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Summary. Reinspired mixed dead space gas and Pendelluft may be con-
sidered to be part of a single process of interalveolar gas transfer. The effect
of interalveolar gas transfer on nitrogen clearance from a two chamber lung
model can be described by a single set of equations which hold for syn-
chronous, and series ventilation.

Interalveolar gas transfer may theoretically be either bidirectional or uni-
directional. Bidirectional transfer results in an underestimation of the effec-
tive ventilation and volume of the well-ventilated compartment when nitrogen
washout is analyzed by available methods. The volume of the poorly venti-
lated compartment is overestimated and its effective ventilation is usually
overestimated but may be correctly or underestimated as distribution becomes
more uneven. Unidirectional transfer has the same qualitative effect except
that the ventilation of the poorly ventilated space is always overestimated.
The distortions produced by both types of gas transfer become less marked as
ventilation becomes more uneven.

Nitrogen washout data from a model consisting of two rubber balloons con-
neceted with a Y tube agree well with the mathematical predictions. Applica-
tion of the theory to data obtained from patients with advanced chronic ob-
structive lung disease suggests that estimates of the functional residual ca-
pacity and of the volume and ventilation of the poorly ventilated spaces are
not greatly affected by interalveolar gas transfer when nitrogen washout is

analyzed by usual methods.

Introduction

Pendelluft is a term used to describe the hypo-
thetical transfer of alveolar gas between groups
of alveoli with different mechanical time constants
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and consequently asynchronous ventilation. The
mechanism by which Pendelluft may occur has
been described in detail by Otis and coworkers
(1). Although Pendelluft has not been demon-
strated, convincing evidence has been presented in
favor of the occurrence of widely varying mechani-
cal time constants in the lungs of patients with
obstructive lung disease (1, 2).

It is evident from the anatomy of the lung that
alveoli contributing gas of different composition
to a common dead space on expiration must re-
inspire part of this gas mixture during the follow-
ing inspiration even if ventilation is synchronous.
Thus both Pendelluft and inspiration of common
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DIAGRAM OF THE SEQUENCE OF THE MECHANI-
CAL EVENTS OF A TWO COMPARTMENT EXPERIMENTAL MODEL
DURING A RESPIRATORY CYCLE. The two compartments are
out of phase so that the gas transfer between the two
compartments occurs during each phase of a respiratory
cycle (see text).

dead space gas are part of the same general proc-
ess, namely the transfer of gas between groups of
alveoli.

The purpose of the present study was to investi-
gate the effect of Pendelluft and of mixed dead
space gas on the clearance of nitrogen in a two
compartment mathematical model and a two com-
partment alinear experimental model and to con-
sider the possible errors that arise when clear-
ance curves of nitrogen are used for estimating
uneven ventilation of the lungs.

Methods

Theory. Let us consider the model of Otis (1), in
which two balloons of different compliances are venti-
lated cyclically through a Y tube whose limbs have un-
equal flow resistance. Over a wide range of ventilatory
frequencies the flows and tidal volumes will be out of
phase in such a manner that the elements with greater
product of resistance and compliance will lag behind the
other balloon in relation to the events at the “mouth.”

