8quare root of flow rate and gas density.

Nonlinearity of P-V charaétoristlcs is not expected to influence| the
distribution over small volume changes (case 4, ref. 122),

(2.) Comparison with Results, ,

“The solutions to equation 9 for these values are plotted in
Fig. 22. When regional P-V relations are linear ventilation distributfion
changes from the static value as flow rate increases in a curvilinear
manner quite siTilar to the mean experimental resultg. When regional

resistances increase with flow, the predicted curve/ moves up and t6-the

v

left (as in case 2, ref. 122), which s even closer to the experimental

results. A four-fold increase in gas density moves the predicted line’
N q

further upward, so that SFy breathing sould cause a large redistribution

of the bolus at low flow rates (Fig. 23). This prediction is confirmed

o3
‘lThe alinear results were obtained by substituting Ry, | = Ky l(vu 1)

fnto equation 7 of Pedley et al, (122) and solving it by the Runge-Kutta
method using the 1BM system/360 Scientific Subroutine RKGS on the McGill
University computer. The constantg Ky,1 were equivalent to the Iinear

reslstance values for air at 1.0 lps and were 1ncre%«ed b; a factor of ‘
two tor SFg. The subroutine RKGS caicwlarcd Vo and Vi at 99 points in

the bolus interval and the output subroutine calculated the ratio of
average regional flows to glvé the upper to lower ventilation ratio,

!

~
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FIGURE 22
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Vy/Vy, plotted arainst step VI applied to lung models consist~-
ing ©f two parallel compartments having different compliance

*  values (Cy = ,098 1/em 120, Cp, = 151 1/em H20) and. the fol-
lowing resistance values: Lower curves - Ry = R, = 1,2 cm
Hr0/1ps and independent of V1; middle curve - as above, but
resistances equal 1,2 VI'5; upper curve - Rj = 1,1 em H?O/lps,
Rp, = 1.7 om H20/1ps. Open circles and dashed line indicate
the mean experimental results from Figure 18,
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Iin subjects PD and JH and {s not contradicted fn SI and LW (Fig. 20)
whose V;/V| ratios change at guch low flow rates that {t {s not clear
whether the ratios increase at lower flow rates on SFg than on afr.

(3.) Assumptions and Limitations.

(a.) 1Inertia is negligible. Lung gas accounts for

most of the measured pulmonary inertance (.01 cm H20/1p32) during active
ventilation, and about 70% of this value is attributed to gas in the
extra thoracic airways (96). Since flow rates were constant during

the distributfon of the boli, inertance in the parallel pathways must

contribute negligibly to regional impedance to flow.

(b.) Regional A P Values are equal. The observed re-

distribution of ventilation can be produced by asynchrony of regional
pressure changeg in the sense that pressure applied to upper reglons
(APu) increasrgmore -apidly than that applied to lower regions (A Pl),
These regional pressures do not include frictional or inertfal losses

in the common pathway, and therefore contribute only a fraction of the
change in transpulmonary pressure (APp) at higher flow rates, Accord-
ingly, small differences inAP; between upper and lower regions may reflect
large differences between A Pu and A P1., Using balloons placed at three
levels in the {ntrathoracic esophagus, Schilder et al (143) measured A P},
during quiet breathlné and maximal voluntary ventilation, and reported

no systematic difference between levels., This and other studies (33, 67)

do nogrprovide sufficient evidence to exclude smll differences between

A Py, applied to upper and lower regions., Preliminary regults of an
attempt to investigate this question (see below) demonstrate that A P1
exceeds )\ Pu at 4 lps, suggesting a force opposing the observed redis«

tribution of ventflation at increased flow rate.
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(c\) Lobar P-V and p-v Characteristics are Equal. The
determinat{on of Orﬁalv) in vertical lung regions necessarily examines
both upper and lower lobes {u all but the uppermost (D = 5 cm) and lower-
most (U = 30 cm) counters (122). Differences in the preasurc-volume
characteristics of upper and lower lobes exist in the dog (43, 48) and
are suggested by indirect experiments in man (6, 67). Differences may
also exi1st between lobar resistances. Such differences may cause the
upper and lower lobes in the same vertical slice to respond quite differ-
ently to changes of 01. This may be assessed by comparing the Vy/V|
ratios for wertical regions containing only upper kD =5 ;m) and lower
(D = 30 cm) lobes with the corresponding Vy/V; ratios from regions
thought to include both lobes (D = 10 and 25 e¢m). At flow rates < .2
lps, the ratios (sec tesults) differ according to the difference in
vertical distance, and are cloge to the values predicted from equation 5.
The patterns of rtedistribution with increasing QI are quite similar and
both appear to approach a high flow asymptote of about 1.0, Thus,
possible differences in the lobar mechanical properties are not apparent
in this study, indicating that each compartment of the model may reason-
ably be described by a single R and C value,

(d.) Experimental Flow Patterns are Square Waves, The

experimental floQ patterns departed slightly from the step increase

assumed in the model (Fig. 15). Mathematical analysis of the effect -of
Lhis rise-time on ventilation distribution in the model proved difficult
so an eléctrical analogue of the model was constructed (see/ﬂb}cndix 2).

When a*step current, analogous to a step 01 wasg angicd‘to the network,

the parallel distribution followed the linear mathematdical model closely.
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When current was allowed finitfally to {ncreage lincarly with time,

2, followed by a constant

analogous to our volume acceleration of 80 lps
current, the distribution was not detectably different from a true step

response,

It ts5 thercfore concluded that the observed regional distri-
bution of ingpired gas ma y be explained by time constant differences
among parallel pathwayslto different lung regions having equal non-linear
reglional resistances and nnequal compliances. [wo surprising conclusions
arise directly from this interpretation of our data: 1) that regional

resistances are equal, and 2) that reglonal ventilation is influencad

by regional resistance at very low flow rates,

b. Fquality of Regional Resistances. Lower pulmonary resis-

tance has hren sliown to vary inversely with lung volume (l4, 157), As
upper lung regions are more expanded than dependent regions, it seems
reasonable to expect Ry to be less than Ry (81, 122, 134). A quantitative
prediction on this basis (Appendix 2) gave values for Ry = 1.1 cm H,0/1ps
and Ry, = 1.7 cm H30/1ps. The upper solid curve {n Fig. 22 represents the
solution of equation 13 for these values. The predicted change in dis-
trtbution considerably cxceeds the experimental values above 0.5 lps.

If regional resistances are dependent on regional expansion, what factors
may act to maintain the distribution ratio closer to the quasi-static
value than predicted?

Int:dnsic ditferences of geometry (e.g. length, diameter, bron-
chomotor tone) may cause resistance in upper regions to exceed dependent
alirways resistance at equal reglonal expansion. This possibility might
be explored by rcpeating the study in supine subjects. éven 1f reglomnal
geometry is similar, resistance to upper regions may be increased due

to the change in flow direction., The pressure loss due to a bend ( Py)

4
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may be estimated from the equation of Weisbach, quoted by Rohrer (115):

v 2
. PV
Pb" l‘,l I

2gA~2

where p 1is gas density in grams/cmj, Vi in cmalsec, A is the total

cross section of airways where redirection occursg in cmz, g is 980 cm/sbcz,
and Y ts an empirical f(actor equal to 0.2 for 90° bends when the daughter
radius is one to two parent radii. From Weibel (159), pathways to upper
regions bend about 90° relative to lower pathways at generations 2 to 5

(A = 2.0 cm?), Accordingly, Py values are .03, ,27, and .6 em HZO at

1,0, 3.0 and 6.5’ lps, regspectively. 1In effect these values diminish the
pressure driving flow to upper regions, and may account for reductions of
-15% and 20% from the predicted Vy/Vy at 3.0 and 4.5 lps. A third possibility
is that intrapulmonary afrways are sufficiently distended at high {nspira-
tory flow rates to minimize the ctfect of the pleural pressure gradients
on relative regional resfstances (134). However, even at &.5 lps, the
dynamic transmural pressure of these airways cannot exceed the static
value by more than 3 cm Hy0 when Rlp is 0.6 cm H,0/1ps. This is unlikely
to alter the relative distensions of regional airways significantly,

As discussed above, differences in the dynamic pressures applied
to upper (APu) and lower (A Pl) lung regions have not been ruled out,
Assuming Ry<R| as in Fig. 22, the difference in regional A P that would
give the experimental values in Fig. 21 may be calculated for high flow
rates when regional ventilation {s determined by regional resistance, e.g.
Vu = Pu/Ru, When \.II was 4.5 lps, W/Vy, was .93, so Pu is 2.4 cm H,0
(2.2 lps x 1.1 cm Hy0/1ps) and Pl is 3.9 cm H,0 (2.3 Ips x 1.7 cm H,0/1ps).
Thus, a 1.5 e¢cm H,0 difference in the regional AP may account for more
than a 407% reduction in the ventilation ratio., At 1.5 and 3.0 lps, AP

differences of .6 and 1.1 cm Hy0 would give the observed values of Vy/V,

|
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, when regional resistances are dependent on regional expansfon, This
possibility was teated in one subject. Two esophageal balloons matched

.
for frequency response characteristics were positioned 28 and 39 cm
from the nose, and their differential pressure was estimated by a Sanborn
26/B transducer. At FRC, pressure in the upper balloon was 2 cm H,0
more negative than in the lower balloon, During several rapid inspirations
trom FRC, the lower balloon consistently recorded a greater A P (mean
2.3 ecm H2O) than the upper balloon when GI wag 4 to 5 lps. No pressure
difference was observed during comparable inspiratory efforts against
a closed airway.

Occlusion of a lobar bronchus is associated with a local

increase in the effective AP applied to that lobe during ventilation
(67, 171), Zidulka et al (171) suggested that with obstruction there
{s local interaction between the chest wall and lung, resulting in forces )
tending to expand the obstructed lobe. It may be argued that in the pre-fc
sent experiment the lower lung regions are relatively obstructed at high
le in the sense that their rate of inflation relative to upper regions
is slower than during compliance determined ventilation (GI< .2 lps).
Inasmuch as the chest wall overlying upper and lower regions resists
elastic deformation, a greater AP will tend to develop over dependent
zones as VU/VL increases with OI- driving more flow to lower regions
than predicted for equal AP, Such a mechanism promotes compliance deter-
mined filling of widely separ;tcd lung regions having different time

constants when the ma jor regional impedance is resistive., This is ana-

logous to the mechanical interdependence of adjacent lung segments

2

A

(102, 105).

-

Thus, several mechanisms may act to diminish the redistribu-

tion of ventilation as flow increases, Whatever thé cause, the lung
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does behave as 1t the regional reslstances were equal and were the

principal determinants of regional distribution of inspired gas at

VI lus lps.

¢, Effects of Regtonal Regigtances on Regional Ventilation

in Normal Subjects. In most normal subjects, multiple breath nitrogen

washouts do not change with frequency (17, 32) and dynamic pulmonary
compliance (Cdyn) falls by less than 20% of the static value (Cst) up
dwto 70 breaths per min (81). Mead (101) concluded that the parallel
distribution of venti{lation is ossenti$1ﬁy determined by the elastic
properties of lung units in healthy subjects at rest and during exercise.
The data presented in this study indicates that regional resistances
do influence the distribution of in.pired gas at low fiow rates. Are
these findings and conclusions compatible?

Otis et al (115) considercd a single pulmonary pathway to
consist of a volume elastic element having compliance, C, connected in
series with a conducting patt having resistance, R, When a sinusoidal
pressure of frequency, f, and amplitude, P, is applied across this model,
the resulting volume change (Vy) is determined by the impedance (Z). As
frequency approaches zero, parhway impedance approaches 1/C,and,at the
other extreme (f-+co), impedance is due only to resistance. When two
or more units with equal time constants are connected in parallel, their
impedances change proportionatelv as frequency increases. The behaviour
of this system may be duplicated by a single equivalent resistance (Re)'
and compliance (C,). If the parallel time constants are unequal, pathway
impedances do not change proportionately and a different value for R,
and C is required at each frequency., As frequency increases, C, de-
creasges associated with a reduction in the tidal volume ot the long RC

unit (s).
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The tidal volume ratio of the compartments may be calculated

from equations 6 and 7 of Otis et al (115), *

vri/vry = Izzr’/ 'zl| =\/R§ + 1 - /Jkg + 1
2

(wCy) (wep

where ,Z‘ is the vector impedance and w i{s the angular velocity equi-
valent to 2 f, The corresponding value for Cdyn may be obtained from
their equation 13, The values of R and C from our linear model were
chosen to examine thoﬂgravlty dnpeﬁdent asynchrony between upper and
lower lung regions during sinusoidal breathing. Figure 24 plots the
results (case 1) as the fractional change from the static value (f = 0)
as frequency increases. At 100 breaths per minute (bpm) Cdyn has fallen
by 3%, whereas the change in ventil?tion ratio is ten times greater.

When the total sinusoidal volume change was 500 ml, the rclative dis-
tribution of the second 100 ml inspired from FRC (dotted line) represents
the hypothetical regional distribution of a 133ye bolus adminigtered at
FRC.2 Its distribution is much more frequency dependent than the whole
tidal volume, and this effect may be magnified by an earlier bolus
injection. This emphasizes the increased sensitivity to RC discrepancies
of a test which labels a gsmall part of the early inspirate., Furthermore

the effects of frequency on intrapulmonary distribution of ventilation

This curve was computed from the flow-time patterns calculated for each
compartment in case 1l from manipulation of equations given in Otis et al
(115). The time interval for the second 100 ml ingpired was divided into
ten equal periods, the instantaneous flow ratfo (V1/V2) was calculated
tor each, and the average V1/V2 approximates the ventilation ratio.
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[he chanpge in relative tidal volumes (Vyy/Vy,) of two com-
partments of simple lung models (left oréinatn) compared |
with the corresponding chame in compliance (C dyn) of the
model (richt omlinate), plotted apainst sinusoidal breath-
inp frequency (abscissa), Both ordinate values are ex-
oressed as fraction of static value (f =_0). The mechani-
cal praperties pf the two models illustfated are as, follows:
---~ Case |l - Ry = R, = 1,2 cm H20/1ps; Cy = .1 and CL =
15 1/em H20
——- Casa? = Ry = .2 and R, = ,8 om HoO/1pss Cy = Cp, = 1
1/em H20
The dotted line rapresents the calculated distribution of
the second 100 ml inspired from FRC during simisoidal breath-
ing in Case 1,
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as asaessed by multiple breath washout will be obscured by preferential
distribution of the common dead gpace to the short time constant units
and pendelluft (111, 141). Neglecting these factors, the differences
{n turnover rate between compartments must exceed 30% before nitrogen
clearance techniques detect a difference (111), It follows that frequency
independence of Cdyn or nitrogen washout does not exclude changes in the
regional distrihution of Inspired gas,

This is equally true for intraregional distribution among
peripheral lunpg units having different time constants. Macklem and
Mead (82) pointed out that in the normal lung, the resistance of peri-
pheral pathways is low, so that elastic impedance predominates at high
breathing fri-quencies even in the presence of four-fold time constant
discrepancies. Woolcock et al (166) assumed that Cdyn of norﬁsl lungs

is independent of frequency, and estimated that a 20% fall from the

.»static value {s a detectable abnormality by the present technique of

\

Cdyh measurement, Case 2 of Fig. 24 {llustrates for such peripheral
units (RyCy = 4 RjCy) that although Cdyn decreases by only 7% at 100
bpm, the ventilation ratio changes by 30%. When R, was increased (R2C2 =

10 Rlcl) so that a detectable fall in édyn was observed (25% at 100 bpm),

the ventilation ratio changed by 100%. 1t is therefore implicit in the
analysis of Otisg et al (115), though perhaps not generally recognized,
that ventilation distribution mgy be quite frequency dependent when

Cdyn {s not, As a result, the intrapulmonary distributio; of fnspired
gas is influonc;d by reglional resistances in normal subjects at rest

and during exeréfse. If this is true, the test for frequency dependence
of Cdyn may be particularly useful in detecting abnormalities of peri-

pheral resistance because it {s insensitive to the effe¢ts of normal

time constant variations. For cxample, the vertical difference in

At
.
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regional time constants (RLCp = 1.5 RyCy) responsible for the change

{n ventilation distribution observed in this study causes only a 7% j

fall {n Cdyn as theoretical breathing frequency approachgs lnfinlty.3 !

5
The results of similar calculations (Fig® 25) show that RC differences

~

must exceed a factor of 2.5 to 3,0 before Cdyn falls abnormally. There-
fore, the widely held concept-that normal lungs behave synchronously so
that ventilation distribution 1§ uninfluenced by frequency is no longer
tenable. As a corollary of this conclusion, the forces of interdepen-
dence among lung units must operate continuously in normal subjects.

Asg discussed,’ the pgsportion of sinusoidal ventilation dis-

»

tributed to parallel units having different time constants changes when
e
pathway resistance contributes significantly to pathway [(mpedance: A

step change in flow causes impedance to shift from purely resistive at

b

] -

According to Otis et al (115), the dynamic. compliance of a two com-
partment lung model as frequency of sinusoidal oscillation approaches
infinity fs given by the equation:

Lim Cdyn . =\ (RyCyC; + R1C1Cp)2
waoo Tt
(Ry€y)Cy + (RyC3)7Cy

1€ R Cr/RyCy = Xy this equation can be solved for the following two
" conditions.
(1) Ci = Cy, 80 Rp = x Ry
- then Cdyn = C; (1 + x)2 /] (1 + x2)
and Cdyn/Cst = (1 + x)2 /2(1 + x?)
As the time constant ratio inecreases, Cdyn approaches 50% of the static
value, -
(2) R ='R2, so Cy = xCj
then Cdyn = (4 x C1)/(1 + x)
and Cdyn/Cst = & x/(1 + x)2

Ag the time constant ratio {ncrease, Cdyn approaches zero,
g

s

e



F]
I - 160 t
2k 2 K :
"2 £y
H
H £) .
-~ * e
o™ , S
] 1
,
* h “-s/ ’
) i
I-Or
(o33 .
] » \
\\
Cdyn
Bt Al

™ For a given RC difference, Cdyn is more frequency depen-~

‘ a’Rl(:ll/Rz(:a '

A

dvnamic compliance of a two compartment

s

Ordinates * Caltulated

lung model at infinite cycline frequency, expressed as a frac-
Ratio of ti&mo

tion of statdc compliance (Cdyn/Cst), Abscissas
constants of the two compartments (RiC1/R2C2).

dent when the dif'ference is due to compliance (lower curve)
than to resistance (uppor curve).. To cause a 20% reduction
in Cdyn, RiC1/R2"2 must be 2,5 to 3,0 even at infinite fre-

quency, L 4
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t = 0 to purely elastic a fraction of a second later. The distribution

' of a tracer dellvered during the trangient differs considerably from
\

‘ its distribution after the transient, and is therefore a Very senaitive
) : .

indicator of time constant discrepancies. Young et al (170) observed

oscillations of nitrogen and €0, concentrations produced {n the expirate
by normal subjects who voluntarily varied expiratory flow rate following
a tidal ingpiration of oxygpen., Because the [mposed flow ogcillations

did not exceed 100 ml/sec, fﬂ;y reasoned that regional resistances coulde
not be responsible for the varfations in cmptying scquence dt lung units

with flow rate, As an alternative to the time constant explanation of

AN
~—

Otis et al (115), they proposed an explanation also based on a mechanichl

el

two-compartment model having different pressure volume characteristics
and equal resistances. From tho’oquation of motion of the lungs, they
derived a differential equation expressing the relative volume changes
of the two compar;ﬁents as a functiondf overall flow rage. Graphical

solution of this equation for small flow oscillatfons demonstrated tran-

-
L4

{
sient varifations in emptying sequence which simulated the observed

4

oscillations of expired gas tension,. It can be shown that this differ-

ential expression {s fdentical to equation 7 of Pedley et al (122),

N,

and accosiingly its solution is identical to equation I3 used in this-

(7 N

4
study to exphin-eur results by time constant discrepanéiesi'
\( Y ¥

Thus, tlow oscillations cause a transient departﬁge from the

elagtic equilibrium of lung units having different mechanical time
3 h )
constants. The duration of the transient is determined by the mechanical

properties of the units, so the amplitude of the imposed flow change only

s
A

“r\dfterminos the amount of gas distributed during the transient. Even
| ,

. smill changes in flow causc readily detectable alc'é’r'lt'ton's&in ventlila

~r

fon

distribution {f an appropriate tracer 1s distributed durlné the transient,




162

One such example {s the transient flow oscillations {mpoused on the
lung by the beating heart (163). The resulting asynchronous emptying
of peripheral lung units having ditferent time constants (82) and gas
concentratiofis (149) may produce the cardiogenic oscillatfons In gas
concentrations observed in the expirate from lung lobes and segments
(39, 40, 168). This distinction between cont{nuous and discontinuous
flow-time proiiles may explain the incrcased uneveness of ventilation
observed when normal suhj?cts doubled their inspiratory flow rate
while keeping tidal volume and frequency constant during multiple
breath nitrogen washout (169), in contrast‘to other studies (17,32)
which demonstrated no change in ventilation distribution when breathing
frequency was increased,

The results in this study support this explanation for step
increages in inspiratory [(low. This flow pattern was chosen to minimize
inertial etfects and variations of flow rate during the bolus distri-
bution, but it is not a physiologic breathing pattern in man except
during exercise, During quiet breathing the time course of early in-
spiratory flow more closely resembles a ramp starting from an end
expiratory pause., When a ramp current was applied to the electronic
analogue, distribution departed even further from the compliance-deter-
mined val;;-at low flow rates (.2 to 1.5 lps), than during application
of a step current, The equation for a ramp increase in flow is derived
in Appendix 2, and solution of equation 20 for Vy/Vy showed a similar
shift of the bolus toward upper regions as during step flow (Fig. 26).
For low tlow rates, distribution {s even more flow sensitive dg;ing

vamp flow, Indicating that the observations in Fig. 21 can reason&bly

be extended to most physiologic breathing patterns, This is supported °




163 o

F1GURE 26
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curve) ard as a ramp (upper curve), showing that the repion- ‘
al distributlion of ventilation is even more sensitive to. b
flow rate when the flow increases with time, - T, ,‘



ﬂ 164
by the similarity of these rcesults to those of Robertson et al (134),
whose ftlow rates increased during bolus distribution.

Some predictiong from this model exposed to ramp flow are
presented in Fig. 27. The common dead apace (lst 100 ml) appears to be
almost equally distributed at flow rates as low as 0.5 lps. One con-
sequence 1g that short RC unitsg will 1nsp£re'a greater proportion of
the common dead gpace during resting ventilation than would be expected
trom their compliance., larger ingpired volumas are less fnfluenced by
flow rate and only approach an equal regional ventilaticn above 5.0 lps.

> This change in tidal ventilation distribution explains the observations
ot Bryan et al (21) that ventilation per unit volume became uniform in
exercising subjects. Finally, dense gas breathing, as in hyperbaric
environments, iur t considerably alter the intrapulmonary distribution

of ventilation (Fig.‘23).

N

5. Summary and Conclusiong

The regional distribution of the second 100 ml of gas inspired
from FRC by sitting subjects was measured at flow rates (QI) of .1 to

4.5 lps. At QI < .2 lps, dependent lung regions were betFer ventilated

L
than superfor regions in accord with the vertical -gradient »f lung
™

-

compliance., As 91 increased, the labelled Inspirate was progressively
redirected toward upper lung regions until all regions were about equally
ventilated at 1.5 lps. Further increases In OI caused little further

change in relative regional ventilation, This pattern of change in
k¢

I

regional ventilation closely resembled the distribution of tlow in a
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FIGURE 27 .
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simplz lung model consisting of two parallel compartments having
different compliances and cqual nonilinear resistances.

It is therefore concluded that regional time constant
differences are responsible for the observed change in distribution
of ingpired gas with flow rate. Accordingly, the lung behaves as if
regional resistances were cqual and so independent of regional ex-
pansion. If repional resistances are inversely related to regional
volume, the absence of greater apical than basai ventilation at high
&I may be due, among other explanations, to a greater dynamic A P
applied to the long time constant (lower) repion.

This greater pressure may be generated by the interdepen-y .
dence between lung and chest wall, such that a departure from the
static eldstic equilibrium of lung regions is opposed, 1In spite of
forces promoting elastic equilibrium, these results indicate that
regional resistances i{nfluence intrapulmonary distributiog of {nspired
gas during quief breathing in healthy subjects. This was not recognized
previously because other tests of ventilation distribution e.g. frequency
dependence of dynamic fompliance and nitrogen washout, are less sensitive
indicgtors of time constant discrepancies.

!



D. The Influence of Regional Concentration Differences
on the Expired Concentration va Volume Kelationsghip.

1. Introduction

A considerable body of evideunce suggests that airways in de-

pendent lung regions close at low lung volume (2, 26, 36, 107, 152).

/
When pre-expiratory concentrations of a tracer gas differ between
.
suporio?\hnd\hgsal lung tegions, the lung volume at which airways
~.

L 4 S

close may be dvggcted hyla change i{n the expired gas concentration
(2, 26, 36, 47, 129)., Despite a great deal of investigation into the

mechanismsunderlying "airways closure" and its detection by single

bredth techniques, little information is available regarding the in- 3

fluence ot regional concentration Jifferencos upon the detection of
Yclosing wvolume',
To investigate this question, a range of post-inspiratory

regiona]_concentrations were produced by varying the flow rate at’

whi 133Xe boli were inhaled, and the subsequent expired concentra-

f

tion-voluhme records were examined.

2. Methods °

As described in the preceding section, labelled boli were

inhaled from FRC at various constant flow rates, and 133Xe concentration
was measured In six vertical lung regions duringL} hreath hold at total
lung capacity., The subjects then expired to residual volume (RV) through
an orifice (d = 3 mm, 1 - 18 mm) at virfually constant low flow rates

(;1.25 lps) into a spirometer (Fig., 13), Expired 133xe' count rate ;was

continuously monitored by a shieclded scintillation counter mounted
L]

over a plastic cuvette and connected to a digital rate meter. The cuvette

\
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was 2.5 cm from the mouthptece and had a washout volume of 250 ml.