Fig. 1 diagrammatically represents the sequence of gas
flows in such a model during a ventilatory cycle. Bal-
loon L. lags behind balloon L. Now assume that the
model originally contained 80% nitrogen and the nitrogen
is now being washed out by ventilating the model with
100% oxygen. Since L, receives a smaller proportion of
the effective ventilation in relation to its volume than L,,
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the washout of nitrogen from L, will be slower than that
from L. At the onset of inspiration (A4) at the outlet,
L, is still expiring. L, thus inspires its own dead space
nitrogen, Pendelluft from L, with a higher nitrogen con-
centration, and a large proportion of the common dead
space which contains nitrogen from L. of the same con-
centration as the Pendelluft. It is even possible that L,
will inspire all of the common dead space gas; this will
depend on the relative size of the dead space, the size
and shape of the tidal volume curve for L, and the de-
gree of the phase shift between the two balloons. Thus
when L, begins its inspiration (B), it receives nitrogen
from its own dead space but may receive little or no ni-
trogen from the common dead space. From (B) to (C)
both balloons are receiving 100% oxygen. When expira-
tion begins at the common outlet (C), L, is expiring but
L, is still inspiring and during this time Pendelluft from
L, to Ly occurs. But before any nitrogen-containing gas
can reach L., oxygen must first enter L;, in an amount
at least equal to the volume of the separate dead space
of L. When and if Pendelluft from L; to L, enters L,,
its nitrogen concentration will be lower at all times than
the concentration in L.. From (D) to (A) both balloons
are expiring and contributing varying amounts of ni-
trogen to the outside and the common dead space until
inspiration (A4) is again initiated.

Several conclusions are apparent from the foregoing
description : the phenomenon of asynchronous ventilation
tends to increase the dead space ventilation and decrease
the effective ventilation of the better ventilated balloon
L, and to decrease the dead space ventilation and increase
the effective ventilation of the more poorly ventilated
balloon L.. The same conclusions would apply for ni-
trogen washout or steady-state, room air breathing, if
the balloons were in reality two dissimilar groups of al-
veoli with different ventilation perfusion ratios.

Now assume that the model in Fig. 1 is being continu-
ously ventilated, initially with room air and then with
100% oxygen (open circuit nitrogen washout for con-
tinuous ventilation). Let x =the concentration of ni-
trogen in L, at any time, ¢, during 100% oxygen breath-
ing, y = the concentration of nitrogen in L, at any time,
t, during 100% oxygen breathing, Li, L. = the volume of
the compartments in liters, VA;, Va:=the effective ex-
piratory ventilation of L;, L, in liters/minute, VE = total
ventilation leaving the system in liters/minute, Vp,=
the rate in liters/minute, at which gas enters L, from L,
as Pendelluft and/or from the common dead space, and
Vps =the rate in liters/minute at which gas enters L,
from L, as Pendelluft and/or from the common dead
space. VAl/Ll = k1, VAz/L2= kz, sz/Ll = ps, and VP1/
L:;= p.. Then the rate at which the amount of nitrogen
is changing in L; and L, during washout is equal to the
rate at which nitrogen enters minus the rate at which
nitrogen leaves each space, or

Ldx/d¢
Lodx/dt

= Vpgy — Vaw (1)
= Vpix — Vasy. (2)

Dividing equation 1 by L, and equation 2 by L. and sub-
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stituting ki, ksz; p1, ps gives: '
dx/dt = p1y — kix | (3)

dy/dt = pax — key. 4)
fhen it can be shown that

x = Ciemt 4 Cremst ' (5)

y = Ciemt 4 Cem, (6)

where at ¢+ =0, ¥ =y=Xo=7Y,=the initial concentra-
tion of nitrogen hereafter defined as Fny and e is the
base of the natural logarithmic system, and

myms = (H)[— (k1 + k2) £ V(b1 — k2)* + 4 pip:]
C1 = FNgy(ky + ms — p1)/(ma — my)
Co = FNgo(pr — my — k1)/(me — my)
Cs = FNgy(ks + ma — p2)/(me — my)
Cy = FNgy(p2 — my — k2)/(mz — my)
for kl # kz.

The use of the terms Vp, Vp: should be further clari-
fied. If ventilation is synchronous and there is no
Pendelluft, Vp:, Vps will represent the flow rate of gas
transferred between L; and L. as a consequence of rein-
spiring the common dead space mixture. Vp;, Vp:
can then be determined if the size of the common dead
space, the fraction of the dead space contributed by L,, L,,
and the fraction of the dead space mixture inspired by
L,, Ly are known. Vp;, Vps may also be used to repre-
sent the flow rate of the Pendelluft alone in the absence
of a common dead space or the combined flow of Pendel-
luft and dead space gas as determined above.