The output of the rate metre drove the ordinate of an x-y recorder

and the signal from a potentiometer on the spirometer drove the
abscissa. In this way, a plot ot expired count rate against expired
volume was obtained for each !33Xe bolus inhaled by the seven subjects.
A line of visual best fit way drawn through the 'alveolar plaieau' of
ecach curve, and the lung volume (% VC) at which the expired count

rate dropped below the plateau (phase 1V) was determined. In addition,
the count rate at residual vplume was expressed as a fraction of the

counts at mid expiration, e,g. expired count rate (RV/,5VC),

3.4 Results > )

The relationship between expired concentration and voiﬁme
was recorded far 99 133Xe boli inhaled by seven subjects, The alveolar
plateax were essentially horizontal above 25% VC (Fig. 28). At lower
lung volumes, there was a downward slope in forty-four of the records, and
the corresponding upper to lower concentration ratio (U/L) was less than
0.8 in torty of these. The ratio, U/L, was less than .8 in only eleven
of the remaining records, whch showed no change in slope and consequently
bad no detectable Phase IV (Fig. 28 lower panel), When U/L was small,
expired count iates at RV wetre much lgss than at 50% VC and Phase 1V
was detected at about 23% VC, At higher values of U/L, the expired
count rate ratio (RV/.5VC) increased and Phase 19-§as detecied at a
lower lung volume. The former trend was significant in all-sub]ecés
(Fig. 29), giving a l'tnear regression for the entire group ( r = .71,
p <.001),

= Fxpired count rate ratio (RV/,5vC) - .38 U/L + .61,

The relationship between Phase IV (% VC) and U/L was significant in five

{
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- FIGURE 28
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Mouth count rate vs lung volume, recorded during three vital capacity
expirationg Iin subject JH. The insert, U/L, denotes pre-cxpiratory
ratio of 133Xe concentrations in two uppermost to two lowermost regions.
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FIGURE 29
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FIGURE_30
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of the seven subjects (Filg. 30). According to the lincar regression
equation (r = ,60, p<.001)

Phage IV (%.VC) = 46 - 44 U/L
Phase IV was detected for all subjects nt 24% VC when lower reglonal
concentrations were twice those {n upper regions (U/L = .,5) and was

virtually zero when U/L was one.

4. Digscugsgion

Following a single breath ot foreign gas, the explrate ex-
hibits an abrupE change in concentration (Phase IV) as lung volume
approaches RV (36, 47, 129), 1In upright subjects, radiocactive gas
techniques demonstrated preferential ventilation of apical regions
" by gas inspired {rom RV (36, 107, 152). During the subsequent expiration,
the end expired gas resembled the post-inspiratory concentration in apical
regions, whereas concentrations in mid expiration were similar to post
inspiratory concentrations in middle lung regions (2, 134). Similar
methods demonstrated for inverted a;d lateral body poéiﬁions that upper
lung regions were pr;ferentlally ventilated and contributed a substantial
proportion. of the termihal expirate in several different body positions
(2). Accordingly, Phase IV may be explained by gravity dependent "afr-
ways closure'" in basal lung regions 1; the presence of apex to bage
concentration differenfes.

In this study, post-inspiratory regioﬁal concentration changed
as a functjon of {nspiratory flow rate, During the subsequent expiration,
the mechanisms causinrg dependeht atrways to close were presumably identical
in a given subject. Thus the changes observed in Phase IV (%VC) must be
due to the assoclated change in regfonal concentration unless the {n-
spiratory flow rate altered some other factor 'contributing to the expired
curves, Martin et al (89) reported evidence suggesting that 1ntr;regtonal

ot
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ventilatfion digtribution differed between slow and rapid 1nspira5Aon.
To the extent that sequential emptying of {ntraregional units having
different concentrations contribute to Phasﬁ IV, the results in Figure

/
30 may not be due to changes in regional coﬁéonérntlon alone., This is
unlikely in at least three subjects (JH, LW, AZ), where the steep ;lope
relating expired count rate ratio (RV/.5VC) and post-inspiratory con<
centration ratio indicates that apical regions contribute a greater
proportion of end ecxpiratory gas following all inspiratory flow rates.
Accordingly, regional concentration differences likely account for the
tgrminal portion of the expired curves. It is concluded that a{though
dependent airways close ak the same lung volume, the '"closing volume"
ag detected by Phase IV (%VC) varies systemd'hcally according to the
apex to base concentration differences., Airways closure goes undetected
by thL 133y, technique whgn apical and basal concentrations differ by
less than a tactor of 1,25 (U/L = ,8), At a factor of 2, Phase IV ig
detected at 247 for the entire group. Though not E:Zted in this study,
higherconcentration differences are presumably associated with no
further increase in Phase IV, since this value is the upper limit of
normal for '"closing volume' for khis age group. '

These findings may atfect the determination of '"closing volume'"

by each of the two cofmon techniques and their variations, WheT a bolus

[ } 14

of indicator gas is 4nspired slowly (< .3 lps) from RV, apical concen-
trations exceeded th?se at che‘lung base by a factor of five to ten
(2, 36, 108, 134), Following maximal inspiratory flow rates, this
difference becomes |:1 or less, and PhaseﬂIV on the subsequent expired

plateaux are apparent only at a lower lung volume {f at all (2). 1In

one subject who was studied at several flow rates (2), esgentially a1l ’

-

-
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N

5 .
of the concentration change had occurred by 1.7 lps, and no flow-

i . '
rates were studied between .3 and 1.7 lps. Accordingly, ap¥x to
base rat{os less than 2:l nu} occur in subjects where inspiratory
flow rate cxceeds .3 lpL. Similar reductions in vertical concen-
tration differences occur readily with this technique when the

&
pre-inspiratory lung volume is much greater than RV (36). To the extent

that small regional concentration dltforenceq\f:ij}{\§c1031ng volume"
may be underestimated. ‘

The second, or "resident gas', technique meagsures expired
nitrogen concéntration following a vital capacity inspiration of
oxygen. The regignal nitrogen fraction may be estimated from the s
kegional RV (RV,) expressed as a fraction of the regional TIC (TLC.).
According to Milic-Emili et al (107),

R V/TLC, = .38 - .89 D

where D is the distance (cm) from lung top. When corrected for the
nitrogen fraction in the resident gas (.79), the solution of this
equation for regions 7.5 and 27.5 cms from the lung topls}ﬁéa)alveolar
nitrogen fractions of .32 (upper) and .15 (lower), hence a 2:& con-
centration gradient, It shopld be noted that this is a mean g:ldtent,
and four of nine subjects in their study (107) had apex/base ratios
less than this mean value, thus falling in the range where Phase 1V
(%LVC) underestimates the volume at which airu:ys close. Even gsmaller
;oncentration differences exist following inspiratory capacity breaths
of 0y, when apical nitrogen concentrations calculated from the mean
regreislon relating FRC./TLCy to D averaged 1.68 x basal concentration
(107). Although such resident gas techniques give gsmaller differences

-

in regional concentration, these differences are not altered by vari-

.

ations in pre-inspiratory lung volume or flow rate.
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Cravity dependent sfﬁuential émptying of vertical lung
regions caused an upward slope of Phage 111 when upp;r concentrations
were about ten times greater than those in lower lung regions (2, 26).
The horizontal Phage LII obse;ved in the present study may be explained
{f regional emptying fs not gequential onoﬁhh to cause a.significant
slope of Phase 111 when the concentration ratio is 2:1 (see Figure 28). -
Since this ;atio is.noF larger following a breath of oxygen, the upward
slope of the resident gas technique is probably due to sequential empty-
ing of intraregional lung units having different concentrations., - To the
extent that alv@ol[ are of equal size at TLC, there must be an intra.cpgional
range of alveolar size (Vo) at FRC. This has been observed in d;gs (132),
and may be related to a corresponding range\sf stress-strain charactéristics
observed among indlvidual alveolar walls obtafﬁgﬁ from small lung segments
(52; 150, 151). Such measurements in the human lung (151) indicated that
unfts with high Vo are less distensiblé, hence less ventilated (A V), than
the more compliant units with low Vo, These'P - V differences are identical
to regional differences attributed to the pleural pressure gradient (107),
so both models may explain the sloping Phase 111 when low AV/Vo units con-
tribute a greater proportion of the expirate as lung volume decreases. If
intraregional units are responsgible fo; a sloping N, plateau in conditions
where regional concentration differ by a factor of 2, efther the concentration
difference or the amount of sequential eﬁptying within small lung regions
must exceed that between vertical lung regions. In this lighg, the hogi-

zontal Phase III in this study also indicates that intraregional compliances

are equal at FRC,
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. 5. Summary and Conclusions ¢ ' (

Seven healthy subjects {nhaled 233Xe boll from FRC at various

,flow rate;, and !33Xe concentration in vertlical lung regions was measured
aQ_TLC. The ratio (U/L) between concentrations {n upper and lower regions
ranged from 0.4 to 1,2, For U/L<,S5, tﬁe expired count rate was constant
from 90% to about 25% VC where it decreased abruptly (Phase IV) to values
at RV much less than at mid expiration (.5 VC). As U/L increased, the
expired count rate ratio (RV/.5 VC? {ncreased and Phase IV (%VC) decreased
according to the relationships: ‘

) L8

1. RV/.S = ,38 U/L + .61 (P<,001)

2. Phage IV (% VC) = 46 - 44 U/L (P<.001)

These results indicate 1) that concentration differences between

vertical dung regions were responsible for the terminal portions of a}l
expired curves; and 2) that "closing volume" {s systematically undere;-
timated when thfse concentrations differ by less than a factor of 2,
Accordingly, regional concentration differences are a pdbtential sourcé of
variation in "closing voluﬁe" as estimated by resident ga;ALechniques
(U/L = 2), or by RV bolus techniques when pre-inspiratory volume or in-
spiratory flow rate are not controlled. The observed horizontal Phase III
may be explained if emptying of vertical regions is not sufficiently
sequential to cause a slope when U/L is 2. Thus, the sloping alveolar

! plateau of resident gas techniques is probably due to sequential emptying

of intraregional units having different concentratifons,

-

?
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E, The Fffect of Increaged Gasg Density on Pulmonary (as Exchange in Man,
N

1. Introduction

Pulmonary gas exchange in liquid breathing dogs {s limited by
slow diffusfon ot respliratory gases through the dense fluid (77). Similar
Impairment of gas exchange was not observed when gas density was increased

in yperbaric enviroument (19, 46, 92, 117, 139, 140). In fact, an in-

Feon)

for oxy%f

ve elation between gas densgity and the alveolar-arterial difference

kA-n)DOZ) was demonstrated in dogs (92). A gimilar trend ob-
served in man (139) suggpst; that the pulmonary exchang: of oxygen may {)»
{mprove as gas density increases, To study this possibility without in-
troducing large variations of {nert gas fraction or time between gas

mixtures, resting gas exchange was measured at 1 Ata in subjects breathing

air and a dense gas,

2, Mecthods

Pulmonary gas exchange was measured in seven heakthy male
laboratory personnel 27 to 42 years of age., After an indwelling catheter
was inserted percutaneously into the brachial artery, each subject lay
supine and breathed through a two way valve, The inspiratory inlet was
connected by short wide bo;e tubing to a balloon containing a mixture of
about 21% oxygen in nitrogen (air) or sulfur hexafluoride (5F¢). Expired
pas was collected in a 120 1, chain compensated spirometer which was
emptied following an initial 30 minute period of quiet air breathing.
ﬁcasuremcnts were made from records and samples collected during the sub-
sequent three minutes (A}). The inspired mixture was then switched and
the procedure was repeated on SFg. A thlrd:set of measurements were ob-

Al

tained 30 minutes after the inspired line was switched back to air (Aj).
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During each collection perfod, two samples of arterial blood
were drawn slowly and anaerobically into cold 10 ml syringes containing
approximately O,1 ml of heparin solutfon, The syringes were capped
and kept on ice until the time of analysis, which was always within
30 minutes of collection, Blood gas tensions were measured tn dupli-
cate using Radiometer electrodes (Pa0) type E5046, PaCO; type ES036,
and pH unit type ESO21a with pH metre type 27). Gas was continuously
sampled at the mouthplece by a rapid response C0j analyzer (Beckman LB-1)
and the average end tidal value during the collection period was taken
to represent alveolar COp (PACO2). At the end of the collection period,
samples of inspired and mixed expired gas were withdrawn in duplicate
from the balloon and the spirometer {nto 50 ml glass syringes sealed
with 3 way stopcocks and lubricated with lithium chloride, Each gas
sample was analyzed in triplicate for the mole f{raction of oxygen
(F103, FEOp) and carbon dioxide (FECO,) by the micro-Scholander teéchnique.
Inspired oxygen was corrected (FIOjc) for R, and the average inspired
and expired tractions were converted to partial pressures (P107, PEO,,
PECO,) at BIPS by multiplying by dry ambient barometric pressure (P bar -47).
Minute ventilation and"reséiraLOty frequency were obtained from the spiro-
meter record, Ventilation was cor}ected to BTPS or STPD using measured
values of temperature and ambient pressure,