It should also be noted that Vpi, Vp: cannot exceed
Vas, the lesser of the two effective ventilations. If
Vp1=Vps=7Va, all the ventilation to and from the
poorly ventilated balloon, Ls, must first pass through the
well-ventilated balloon, L;, This of course would mean
that L; and L, are ventilating 180 degrees out of phase
much as the lungs would be during paradoxical respira-
tion due to chest injuries. Furthermore this special case
is an example of “series ventilation,” and nitrogen de-
cays in exactly the same way as in the model analyzed
by Robertson, Siri and Jones (3). Since Vp.=Vp:=
Vae, p1 will equal ks, ps is the same as Robertson’s con-
stant ks, and our constant k: is equivalent to Robertson’s
k1 + ks.  Substitution of these factors into the expressions
for m and C in equations 5 and 6 gives the same solu-
tion for “series ventilation” as that described by Robert-
son, Siri, and Jones.

Thus equations 5 and 6 are a general solution for the
decay of nitrogen in a two compartment system with
asynchronous, “parallel,” or “series ventilation,” with or
without dead space effect.

The equation for mixed expired concentration (FEn,)
at any time £ is:

Fin,, = [(Va; — Vp1)(x)/VE] . . .
+ [(Va: — Vp2)(9)/VE] ()

This is contrasted with the usual “parallel ventilation”
equation (Vp=0) for mixed expired nitrogen, which
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for a two compartment system is:
FEn,, = [FNpVaie it 4+ FrgVae *#]/VE.  (8)

When data from a washout are plotted against time on a
semilogarithmic scale and the separate exponentials are
found and extrapolated to zero time, the intercepts ([,
I,) and turnover rates (ki, k) can be used to calculate
VA, Vasand Ly, La from:

Van Vg = (InI2)(VE) /(Fia,) )
Ly, Ly = (InI)(VE)/(FNyg) (ko). (10)

If there is Pendelluft and/or reinspiration of mixed dead
space gas and the data from a washout are analyzed ac-
cording to equations 8-10, the apparent ventilations and
volumes will be given by:

apparent
Vai = [(VA; — Vp))Ce + (VA2 — Vp2)Cil/FNyy  (11)
apparent
Var = [(VA1 — Vp)Ci + (Vaz — Vpo)Cil/Fsy  (12)
apparent L, = equation 11 + (—mz) (13)
apparent L, = equation 12 + (—m). (14)

Further consideration of the events represented in Fig. 1
suggest another possibility: if L, inspires all of the com-
mon dead space gas and if the phase shift, the tidal vol-
ume of L, and/or the Pendelluft from L, to L, are small
enough, then gas from L, will not enter L,. This means
that gas transfer between the compartments is unidirec-
tional and Vp.=0. When Vp: and hence p.=0, equa-
tions 5 and 6 are reduced to:

% = FNog[1 — (Vpa/L1) (ks — ka)e 1]
+ FNog(Vpa/Ly) (ks — E2)e™k2t (15)

y = Frge ke, (16)

indicating that the nitrogen in L; decays as the sum of
two exponentials and the nitrogen in L. decays as a
single exponential. Then, in a manner similar to that
for derivation of equations 11-14, the apparent volumes
and effective ventilations are given by:

apparent VA, = Va; — Vpg[ki/ (kb — k)] (17
apparent L, = equation 17 + k; (18)
apparent VA; = VA, + Vps[ki/(k: — k2) — 1] (19)
apparent L, = equation 19 + ks, (20)

where k; # ks and the fraction k,/(k, — k2) > 1.