In one subject (CB), the study was repeated after a second
catheter was positioned under fluoroscopy in the main pulmonary artery.
Samples of mixed venous blood were drawn simultaneously with the arterial
samples, and Q;re nglfzcd as described. Oxygen content in arterial
(Ca0;) and mixed venous (000}) blood were estimated trom a standard dis-

socfation curve using measured values ot PO, PCOp, pH, temperature,
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and hemoglobin, éardtnc output (Qp) and perncent venous admixture
(Qva/QT) were calculated., 1In the other subjects, blood pressure,
pulse rate and temperature were recorded intcrmgttcntly.‘

In a prollmlnnry‘study, the accuracy Pf blood and gas
analyses were assessed, and inqtrﬁmental altcrations due to SFg were
cxamined, Because it is based on specific absorption of oxygen and
€0y, Scholander pas anlaysis was presumably unaffected by the change
in inext gas. This assumption was supported by failure to detect
absorption of pure SFg by cifther solvent, Twelve test pas mixtures
werc prepared, containing by Scholahder analysis, oxygen (5, 10 or
15%) and COp (4 or 6%) in inert gas (Nj or SFg). Samples of fresh
wlwle venous blood (20 ml) were added to 100 ml heparinized round
bottomed flasks immersed in a temperature cortrolled (37°C) water
bath, While the flasks rotated (60 rpm) the blood was cxposed to a
steady flow (.3 lpm) of each teust gas for 30 minutes (blood gas
tensfons were stable after 25 mg;utes). Gas tensions in tonometered
blood were measured and compared with the corresponding values im the
tonometer pas. The electrodes were calibrated with gas mixtures having
partial pressures of Oy and COp which weve lower (S 1), approximately
equal, and higher (S 3) than those in the measured blood sample (S 2).
During cach measurement, readings were made in the sequence S 1, 8 2,
S$3,§2,S1, and were f;pcatcd {f electrode drift.exceeded 2 mm Hg.

-~

Blood oxysen tensions were consistently low, and the average
\

)

konomctor factor (1, 030, sd %+ ,005) was not different between Njp " or
SFg mixtures. Whereas measured values of €02 In Ny tonometered blood

8
were stable after 2 minutes exposure to the eclectrode, SFq prolonged
A}

this period to 4 minutes, Furthermore, even at & minutes, the blood

-

A
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COy valuecs were consfstently lower by 2 mm Hg than the SFg tono-

meter gas, in conLr;;t to cqqal blood and gas PCOp values tor Ny
mixtures, The ouUGuL of the LB-1 was adequately lincarized between

30 and 45 mm PCOy, and measured all test gases within 2% of the
Scholander valué. There was no syqaemntic error in the determination
of L0z in SFg mixtures, and the 90% response times (X100 msec) to step
changes in CO} concentration were similar for N, ang SFg mixtures.

On the basis of these results, the electrodes were calibrated
¢

as described during cach experiment. The average Pal); values were mul-
tiplied ﬂ; 1.03, and 2 mn Hp was added to average PaC0) values during
SFg breathing, The observed variation in measurements during the pre-
liminary study indicated an instrumental error of about 2 mm Hg in the
”oxp;;imvntal determinations of Pa0p, PaCO; and PACO,. The variations

fn triplicate Scholande: analysis ranged less thaun ,5 mm Hg from the
\

mean, {ndicating a smaller error ﬁ\ the measurement of {nspired an8

~ mixed expired gas tensions, The measured values and the parameters

of gas exc?ange calculated from equations listed below were compared
between gas mixtures (A 1 vs SFy vs A 2 and A | vs A 2) by paired t
analysis. The tollowing parameters were computed:

FIOpc = FI10, (FEN, /”FINZ).

~

g vo, ~ (F10,c - FE®,) VE (STPD)
>
.. WPico, " FECO, + VE (STPD)
'y o
* W R

o~ PAO, = P10p - PACO, (F10p ¢ + 1 - FI0, ¢)
b - e
‘ ) R
vD/ VT = (PaC0, - BECO,) / PaCO, - .
QT = 0, / (ca0, - Cv0,) , .

.. qua/@p = (Cch, - Ca0y) / (CLo, - CVO,)
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3. BbsQlta

The measured and calculated parameters of pilmonary gas
exchange are presented in tables 18 and 19. Due to a slightly lover
oxygen fraction in the SFg mixture, P10, was abou£ 3 mm Hg lower
than in air., Despite the lower P10, Pa02 increased from air to SFg
and docreased _again when the subjects resumed air breathing, Accord-
ingly, SFg breathing caused a small but highly significant (P<.01)
reduction in the inspireq to arterial difference for oxygen, The
calculated ideal alveolar oxypen tensions reflected the FIOz differ-
encos between gas mixtures, Thus, mean (A-a) DOz decreaged from 12.4
to 7.0 during SFg4 breathing (P<.,01) and increased again to 13,34
(P<.01) when air breathing resumed. Values of R were high on both
gas mixtures, and were not systematically different between gases.
PaC0p increased during SFg breathing with no associated change in
minutq ventilation, breathing pattern or (02 production. No systematic
changcvwas noted in heart rate, blood pressure, or arterial concentrm-
tions of HCO}" between gas mixtures. During the second study in CB
"(Table 20), (A-a) DOz was apain reduced by 10 mm Hg despite slightly
lower values of cardlac output and mixed venous oxygen content during

SFg breathing.

4. Discussion

. The pulmonary.exchange of oxygen 1mproves durihg dense pas
breathing. These reosults cGﬁfirm a similar trend noted in three sub-
jécts'breathing different gas miiiures between 1'and 8.5 Ata (139).

i3
In that study, increments in gas deﬂsity produced by increased ambient

pressure were assoclated with increased inert gas fractions, Since
(A-a) DOp increases with inert gas'fractioﬂ,(116, 117), the inverse

k]
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L8

PI0,

PEOZ

PECO,

PaG0,y

PlOz

6.50

6.29
7.08

13.0
13.0
13.7

147
144
147

118
115

120

27
27
27

38
42
38

84

89
88

TABLE 18

Results of Gas and Blood Analysis

SB

5.20

7‘13
7.90

13.7
7‘7
11.7

146
144
146

"~ 120

118
125

25
28
22

38
38
32

92

104,
96

AL

7.23

6,40
5.84

13.0
10.0
12.0

144
140
144

118
114

115

27
29
28

41
42
41

96

98
95 ¢

6.00

5.94
7.82

16.0
11.3
18.7

149
145
149

119

121
121

25
24
25

39
39
39

97.
99
96

LW

7.34

7.19
7.26

14.7
15.0
16.0

147
144
147

120
116

119

26
26
26

37
39
37

98
98
96

Mean (+ 5d)

6,23

6.32
6,83

12.2
10.4
12.4

147
144
147

117
115
119

28
27
27

(1.02)
( .84)
(1.36) .

(3.4)
2.9)
(4.2)

(2)
(2)
(2)

(3)

-(3)

(4)

3)
(2)
(3)

(1.4)
(2.7)
(3.2)

(4.5)
(L.4)
(3.4)
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. TABLE ]9 .

_ The Effect of Gas Dengity on Pulmonary Gas Exchange

!
B}

Subject V02 (ml. STPD) R A-a_DO2 VD/VT (%)
A1 sfe A2 K1 k6 Az K1 sf6 Az i1 56 A3
CB 221 246 195 .93 .90  1.02 2% 16 22 29 36 29
LB 185 188 178 .97 .81 .91 10 6 9 19 -39 21
SB 166 228 204 .91 1.06 1.63 17 6 21 36 26 32
MG 286 262 273 .89 .85 .96 7 3 1 20 29 2 -
AL 229 1964 201 1.02  1.12 .92 10 7 8 33 31 32
HL 207 158 247 .82 1.00 .93 9 8 12 36 38 36
LW 229 244 239 .97 .89 .91 10 511 30 33 30
Mean 218 217 219 .93 .95 .95 12.4 7.0 13.% 29 33 29
+ Sd Y 38 38 3% .07 a1 .05 6.0 3.5 5.7 7 5 5
‘ . .

"~y
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TABLE 20

Gas Density and Gas Exchange During
CardiacCathcterization

Alr
6.73

13.4

144

1

35
12

36

=4

SF6
6.94
13.0
140
106
26
8
76

35

Vo2

R
(A-a)D02
VD/VT
Cv0,

QT
Qwa/QT

14.2
4.9
11

270
o735
22
]
32
!
13.8

4,7
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relationship between (A-a) DOp and gas density was potentially ;bscured.
The results were interpreted to dem;nstrate no deterioration of gas
exchange over a wide range of gas densitles, most likely due to an
insignificant céntribution of stratified inhomogeneity to (A-a) DOg.
In dopgs breathing 5% oxygen in SFg at 4 Ata, (A-a) DO, were significantly
lower than values measured during air breathing at 1.0 Ata in spite of
the greater inert fraction (92). The authors considered a number of
possible explanations for the reduced (A-a) DOz, and excluded chahges
in cardiac output, mixed venous oxygen content, respiratory quotient,
breathing pattern, "airways closure", and distribution of pulmonary
perfusion. They concluded that their results were compatible with a
reduced variation in ventilation-perfusion ratios (GA/Q) due to density
induced alterations in serles or parallei ventidation distribution,

In this study, a number of possible causes of improved gas
exchange are also unlikely, "“Airways closure" usually occurs below
FRC in younp supine subjects, and there is no other reason to expect
chanpes during SFg breathing in cardiovascular parameters contributing
to (A-a) DOz, e.g. C¥0, Qrs Qg/Qps and pulmonary perfusion distribution,
This was supported by direct measurements in one subject (Table 3) and
in others by the absence of systematic varlations of heart rate or
blood pressure between gases, No systematic changes in R were oﬁserved,
and the parallel improvement of inspired-arterial difference; for oxygen
exc@udes a spurlous improvement in (A-a) DO, due to calculation of al-
;eolar oxygen tenslon. The high values of R are possibly due to the non-
fasting state of the experimental subjects, so that occasional values
of R>1 may be attributed to minor errors in gnsaanalysis. On the other
hand, figorous rejection of all studies in which R>1 does not alter

the results. Ventllation tended to be slower and deeper on SFg,

(2]
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byt these differ;qges were not signlflca;t. Furthermore, (A-a) DD,
also decreased in subjects with am;llnr tidal volumes and increased
frequency during denge gas breathing, Accordi;gly, the improved
pulmonary exchange of oxygen during SFg breathing is likely due to
a favourable change in ventilatfion digtribution, such that VA/Q'
variance is diminished,

The static distribution of inspired gas among parallel
lung rogféns {s determined by the regional elastic préperties (107).
During a rapid volume change, ventilation distribution changes {if
fegional time constants are different (115). SuchrasyﬁchronOUS be-
haviour occurs during quiet breathing, and is enhanced by SFg breath-
fng if regional resistances are density dependent (see sec. C.4).
Dynamic redistribution of ventilation among vertical lung regions
acts to increase (A-a) DO,, because upper lung regions having high
A/Q Egcome better ventilated at the expense of lower lung ;ggtgns-’
having low QA/Q. To explain these results, gas dengity must cause a
shift of ventilation from well ventilated lung units having high
QA/Q to poorly ventilated units having low QA/Q. With{n small lung
regions considerable non-uniformity exists in ventilatién (149),
elastic properties (151), and alveolar size (132). Furthermore, there
is no reason to expect parallel imhomogeneity within peripheral lung
segments to correlate with Qk/Q as has been demonstrated for vertical
lung regions (160). 1If the well ventilated units also have longer
time constants, SFg breathing reduces the contribution of intraregi;nal'
QA/Q vaxiance to (A-a) 002. It shguld be noted that during ?ulgt ‘.

¢
breathié& the volume redistributed during the transient departures

)

trom the X{atic distribution is necessarily small, and occurs prlm‘;tly £

at the onset of flow (see appendix 3 C and Fig. 27). Thus, the effect
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»

on gas concentrations {s minimized by redistribution of dead gpace
' !

(111, 138, 141),

ey

Marked series 1nhomogc;bity of gas.tensions occurred {in
liquid vcnt}latcd dogs, presumably because the rate of gas ;ransfer
by molecular diffusion is inversely related to the Squarelroot of
fluid density (77). At lecast two mechantsms may explain paradoxical
improvement of oxygen trangfer when intergas diffusion is retarded
by SFg. Proximal portions of gas cxchange units are better perfused
than distal portions in some species (130, 131, 158). 1If stratified
perfusion causes high %k/Q distally and low QA/Q proximaily during
air breathing, iECreased gas stratification on SFg would reduce serles
QA/Q variance. Alternatively, Farhi speculatcdlthat bulk mixing of
inspired and alveolar gas occurs during inspiration and increase with |
gas density (41)., 1If broximal bulk mixing ﬁredominates over peripheral
1Ppairod ditfusion, gas stratification may be reduced on SFg. Engel
et al subsequently observed in dogs that the interface between inspired
and alveolar gas was spread in transit from tracpea to 4 mm bronchi (40).
The volume in which inspired gas was distributed ahéad of the mean in-
terface incrcased by only 15 ml, and lnsp{red gas was only a small
fraction of this volume, They concluded that a negligible fraction
’
of the tidal volume was mixed mechanlcSlly with alveolar Bas in the
bronchial tree. If these results apply to the human ai}way, it is .
p
unlikely that enhanced bulk mixing during SFg breathing signtflcantly i
rcduces ser{es inhomogenelity. Furtbermore, the }atccr explanation of
thgsc rosultL requires that series inhomogeneity account for at least
one-half of the (k-a) DOy during air breathing. Other than {ncon-
clusive studies of hiffusiOn in lung models (31), the grlnclpll
evidence supporting séxies inhomogencity comes from expired concen-
tratyon vs volumg curves demonstrating 1) diminishing concentration

/ t

/
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differences durlng a breath hold and 1i) separation of gases

having ditferent d(k[ustvttles (30, 54, 125, 147). T:-dltlonally,
equilibration or scparation of gas tensions in peripheral lung .
regions {s attributed to molecular diffusion {n a scries system.l
To the extent that mixing occurs between paripheral pam).lel‘lung'1
units, these results are not an unqualified demonstration of gas

strati[lcnt(on.\'

Fngel et al measured nitrogen concentration (FN;) in gas

sampled through the walls of canine intrapulmonary airways. During

intlation of the lungs with oxygen, cardiogenic oscillations of FN,

were regularly observed in 4 mm atrways (40). After a two second

breath hold, FN, was 50% of the alveolar fraction (FANj) in 4 mm
bronchi{ and dccroased'progressively in mouthward airways to 10% of

FAN, {n lobar bronchi (38). During the subsequent expirations, the
amplitude of cardioggnlc oscillations of FN; decreased with brenté

hold time (39). They concluded that ventilation varies considerably
within parallel lung units subtended from peripheral airways, and

that gas mixtng among these units reQuces the inhomogeneity ;Y RAS
tensions, Mixing was mu?h faster in the presence of car&iac ﬁotion,
suggesting a dynamic component attributed Eo convective dlf;usfon and
cddies soco;dary to cardiac induced flow oscillations. ‘These mechanisms
promote mixing of gas expelled by cardiac impulses from peripheral par-
allel units into the common mouthward af{rway, so that reinspiration of
the common 'dead séace' tends to ;ed;ce their concentration differences.
Additional mlxiné by "pendelluft'" occurs to the extent that time congtant
differences Cpntflbutc to the cardiac induced sequonil&l behaviour of

pavallel units (111, 141), Since increased gas density promotes con-

vective ditfusion, convective mlxlﬁg and niynchronoua ventilation, SF6

-

<

n
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. breathlng‘dlm!nishcs alveolar concentration differences between

.

patallel aerlphvral lung unfits, A corroqpondlng reduction In QA/Q
vn;lance accounts for the obaerved reduction in (A-a) DO,.

This mechanism fmplies that parallel t{nhomogeneity within
peripheral lung units contributes a large proportion of the normal

13

(A-a) DO,, and that the mixing action of the heart {s a potent
mechanism reducing this value, The mechanical properties underlying
such intraregional inhomogenefty of ventilation were described by a
simple 2 compartment model (39, 1/0). The different P-V character-
fstics of the compartments cause different alveolar size (Vo) at mid
lung volume such that high Vo unitg have less ventilation (AV), These
differences contorm to variations in stress-strain characteristics of
indiv}dual alveolar walls within small lung regions (52, 151), The
predicted variations in alVeolar size avre supported by measurvments
in dogs (132), and the intrarcgional dispersion of aAV/Vo values is as
large as their dispersion between vertical lung regions (39, 149).
The P-V characteristics also predict scquentl;l ventilation, such that
high Vo units having low AV/Vo contribute an {ncreasing proportion of
the total volume change as lung volume decreases. Furthermore, asyn-
chronoug ventilation due to lower time constants in these units exag-
gerates the sequential behaviour.

A slight increase in PaCO, occurred during SFg breathing.
Because the mechanism of SFg-electrode interaction was unknown, this
trend was not completely convincing, Nevertheless, elevated raCol,
during dense gas breathing was previously described and attributed to
increased work of breathing or central respiratory depression (18, 55,

1

79, 118, 140), In this study, 902 and 9002 are quite similar on air
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and SF,. This was not surprising since the 2 - 3 fold {ncrease {in
airways resiatance expected during SF, breathing (85, 87, 156) fis
unlikely to alter the work of resting ventilation, which fs predomin-
aotly elastic. SFg produced (NS symptoms (light headedness, retarded
mentation, mood lability), and total ventilation was slightly reduced
bvtwvc; A2 and SFg. However, PaCO,; increaged between Al and SF( despite
equal ventilatfon, presumably due to the increcased Vp/Vy. This agrees
with the concept that Vp/Vr depends on diffusion of alveolar gas into
airways, but opposite changes of this ratioc and of (A-a) DO, are sur-
prising. Similar observations by Martin et al (92) suggest tha gas
density acts ditferently on the pulmonary exchange of O, and C02. Since
SFy retards inter-gas diffusion of 0; and CO, about equally, the dis-
crepancy possibly arises from the greater etfect of QA/Q variance on
(A-a) DOy than on Vp/Vp. As discussed, greater dy;amic gas mixing
during 8F¢ breathing reduced the parallel range of alveolar gas tensions,
thereby opposing any tendency of impaired oxygen diffusion to increase
(A-a) DO3. Due to the linear CO,-blood dissociation curve, diminished
parallel inhomogeneity has less effect on Vp/VT, so impaired molecular
diffusion near gas oxghanging surfaces increased the 'alveolar' dead
space. Alternatively, the explanation of reduced (A-a) DO, based on

stratiticd perfusion provides a similar explanation tor a corresponding

increase in Vp/Vy.

*

5, Summary and Con lusions

Pulmonary gas exchange was measured {n 7 resting supine suhbjects

breathing air or a dense gas mixture containing 21% 0, in SF,, Mean + sd

—

values ot (A-a) DO, decreased {rom 12,4 + 6.0 on air to 7.0 # 3.5%6n SFg
(p<.0l), and increased again to 13.4 + 5.7 when air breathing resumed

(p<.01). No differences occurred between gages for iroz, R, ‘.,", f, HR or bl’,
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. oo \
and the improved oxygen transfer could not be attributed to changes
in Qp or CV0; tn the one subject i{n which they were measured, These

results are best explained by an altered distribution of ventilation,
such that the GA/Q varlance was reduced, Although the digtribution
of ingspired gas may be influenced by ditferences in &enslcy dependent
time constants of parallel units, two other explanations are thought
more likely., To the extent that stratified perfusion contributes to
(A-a) D0, during air breathing, impaired inter-gas diffusion on SFg
may improve the series matching of ¥4 and Q. Alternativelf, SFg pro-
motes cardiogenic gas mixing between peripheral pa?allel Lnits/;nving
different concentrations, and a corresponding reduction {n QK/Q varian

\
conceivably accounts for the roduéed (A-a) 002. Both mechanismg allow

-

ce

observed increases in PaC0; and V,/Vr during dense gas breathing. Accor-

dingly, intraregional OA/Q variance accounts for about one half of the

resting (A-a) DO, in healthy supine young men,
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F, Exercise Ventilatory Mechanics at lncreased Ambient Pressure,

1. Introduction

Expiratory flow rates during heavy exerclse in healthy people
are much lower than their maximum expiratory flow rates (V max) at com-
parable lung volumes (112)., In patients with obstructive lung disease,
expiratory flow durihg qulet breathing approaches or equals V max (60, »
124, 153), so that attempts to meet added ventilatory roquirements be-
come limited by the dynamic compression of intrathoraci; airways (124),
Since values of V max at mid lung volumes are inversely related to the
square root of air density in healthy subjects (164), their exercise
ventilation may become limited by alrways compression at increasod am-
bilent pressure, This study was designed to examine this possibility by
measuring the inter—relationshiés among pleural preaéﬁre' alr flow, and

lung volume during maximum exercise in hyperbaric coﬁditions.

2, Methods

To define pressure, flow and volume relationships at thg onset
of flow limitation, expiratory iso-volume presaura—flow’(IVPQ) curves
were constructed at five lung volumes (90, 75, 60, 50 and 25% of vital
capacity) and at five ambient pressures (1.0, 2.0, 4,0, 7.0 and 10.0
Ata). From each curve, Pymax, defined as the lowost-tranapulmonary
pressure giving maximum flow, vas determined, and these balues wore
plotted against lung volume (V1). The Pymax-V[, lines were superimposed
on transpulmonary pressure-volume loops measured during exercise in the

same environmental condition, Since expiratory pressures greater than

Ppmax do not increase flow because they compress intrathoracic airways

(51, 103, 127), the presence of expiratory flow iimitation during exercise

~a
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can be detected., In this condition, expiratory flow rates are equiva-
lent to the maximum expiratory flow rate and ventilation {s erquivalent

to the maximum breathing capacity (MBC),

a, 1VPV Relatfonships at Rest. Two healthy laboratory per-

sonnel familiar with respiratory manoeuvres sat on the floor of a hyper-
baric chamber, At each simulated depth, they performed a series of
graded vital capacity (VC) expirations varying from a very slow breath
out to one of maximum speed and effort, From recordings of lung volume,
flow rate and transpulmonary pressure, the flow rates as the subject
passed through a given lung volume weie plotted against the simultancous
values of transpulmonary pressure. A smooth line was drawn through these
points, and Pymax was determined by visual inspection of the IVP& curve ,
Flow and volume signals were obtained from a dege spirometer
(Med. Science Electronics Model 270) and were not influenced by increased
gas density., The spiromogor resistance was less than 1 cm H,0/1ps at
all depths. A time delay of 40 msec., in the signals from the spirometer
was corrected during construction of IVPQ curves, A differential pres-
sure transducer (Sanborn 267B) estimated the difference between lateral
pressure in the mouthpiece and pressure in an esophageal balloon (length
10 cm, circumterence 4 cm). The lateral oral pressure tap and the eso-
phageal balloon were connected to the transducer by identical polyethy-
lene catheters (length 90 cm, i.d. .15 cm). During measurements, the
balloon was positioned in the lower esophagus and inflated with 1.5 ml
“air. When the recording system uas,exposed to atmospheric pressure, the
recorded pressure In thé balloon was zero over a range of balloon volumes
from 0.5 to 6.0 ml. The volume displacement coefficient measured at 1 Ata

was .0l7 ml/cm Hy0, At all experimental depths, the 90% response time

of the pressure recording system was less than 10 mgec.
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The eignalg proportional to transpulmonary pressure, {low
and volume were simultancously rrcordvd#on a 4 channel Sanborn Poly
Viso. Flow and volume signals were also displayed on the ordinate and

absciysa of a storage oscilloscopr, and the maximum perimeter flow-

|
1

volume curve was copied at each depth., At ambient pressures greater

than 2 Ata, this curve was not different from the flow volume curve of

P

a single maximal ecftort expiration, -

A

b. Exerclse Studies, IThree (ACB) and four (LW) levels of

exercise were attempted at each depth on a mechanical bicycle ergometer
(Monark). To minimize time at depth, subjects proceeded from lightest
to heaviest work load without {nterruption. Exercise duration was five
minutes for the first level of exercise and decreagsed by one minute at
each succesgsive level. During the last minute at each work load, the ~
subjects breathed from/the box to the bag of a bag-in-box system (cgpacity
150 1) through short wyde bgre (i.d. 2'") tubing connected by a two-way
breathing valve (Warren E. Collins High Velocity Double J). At the be-
3]
ginning and end of this period, vital capacity manoeuvres were performed
to establigh the end expiratory position (EEP), The wedge spirometer
was connected in series with the box, and recorded lung volume (V[) and
air flow (Q) during exercise., Taking account of the fixed time lag,
this system accurately measured a sinusoidal volume input fo? phase and
amplitude to 120 cycles/minute at all depths. A potentiomcter was
mechanically linked to the wedge bellows to record ventilation, Trans-
pulmonary pressure (PL) was measurcd as described above. Signals pro-
portional to Py, G, Vi, and ventilation were simultaneously recorded on a
4 channel Sanborn Poly Viso and a bipolar EKG was rccoréed separately,

Pressure-volume and {low-volume loops were reconstructed from the written

record. /
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Samples of chamber air during exercise and mixed expired
gas from the bag following each exerci#t period were collected in
duplicate and nnnlyu;d at 1 Ata for (03 and Op hy the micro-Scholander
technique. The product of gas fractional composition and dry barometric
pressure gave the partial prnsurréor these samples, Oxygen consumption
wvas calculmed from minute ventilation and expired gas.compostcion. Mean
alveolar CO; tenston (PAggy) wis calculated from the Bohr equation using
tidal volume, expired C()2 tension, and the subjects! anatomic dead space

meagured separately for gimilar volume conditions, using the single

breath trchnique described previously (165). -

3. Results

As ambient pressure increased, (lmnx and the initial slopes of_
,'athe IVPV curves decreased at each lung volume (Fig. 3l and Table 21).
Above 30% VC, P,max decreaaeci Aas ambient pressure 1ncreased; so that the
reduction in P max with lung volume was much less at depth than at 1.0 ‘
Ata (Fig. 32 ). Static clastic recoil pressures were unaffected by hyper-
baric conditions, and the slopes of‘mximum flo;-stattc recoil (MFSR)
curves decreased as ambient pressure increased (Fig, 3J),

During maximum exercise at 1.0 and 2.0 Ata, Pymax and ‘;mx
excecded the expiratory transpulmonary pressures and flow rate respectively
(Fig.34 and 35, upper panels)., At 4.0 Ata P exceeded Pymax and flow
was equal to Vmax over most of the expired volume (middle panels), Ex-
piratory flow limitation occurred at progressively lower flow rates at
greater depths (lower panels), where there were corresgonding reciuctions

in minute ventilation, maximum oxygen uptake and heart rate, as 7&011 as

elevated values of PAcoy and end expiratory position (Tables 22 and 23),
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FIGURE 31
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Expiratory pressure-flow cu.rves at 75% VC in one subject at l', 4,
and 10 Ata. As gas density increased, maximum flow (Vmax) and the
lowest pressure giving maximum flow (P,max) decreased.

a
Bl




‘ o - ¢

® o191 .

TABLE 21

4

C 4 x
. Flow Rates and Resistances at Expiratory Flow Limitation

-~

AMBIENT PRESSURE (ATA)

e 1 2 4 10 :
ACB 1 AR Ly ACE LW ACR W
90 Vmax 8.8 10.4 6.6 6.8 4,2 4.8 2.6 2.6
Rus 2.4 1.9 3.0 3.0 4.8 4.2 7.7 7.7 \
Rds 7.1 5.6 8.8 6.7 10.8 8.6 15.3  13.0 \
75 Vmax 6.8 7.2 5.0 5.6 3.5 3.8 1.8 2.1 \
Rus 2.1 1.8 2.8 2.3 4.0 3.4 8.0 6.2
Rds 7.3 5.1 8.9 6.1 10.5 8.0 15.3 1302
50 Vmax 3.8 5.5 3.3 5.0 2.3 3.1 1.5 1.8
4
Rus 1.6 1.6 1.8 1.8 2.6 2.9 4.0 5.1
Rds 7.0 4.5 9.5 6.7 13.3 9.5 17.7  15.4
25  Vmax 1.8 3.1 1.5 2.6 1.1 1.8 0.6 0.9
Rus 0.6 1.6 0.7 1.9 0.9 2.8 1.7 5.6

Rds 6.6 5.5 8.9 6.9 11.1 10.0 20.7 18.1

+ Maximum expiratory flow rates (Vmax) in litres/second
* Calculated at the onset of flow limitation in cm H,0/lps
Rug - total resistance upstream from EPP = Pst(l)/\.lmnx s

Rds - frictional resistance downstream from EPP = (Pymax + Pca )/ihnax

b\x ’
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FIGURE 32
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FIGURE 33
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LPS 10 Ata 40 Atg * 100 Ata ’ cm

0 4 8 12 16 20 0 4 8 12 6 200 4 8 12 16 20
Pst(l)cmﬂto

Maximum flow-static recoil relationships (solid lines) in two

subjects at 1, 4 and 10 Ata. The broken lines represent iso-

pleths of Pca calculated for EPP areas of 1.2, 1,6 and 2.0 cm?.
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FIGURE 34 .
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Resting FRC and Pymax-volume lines are indicated (for dis-
cussion, see text).
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TADLE 22

I
Cardio-Regpiratory Parameters During Exercise (ACB)
I

WORK LOAD : AMBIENT PRESSURE (ATA)

(Kgm. M./Min)

1 4 1 10
450’ VE 74 70 65 52
\ PAcoy (Plcoz) 37 B (2) 47 (3) 63 (4)
\ vo, 1.7 1.8. 1.8 1.7
EEP 0.95  1.10 1.25 1.55
HR 130 130 125 120 {
) , ( |
600 ve 97 88 66
PAco, 35 39 (3) 52 (3)
vo, - 2,2 2.3 1.9
EEP 0.90  1.15 1.50
HR 145 150 140
900 VE 120 86
, PAco, 34 51 (4)
/ vo, 3.1 2.8
EEP 0.84 1.0
HR 175 175

VE - Minute ventilation in litres (BTPS),
PAcoz - partial pressure (mm.Hg) of CO in alveolar gas.
Pleny = Pepz in the inspired gas.
902 - Minute oxygen consumption in litres (STPD).
* 4 -

EEP - -End expiratory lung volume in litres (BTPS) above RV,

HR - Heart rate in beats per minute.
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TABLE 23 )
‘ Cardio-Regpiratory Parameters During Ex;rcige (L.W.)
] L
WORK_LOAD AMBIENT PRESSURE (ATA)
(Kgm, M./Min) n ¢
1 4 z 10
450 VE 57. 61 47 49
PA(g, 37 41 39 49 (6)
o, 2,5 2.7 2.7 - 2.9
EEP 2.3 2.7 3.f 3.0
HR 130 135 125 120
900 VE 92 84 61 56
PAo; 34 539\(83\\\\\59\53) 54 (7)
Vo, 3.6 36, . %5 T3
EEP 2.0 2.7 3.2 R
HR 160 150 150 155
1200 - VE 110 100 74
PA o, 36 39 (6) 50 (4)
o, 3.9 4.0 3.6
EEP 2.0 3.2. 3.9
HR 15 170 165
1500 VE 140 112
PACo) 34 45 (8)
- voz 4,4 4.2
- EEP 1.8 3.8

HR ‘ 185 180

For definition of parameters, See Table 22,
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4. Dlgcugsion

. [
a. 1VPV Relationghips at Rest, The driving pressure of Vmax

at the onset of flow limitation lg the difference between mouth (Pao)
aud alveolar (P,1,) pressures, According to Mead ct al (103), the air-
way during forced expiration may be divided into two gsegments by points
where the lateral {ntraluminal pressures are equal to the pléural gfes-
sure. In the gsegment upstream from these equal pres;;re points (EPP),
the static elastic recoil of the lung (Pst (1)) is the driving pressure
of Qmax so that MFSR curves define the upstream resigtance (Rus)' The‘
configuration of MFSR curves is determined by the relative contribution
of friction (Pr, ) and convective acceleration (P.4) to the upstream
pressure drop. At high lung volumes where convective agfeleratton
accounted for more than 80% ot R,g, the cross sectional area of EPP
(ACPP) was accurately estimated from the shape of the MFSR curves as
tollows. Several f{sopleths were drawn through values of Vmax and P.ga
calculated from the Bernouilli equation for different AEPP,

. 2
Pca = P Vmax

28 aEpp?

The isopleth which was dimilar to the MFSR curves indicated tﬁe AEPP,

In this study, the contiguration of MFSR curves closely
approximated {sopleths of AEPP equal to 1,4 cm2 at all depths for sub-
ject ACB and 1,7, 1,6, and 1.4 cm? at 1, 4 and 10 Ata respectively for
subject LW (Fig. 33), These values of AEPP are similar to those
estimated at 1 Ata by Mead et al (103) and are compatible with the
location of EPP in the second or third airway generation, Since afr-
way cross section distal to the third gencration increases rapidly (159),

these results suggest no significant upstream movement of EPP as gas density

increased., Despite a relatively fixed geometry of the upstream segment,
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Ryg increaged in a non-lincar manner with gas density (Table 21). A
logarithmic plat o% these parameterg was adequately described by a
straight l(no; the slope of which s the exponent 'n' of the cquntion
Ryg = K Pn. The exponents were .48 (A.C.B.) and .50 (L.W.), indicating
that R, g was proportional to the square root of gas density, This
finding aprees with previous observations gnd is cogsistcnt with a
ma Jor contribution of convective acceleration to the upstream pressure
drop (164). ‘

The downstream scgment extends (rom/EPP to the airway opening, .

and P is the presgurc driving Vmax through these airways (103). Ac-

cordingly, Pymax fs the downstream pressure drop at the onsct of flow

’

limitation. It should be noted that Pymax represents the downstream
frictional pressure drop only {f expired gas velocities are equal at
EPP and airway opening., As described in Appendix 4 (P, 221 ) substantial
downstream frictional loss in excess of Pymax occurred in th;s study
because the arca of mwthpiece (Aao) was much greater than AEPP, Thig
pressure (P.y) was calculated for cach lung volume and ggs density, so
that the sum of P. .- and Pymax divided by Qmax represents the downstream
resistance (Ryg) at the onset of flow limitation (Table 21). When these
values for Ryg were plotted apainst gas density using {pgorithmic
scales, slopes of ,40 (Aéﬂ) and .45 (LW) were obtained, As discussed,
similar density dependence of upstream resistance is du; primirily to
convective aeccleration, Sinco‘RdS was corrected for convective accel-
eration, these exponents relating resistance to density likely reflect
a turbulent flow regfme’in which the relationship R « p o3 is expected
(164). This conclusion {5 compatible with the high Roynold'ﬁ numbers

in large alrways at Vmax. .
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b, Exetcise Studies, During a breathing cycle, the Pymax-V;
b

liue tndicates the onset of explratory flow limitation. If P1, exceeds

Pimax, this portion of the corresponding pressure-volume loop is mechan-
ically inefficient, In the genge that the increased work of breathing
doeg not result {n increased vvnttlagion. Olafsson et al (112) demon:
strated that most normal subjects did not develop pressures exceeding
Pimax or [low rates equal to Vmax during exhausting cexerclse to maximum
heart rates. Because the mechanical properties of the lung were un-
changed during maximum ¢«xerc{se they reasoned th;L Pimax values deter-
mined at rest are not likely different during exercigse. At 1.0 a;d
2.0 Ata in the present study, mnute ventilation exceeded 100 1/min,
during exhausting exercise to miximal heart rates. The exercise pres-
sure=volume and flow-volume loops 4iffercd considerably from the >

J
corresponding Pymax and {'ma x values, suggesting that considerable
turther increases Iin ventilation were possible. [his was confirmed
fn subject LW, who breathed on his flow volume curve and generated
values of Pp greater than Pymax while performing a maximum breathing
capacity ot 225 1/min (See Fig., 35, upper panel). These observations
are in close agreement with the findings of Olafsson et al, who concluded
that ventilation remains efficl;nt and is not limited by the mechanical
properties of the lung during maximum exercise in normal subjects,

Potter et al (124) described a quite different pattern in
patients with obstructive lung disease whose lower values of Pymax and
increcased alrways resistance caused Fxpiratory flow limitation at lower
values of ventilation. The limit of exercise tolerance was assocfated
with 4 submaximal heart rate, excessive explraizizﬂgiﬁssurc, and flow
ratesequal to Vma x. They conclpﬂed that exercise capacity was limited

by the deranged ventilatory apparatus in these patients. Similarly,

fu our normal subjects, cxpiratory pressures exceeded P;max during
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maximum exercise at 4 Ata and expiratory flow rates became cqual to
Qmax. AL 7 and 10 Ata, thig evidence of dynamic alrways compresglon
occurred at lower levels ol exercise, minute ventilation, 002 and heart
rate, At these latter depths, explratory flow limitation was observed
10 and 20 seconds after the work load was increased. Subjects continued
exersise tor 30 to 60 seconds beyond this point but neither completed
the usual duration at that level due to severe.choking dyspnea, In
these circumstances, explratory pressures did not exceed Ppmax by more
than 15 cms Hy0, In contrast explratory prn;surps during MBC manoeruvres
at 4, 7 and 10 Ata were much greater even though the MBC was not different
from the maximal exercise ventilation, The elévatod PAcoy values during
maximal exercise at 7 and 10 Ata contrast with the hypocapnia during
exercise at 1 Ara and support the notion of ventilatory insutficiency
at depth. <

These results demonstrate that maximal aerobic capacity is
limited by dynamic compression of intrathoracic airways in normal sub-
jects breathing air at depths in excess of &4 Ata; This occurs primarily
because the density of a gas flowing mouthward through the narrowing
cross section of intrathoracic airways considerably reduces the flow
rate at which the afrways become ungtable. 1t is a quite different
mechanism from that limiting cxercise in normal subjects breathing lesQ
dense gases, when ventilatory capacity exceeds the requirements of

maximil oxygen carrying capacity and tissue oxygen uptake. It also

-
-

differs from exercise limitation imposed by external resistive loads,
In these clicumstances respiratory muscles maintain ventilation by
generating additional pressure to a maximal excursfﬁgjof 100 cm H,0
(23), yet dynamic airway compression does not occur. Presumably,

fatigue of respiratory muscles plays a more important role in limicing
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exerclge during external loading than in this study, where expiratory
pressures in excess of 15 cms Hy0 were rarely observed. In this regard,
it is possible that considerably greater explratory effort is generated
when {low can he Increased but {g ﬁg;?ﬁeneratod when expiratory %low

is cofforc independent. Perhaps neural reflexes fr;m compressed airways
limit further cffort, and contribute directly to the sensation of dyspnc{.

The mechanlism of exercise limitation demonstrated in thig
study is similar to that observed in patients with obstructive lung
disease., Potter et al (124) suggested that the observed reductions
of Ppmax handicaps these patients in that {low limitat{on occurs at
lower expiratory effort, It is equally tenable that exercise ventilation
in patients is primarily limited by upstream events (loss of elastic re-
coil oy peripheral afrways obstruction) which lower MEFR to levels re-
quired to satisty their metabolic requirements, Then the reduced Pymax
is a consequence of the reduced maximal flow in relatively normal extra-
thoracic ai;wayq (see Appendix 4, P, 223). There may be no difference
in the control of expiratory efficiency between health and obstructive
lung disease, in that the same inefficiency is demonstrated in both
states when ventilatory requirements exceed expiratory capacity.

Several fecatures of thF submaximal work loads are of added
interest. At 1 Ata, the end expirntory'%osition (EEP) tended to decrease
at higher exercise levels, but the opposite trend was observed at in-
creased ambient pressure. For a given exercise level, EEP increased
progrcsslvcly with depth, especially when dynamic airways compression
was observed. Presumably, expiratory cffort {s insufficient to expel
"the tidal volume within the time ava}lable at that frequency. These

changes may compensate for flow limitatfion in the sense that increased
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valuesof bhax and vengilation are achic;cd at higher lung volumes,
One price paid for this {mprovement {s a greater inspiratory elastic
work. \

The gas exchange estimates at depth are complicated by (0,
accumulation in the hyperb;rlc chamber, = Inapired CO, tensions, measured
during the last minute of exercige at each level, are recorded in Tables
22 and 23adjacent the corresponding éACOZ value, Despite this lim{tation,
it is reasonably safe to conclude fFom these results that alveoclar hypo-
ventilation accompanied the decrease in minute ventilation as depth
increased at each work load. In previous studies (19, 68, 79, 140), CO,
accumulation at depth was observed and attributed to respiratory depression
or to the increased work of breathing dense gas.

A recent study demonstrated that‘the mechanical power output
of the respiratory system in response to (0, stimulation was not different
at 1, 4 and 7 Ata, although the ventilation achieved was progressively
reduced due to the increcased frictional work of breathing dense gas (L. Wood
and A.C. Bryan, unpublished observations). This explanation was previously
proposed to account for similar changes in CO, response curves during external
resistance loading (106). To the extent that the complicated respiratory
stimuli from of a given level of exercise cause a fixed inspiratory power

at all depths, exercise ventilation must decrease as gas density increases.

5. Summarv and Conclusions ,

Transpulmonary pressure, lung volume and flow rate were recorded
in two healthy subjects performing graded cxercise between 1 and 10 Ata.
At simulated depths greater than 4 Ata, exerclse wag terminated by severe

choking dyspnea at levels of work, oxygen consumption, heart rate and




ventilation gignificantly loweér than durihg maximom exercise at

A Y

~ Y
1 Ata, Comparison of exercise ven€f1atory mecilinics with correspon-

.
’

ding MEFV and IVPV curves drmonstrat}d that the reduced aerobic

.

capacity was assoclated with maximum ventdlation. This occurred
, . .

-

because increased gas dens{ty.feduced‘tﬁe expiratory flow rate at

£y a

which flow limiting transmural pressures develop across Intrathoracic

-

-~

airways., At each level of submaximal exercise, end-expiratory position

and alveolar CO, tension increased with ambient pressure due primarily

to the density dependence of airways resistance. In these respects,

healthy subjects breathing dense gas resemble patients with obgtruc-

tive lung disease. e
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G. APPENDIX

1. The Effect of Periodic Flow on Afirways Resistance

In conditions of steady laminar flow through a single con-
ducting elemeut, velocities near the centre of the tube exceed those
near the wall. When the pressure driving flow {s sinusoldally oscil-
lated at increasing frequencics, core f[low eventually begins to lag
the applicd piessure due to the Inertia of central molecules, In such
circumstances, a greater proportion of the tlow occurs near the walls
where the shear rate is high, so that total flow per unit pressure
decreases relative to steady flow conditions. The magnitude of this
disturbance ot the boundary layer relative to its steady flow thickness

may be calculated according to Wormersiey (167) from the equation .

a = nvﬁ;; (6)
/

where r is tube radius (cm), w is angular frequency (sec-l) and v {s
gas kinematic viscosity (cmzlsec). When the dimensionless parameter
a exceeds a value of 1, oscillatory resistance exceeds that during
steady tlow., By this analysis, sinusoifdal breathing at 10 cycles per
minute causey a significant i{ncrease over resistance to steady laminar
flow in the tiachea and large bronchi (25).

However, the boundary layer of flow in frequently branching
tubo; is much less than the tube radius. According to Schroter and
Sudlow (145) equation b may be rewritten to solve for an analogous

parameter, B by substituting Loundary layer thickness (r §) for radius.

B = té\/;'/_v- ‘ (6a)
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Boundary layer thickness for a glven steady tlow rate may be estimated

according to Pedley ct al, (119),

e
r 8= (2 u x/plo) , (7) )

wiere x is the axfal distance (ecm) downstream from the bifurcation, and
Uo tg the pas velocity (cm/sec) in the core of the tube (e.g. outside

the boundary layer). Assuming Uo —~ average velocity (U1), equations

6a and 7 are combined to give =

B - (2 wx A/\'/)'5 (8)

-

where A {s the cross scctional area (cm2) of the tube and V = A * U,
Since rd<<r for most of the bronchial tree (119), the assumption Uo = G
introduces only a slight undercstimation of B . Note that equition 8
must be replaced by dquation 6 when ré-=r . A comparison of these two
equations reveals that the effect of periodic flow on resistance in fre-
quently branching tubes differs in several respects from its effect on =
resistance to fully developed laminar low. The term, B | is independent
of pas physical properties, In a given airway generation, B varies
inversely as the square root of flow rate, and increases with distance
from the bifurcation, Thus, those parameters which increase bronchial
resistance by promoting a thin boundary layer also cause this resistance
.

to be less affected by flow oscillations,

The solution of equation 8 ftor 2 to 8 mm afrways in Weibel's

lung model (A‘x % 4) allows several predictions of the effect of perlodii//’

. [
flow on bronchial resistance (Table 2). At + .5 lps, resistance is |

unintluenced by frequency (B<1) to 10 cps. At & cps, B<1 when V> .2

Ips, but at 50 and 100 ml/sec, values of B are 2 and 1,41 respectively,

~
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Accardingly,:thc resistance measurements reported {n sections A and

B are equivalent to steady flow resistance {f cquation 8 |, derived from

a human airway model, applies to the bronchial tree (n living human and
dog luggs. The similarity of R)p measurements at 4 cps and at resonant
trequency confirmthis/prediction for the dog (see Scction A.3), It
should be noted that {f rquatfion 8 slightly underecstimates the effect

ot periodic flow on human bronchial Yesistance, p-v curves during oscil-
lation would bLe more linear than during steady flow, and the effect of
flow rate (K2,'a') on resistance to steady bronchial flow would be under-
estimated (see Section B,4), In man, total pulmonary resistance is in-
dependent of frrquency to 5 cps, and decreases slightly at higher frequencies
due to parallel RC fnequalities (81). Since asynchronous ventilation {is
greater during dense gas breathing (see Section C.4), the effect of gas

density on bronchial resistance may be underestimated at higher breathing

frequencies.

2. Estimate of Regfonal Resistance From Regional Lung Expansion

In order to make a quantitative prediction, a linear relation-
ship between lower alrway conductance (Glaw) and over-all lung volume
wag defined by zero conductance at minimal air volume (20% TLC) and 1.67
(Gpaw — 1/0.6) at FRC (50% TLC), Thus % TLC = 18 Gjay + 20. This re-
gression closely approximates published relationships between lower
pulmonary resistance (Rtp) and lung ;olume (157), where Rlp is about
+6 cm Hy0/lps at 50% TLC, For cach compartment in a two-compartment
model {n parallel, X TLC, = 36 Gjay + 20. Combining this latter equation
with the mean relationship between regional expansion at FRC and distance

(D cms) down the lung, (ref. 21 Table 3) the following equation was found:

"Glaw = 1.32 - 0.033 D, Thus knowing the distance down the lung for each

of the two compartments the corresponding resistances could be calculated,
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Howevér, as airways to upper (7.5 cm) and louc% (27.5 cm) regions
diverge e¢ssentially from the hilum, the portlnentwdlstances g&ll be
clbsvf to the hilum than to the corresponding regions. Values approxi-
mately one half wiy along the paths were arbitrarily considered to re-
Present the mean c¢tfect of regional expansion on resistance, Thus,

Ry = 1.1 cm Hp0/1ps (D = 12.5 cm) and R} = 1.7 cm H,0/1lps (D = 22.5 cm).

3. Distribution of Inspired Gas in a Two-Compartment lLung Model

a. Constant (low. ™Neglecting inertia, the distribution of
a constant flow (Vs) to each of two parallel visco-elastic pathways of
a lung model (Fig. 36) may be calculated according to equation 10 of

Pedley et al (122),

. . C . -Bt
Voult) = Vg U+ Vg A exp (9)
C, + )
/
where A - (RiCy - RyCY/(Ry + Ry) (Cy + C1)

B = (Cy + Cy)/CyC1(Ry + RY)

u, 1 denote upper and lower compartments

C is the compliance of the volume elastic elements (1/cm Hy0)

R is the resistance of the parallel conducting parts (cm H,0/1ps)

and Vgult) is the instantaneous flow (1ps) in the upper pathway at a time,

t seconds, after the start of V, (lps).

. . C N "Bt
Vs‘(t) = Vg 1 - Vg A exp (10)
C, + Cl

The instantaneous flow in the lower compartment, V,(t) is similarly:

~
.
~

N

The volume of the upper compartment as 8 function of time (Vg,(t)) is

obtained by integrating equation 9 and assuming V_,(0) = 0:

. -Bt
, Vault) =V, [——Eﬂ:—— - 5(exp ‘li] (11)
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‘and similarly for the lower compartment:

] t M -
val(t) =V, Cl + _A_.(e)tpji‘)Bt -1) o (12)
. . c,+¢C - B ,
The disr}/rl‘ﬁuclon ratio of gas to the two compartments between
’, » -
time t; and t, lJ then given by: -
. ] - o
v
\lsu = _gu(t2) - Vsu(tlz (13) )
Vel Vs1(t2) - Vgi(ey) ‘

which can be solved using equations 11, 12 and known values for t; and t;.

. b, Ramp flow., Fquation 9 may be normalized for a unit step

flow input and written:
., . ¢ -Bt
o Vsu(t) = u + A exp (14)

CU+C1'

The unit step responge ig jntegrated to determine the response to a unit
L4

ramp flow {nput (\'lr). For any ramp input of slope M lpsz, we multiply our

A

result by M, ) ®

. . t C -Bt
3 . Veult) = M u + A exp de (15)
Cu + Cl

I~ where ;'ru(t) is the instantaneous flow in the upper pathway in response to

a ramp flow input. Also V_ (0) =0, so

’ /
: ct -Bt
‘ v () =M u - Alexp™ 7-1) (16)
L+ C B

Similarly the flow response in the lower compartment (\.lrl(t)) is given by

. < t -Bt ¢
Vrl(t) =M ¢ + Alexp -1) (17)
C, + Cp B

The volume of the upper compartment as a function of time

Y. (Vgeu(t)) is found by integ‘rnting equation 16 and assuming V,,(0) = O:

o

2 -
‘ ' Vru(t) = M Cut + Az(exp Bt + Bt-l) (18)
Z(Cu + Cl) B
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and similarly the volume of the lower compartment (V. (t)) is:

2 -
Vep = M Clt - —A-(exp Bt + Bt -1) (19)
22()" + Cl) 82

The digtribution ratio of gas e the two compartments between time tl

and t, is then given by:

v
!ig - Vr"(tz) - ru(rl)

Vrl Ver(ty) - vippley)

(20)

Equation 20 was solved for the distribution of -the second 100 ml in
our model, using.equations 18 and 19 and the following values of M,
t) and t,. M was determined for each flow rate, defined as the average

flow (V) during the bolus distribution,

Vp = Mt
-
so V =M (tl + tz)
2
and M = 2V
- S 21
also V_ = Mtz
T

3

Therefore, the time t) for the first 100 ml to enter is \’.Z/H
and t, for the first 200 ml to enter is \LQ/H or "2 ty. Substituting
in equation 21:

.2
M= 3,4343 V
It should be noted that this value of M is specific for the digtribution
of the second 100 ml inspired, and M must be recalculated to solve for
the distribution of other portions of the inspirate,
The solutions for equation 13 and 20 are compared in Fig., 26
< -
and discussed in Sectibn C 4, As ty— 0 of equation’'20, then(tz - tl)
approaches zero as well. Accordingly, equation 20 can be written using

~

partial differentials,
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dvru y
Hm Yey = “dt_, dt = Z_g (22)
t2".0 Vrl d:tl » dc {,l’l
t

The 1imit of equation 22 as t 0 {s found by substftuting in cquations

16 and 17 and using 1 'Hospital's rule, which yields

m Vru - Ry
t-0 VvV Ru

Comparison of equation 16 with oquatioh 11 and of cquation 17 with equa-

tion 12 reveals that their only difference is the dimension of the constant,

'

M. That ig, the [low response to a ‘ramp tlow Input is of the same form as
&
the volume response to a step input. Therefore,
er = vSll
Vrl Vsl

It follows that the limit of equation 13 as t—0 {s fdentical to the limit
of equation 20. The limits of these same eguations as t-»00 are obtained

from equations 11 and 12,

lim vsu = Sg
t-— 0 Vsl Cl

and from equations 18 and 19,

tim Vru = Eg 0
t— o th Cl

Accordl}gly, the distribution of both step and ramp flow is proportional
to compliance as t—ov and inversely proportional to resistance as t—0
(see Figure 26).

c. Experimental flow., The mathematical description of the

' experimental flow-time pattetn.obseerd during the experiments described
in Section C (M - 80 lps2 followed Qy a constané flow) was difficult, so
an clectrical analogue of the lung model was construcrted, In addition to
providing the solution, analysis of the response of the analogue

proved instructive regarding the mechanism of parallel distribution

4

of gas inspired during a change in V;. The analogue studied is sche-
matically 1lluscrated in Fig. 36 adjacent to the corresponding mechans

ical lung model. Upper and lower pulnon‘ry pathvays are analogous to
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)
two-resistor (R) - capacitor (C) circuits in parallel. When the
switch 18 closed (t = o), a current (1) analogous to a flow (Q) is
applied to the network, and the charge (Q) on each capacitor at any

time after t  1s analogous to the volume change 07 each region, This
may be calculated, from the measured voltagé acqu; each capacitor (V.),
since Q - V. ,C. The parallel capacitors are hpprox{mately equ;l and
have the equivalent mechanical dimension of .1 l/cm Hy0. The parallel
resistors are unequal and scaled to the equivalent mechanical dimensions
of 1.0 (R,) and 1.8 (3}) cm Hp0/1ps. The lower panel ot Fig. 36 {1lus-

trates the response of the network to a constant current input (1Is),

so the following description and explanation are completely analogous

to the regponse of the lung model to a constant flow. ‘

Upon clogure of the switch, ch (upper solid line) increases
more rapidly than V| (lower solid line). Both lines are curvilinear,
the upper being concave and the lower being convex to the time axis,
such that each becomes parallel to the daghed line of identical filling
at about 500 msec. (not shown in figure). Thus, the ratio of the voltages
in the parallel circuits (broken line) is initially about 1.8 and.decreases
with time to approach a value of 1.0 beyond 500 msec. The parallel dis-
tribution of a portion of the charge distributed between t} and t, is
given by the ratio: (Vg (ty) - Ve (1)) (Vep(ty) - Vep(tp)). 1Inm mechanical
units, the distri{bution of the second .1 litre inspired at a constant flow
of 2 lps occurs between 50 msec, (t; = .1 litres/2lps) and 100 msec, (té =
.2 litres/2lps). From Fig, 36 , the distribution ratio is (.8 - .4)) (.56 -
.26) or 1.33. At .2 lps (t; = 500 msec,) the parallel increase in V

and V. gives a distribution ratio of 1.0, Thus, more of the bolus {s

distributed to the upper region at 2 lps than at .2 lps.

<.
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Schematic diarram of an electrical analog (upper left) of a two compartment
1une model (upper right), Each parallel vathway in the lung model consists
of a conductine element havine resistance (I, R[) in series with a volume
elastic element havinp compliance (Cu, CL). Thesa are analopous to twoelec-
tronic resistance-capacitor circuits arransed in parallel, Upon c}osure of
the switch; a constant current, Is, analogous to a constant flow (Vs), is
applied to the network,

The measured response is plotted in the lower panel: 1left ordinate is
voltage on the equal capacitors, analogous to volume change in the two com-
partments of the lung model; right ordinate is the ratio of circuit voltares,
analoyous to the ratio of regional volume changes; and time following the
switch closure is on the abscissa, Initially, repional current is inverse-
ly proportional to regional resistance, but this transient departure from
elastic equilibrium decays according to the time constant, R'C', until cur-
rent is distributed according to the regional capacitors, (For full des-
cription,.see appendix), ‘ .
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This response of the network, hoacc of the lung model, i3
explained as follows. Belore the switch Is closed, the parallel
circuits are balanced (V_, = V 1), The instant the switch {s closed,

Ig divides according to the parallel resistors, so that I, = 1.8 1y.
Accordingly, V., transiently increases more rapldly than V.;, and the
voltage drop acioss R, decreases relative to that across Ry. This is
rquivalent to saying that 1, decreases with time until I, - Il' There-
after, I, i{s ecqually divided according to the cqual capacitors, which
subsequently till synchronously. Thus, a dynamic balance of the parallel
circuits is established where V_, exceeds V. ;. The time constant of

the transi'cnl: is R'CY, where R' is the addition of R, and Ry in serles
and C' is equivalent capacitance of C, and Cj in series. Thus, R'C!

is the time constant of a transient current from C, through R, aad Ry

to €y, and is the reciprocal of B in equations 9 - 19. What Is actually
happening in mechanical terms {s a transient overinflation of the upper
region that elevates Pel, above Pelj. This pressure difference redis-
tribﬁtes ;he inflow away from the upper region toward the lower region.

Although the transient duration is independent of bl; 01 in-
fluences the time it takes for a bolus to reach the lobar bronchi. For

'

a given average V;, this time is longer for a ramp than for a constant

’
flow. Since this gives more time for the exponential terms in equation

18 to die out, one might expect the ramp response to reach the compliance
determined lim{t at lower {lows than the step response, However, results
trom the model prove the opposite (Fig. 26), presumably because the rising
{low of the ramp input continuously applies a new driving level to the
system. Although the transient terms of cquation 18 die out exponentially,
the MAt-terms do not. These components represent the response to the

~B
changing drive and result in the distribution of ventilation being sliightly
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more flow sensitive than during constant flow corffitions. Since our
experimental flow-time profile was a combination of a ramp and a step,
the response of the model to that profile was not detectably different

from the constant-flow response for the values used,

¢

4, Frictional Resistance to Flow Downstream from EPP

As discussed in Section F 4, the airway during forced expiration
is divided by EPP into upstream and downstream segments (103). Resistance
in thelse segments may be calculated as the ratio to V max of Pst (1) (Rus)
and P1 (Rds), Implicit in the considerations of Pride ot al (127) is a mrth}er
partitioning of the downstream segment into 1) a length5 sxtending mouthward
from the site of airway instability (flow lixniting segment - FLS) and
2) and a length betwsen EPP and FLS in which lateral intraluminal pres-
sure becomes negative with respect to pleuzzal pressure by an amount equal
to the threshold of elastic stability (Ptm') of the airvay {Fig, 37). At
the onset of flow limitation, the downstream driving pressure (Pymax) is
the sum of Ptm' and the resistive pressure drop (Pd*®) from the FLS to airway
opening., Accordingly, the inverse slope of the relationship between Pymax
and Vmax is the resistance (Rd') downstream from FLS, and the zero flow
intercept 1s Ptm', (provided Ptm' does not change with lung volume),

As shown in Fig, 38, the same linear relationships exists be-
tween PLmax and Vmax at all Idepths, indicating values for Ptm' of about
10 cm Hp0. These values are consistent with previous. estimates of Ptm'
(127). The fact that downstream resistance was apparently independent
of gas densi‘f:y and flow rate implies a laminar flow regime, This is
quite surprising since Ry in large ailrways during Vmax are exceptionally
high., One possible explanation is that because Aso >> AEPP, PLmax under-
estimates the frictional losses downstfream from EPP by the amount of

pressure stored in gas velocity at EPP and converted to lateral pressure

Y
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FIGURE 37 ,
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Schematic i{llustration of airways pressure drop at onset of flow
limitation. Alveolar pressure (Palv) equals Pst(l) + Pymax. At
points (EPP) along airways where pressure losses equal Pst(1),
lateral intraluminal pressures equal PLmax, which drives Vmax
through downstream segment, Where lateral intraluminal pressures
become negative relative to PLmax by an amount equal to threshold
of elastic stability (-Ptm), flow limiting airways instabilicy

occurs (FLS). Thus, PLmax = Pd - Ptm.

-
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#s gas decelerates. This pressure (P ;) was calculated for each lumg
volume and gas dengity as follows:

SRR VI WO

Py =(p§mnx2/2g) ( 1/AEPP
The sum of P4’ and Pymax {s plotted against Vmax in Figure 39, {1lustra-
ting the expected increase in downstream' frictional resistance (Ry,)
with gas densgity.

The model provides one explanation for the relationship be-
tween Pymax and V. As lung volume decreases, Pst (1) decreases with
lung volume so that Gﬁai decreases even {f Rus ig independent.of volume
(103). To the extent that EPP remain in second or third generation
airways from 75 :0.251 VC, there 15 unlikely to be any major change
in Ptm or Rd. Since Pd = Qmax x Rdﬁthere will be a reduction in Pd'
corresponding to the reduction in bmax. It is less evident why Pipax
decreages at the same lung volume as gas density increases, but several
explanations are considered. 1i,) Because Vmax 1is fnversely related to
the gquare root of air density, any flow regime in the downstream segment
having less density dependence will result in a smaller Pd: Consider
as an extreme exaiple a laminar flow regime,

Pd = K uVmax
where K is a constant containing geometry of the downstream segment.
When Omax decreagses at increased ambient pressure, Pd decreases accordingly. -
At the opposite extreme is orifice flow,
Pd = K » Vmax
Now when Vmax is reduced by the square root of gas density, Pd’ remains

constant, For intermediate flow regimes, e.g, turbulence, Pd" must de-

crease as gas density increases. 1i,) If EPP move downstream as depth
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increases, the downstream segment gshorteng and Pd 1s reduced. 111.)
Ptel may be reduced as ambient pressure £;¢;enses due to alterations

in bronchial tone. 1t is not clear from this study which of these

mechanismg is operative. .
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CHAPTER V

CONCLUSTONS

Lower pulmonary resistance increased with gas density
and flow rate because the frequently branching pattern of the
bronchfal tree prevents prowth of laminar boundary layers. 1In
the dog, this mechanism of flow resistance prcdom(nates“ln the
- s¢pment proximal to 4 mm airways, but {n pcrlphernl'aziwayq where
Re<100, gas flow 1s laminar, Rather than two discrete flow repimes,
it is likely that flow péttrrns undergo a continual metamorphosis
as Re decrease hetween trachea and alveoli, Accordingly, airways
resistance is not described by any single fluid dynamics equation,
but may be cxplained by the general equation, R = K ¥2® pa pul-a
where 'a' reflects the propotrtion of inertial to viscous pressure
losses and varies between | and zero according to Re. To the extent
that periodic flow increased Ryp, neither the general equatton nor
Rohrer's ecquition were definitively tested. "
The pattern of regional redistribution of inspired gas
with flow rate supports an explanation based on regional time constant
differences. By increcasing parallel time constants through its effect
on lower pulmonary resistance, greater gas density increased the flow
dependence of regional ventilation, The dynamic departure of lung
“repions from their static elastic cquilibrium appears tolbe opposed
by forcri/gcneratod through the mechanical interaction of lung and
chest wall, Since {t occuréed at flow ratcs as low as 0.5 lps, such »
dynamic redistribution accounts for a considerable change from the
compliance determined ventilation of vertical lung regiong during

quict breathing., Similar {low dependence of gas distribution likely
a

occurs between parallel units of peripheral lung segments.
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Regional concentration differences influence the expired

concentration vs volume rclationship such that "closing volume" 1is
systematically underestimated when U/L< 2. Since the alvcolar‘platoau
was horlzgntal when U/L = 2, its upward slope tollowing a single
breath of oxygen probably represents sequential emptying of parallel
intraregional units having concentration differences>2:1. To the
extent. that all alveoli are the same size at TLC, the different con-
centrations probably arise from intraregional variations in alveolar .
slze at FRC, -

Gas density improved Lhé‘pulmonary exchange of oxygen by
reducing intraregional QA/Q vari;ncc. Although the distribution of
inspired gas may he influenced by differences in density dependent‘
time constants of parallel units, two other explanations are thought
more likely. Impaired inter-gas diffusion on SFg may incrcase stra-
tilfication of alveolar oxygen concentrations, thereby matching stra~
tified perfusion. Alternatively, by enhancing mechanisms responsible
for intraregional cardiogenic gas mixing, greater gas density may
raduce parallel inhomogemeity of gas tengions,

Maximum exercigse is limited by expiratory compression of
intrathoracic airways in/healthy subjects breathing air at depths in
excess of 4 Ata. This occurs primarily because the increased density
of gas flowing mouthward through a diminishing cross-sectional arcea
reduces the tlow rate at which flow limiting transmural pressures
develop across the airways. During submaximal exercise, CO, retention
develops as pas density increases because a greater proportion of the
work of breathing is required tolovorcome flow resistance. In these

two aspects healthy subjects breathing dense gas resemble patients

with obstructive lung disease. B
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