The results of five hypothetical washouts with bi-
directional gas transfer are shown in Fig. 2. Vp =
Vps = 0.5 liters/min, Vai =35 liters/min, Va,=1 liter/
min and the sum L,+ L. is constant at 6 liters. L. and
L. are varied in each washout thus causing ki, ks and p,,
pa to vary. If the washouts were analyzed in the conven-
tional manner, both the volume and the effective ventila-
tion of the well-ventilated compartment L, are always
underestimated. VAs, however, is usually overestimated ;
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F16. 2. EFFECT OF BIDIRECTIONAL GAS TRANSFER (WHERE
Vp:=Vp:) ON THE APPARENT VOLUME AND VENTILATION
OF EACH OF A TWO COMPARTMENT MATHEMATICAL MODEL.
In each case the squares and circles represent actual val-
ues. The dots at the tip of the arrows represent the ap-
parent values. Each pair of letters, i.e. aa, bb, etc., rep-
resents the results of a single hypothetical washout.

but as the distribution of ventilation becomes more un-
even, VA: may become slightly underestimated. L. is
overestimated, but only minimally, when the distribution
of ventilation is very uneven. The total effective ventila-
tion, Var, will be underestimated by the sum Vp, + Vp..

Fig. 3 is constructed similarly to Fig. 2, but gas trans-
fer is unidirectional from L, to L, The values of the
parameters in each of four washouts are the same as
above except Vp:=0. Again Va, and L, will be under-
estimated. Va: and L. are both overestimated. The er-
rors become worse as distribution becomes more even.
Va: is underestimated by an amount equal to Vp.. k; and
ks as well as LT would be correctly estimated. The effects
are also apparent from an examination of equations 17-20,

All the preceeding theoretical considerations apply to
a model with linear properties. In actual practice how-
ever, we are frequently concerned with analyzing non-
linear systems such as the human lung. Therefore an
alinear physical model was constructed and its behavior
was studied during nitrogen washout.

Experimental model. Two ends of a metal Y tube of
% inch internal diameter were fitted with two Statham
pneumotachographs (Statham Instruments, Inc., Los An-
geles, Calif.; flow linear from 0 to 150 liters/min), as
shown in Fig. 4. The two free ends of the pneumotacho-
graphs were in turn fitted with rubber anesthesia balloons
L, and L., which had capacities of 5 and 15 liters re-
spectively. “Capacity” refers to the volume of gas each
rubber anesthesia bag can hold before the rubber starts
to stretch. In addition the balloons are constructed so
that the rubber at the four seams of each balloon is al-
most twice the thickness of the walls of the balloon.

IVAN SAFONOFF AND GEORGE E. EMMANUEL

- 6.0 olL2,VA2

< oL ,va

g 50 -

g j’ j'

N

- a b c

o 4.0 d

4

<<

3 ed

b z 3.0

z g

E e

< 5 2.0 e

£ E /d

2

w c b a
-4

: = 1.0 - / O

>

-

(8]

uw_ L T T 1§ T

u“-‘ 1.0 2.0 3.0 4.0 5.0

VOLUME OF Lj AND L2 IN LITERS

F16. 3. EFFECT OF UNIDIRECTIONAL GAS TRANSFER
(WHERE Vp; =0) ON THE APPARENT VOLUME AND VENTI-
LATION OF EACH OF A TWO COMPARTMENT MATHEMATI-
cAL MODEL. In each case the squares and circles represent
actual values. The tip of the arrows represent actual
values. Each pair of letters, i.e. aa, bb, etc., represents
the results of a single hypothetical washout.

These properties result in alinear compliance. All fittings
were composed of sections of thick walled, wide bore
rubber tubing so that the balloons and pneumotacho-
graphs could be easily removed and replaced. An ob-
struction was inserted in the arm of the Y tube holding
the 15 liter balloon, a rubber bottle stopper with a bore
hole varying in diameter from ¥ to & inch. A narrow,
ragged, untapered bore in the rubber bottle stopper was
used to create nonlaminar flow and alinear flow resist-
ance. The total volume of the “dead space” of the model
was 300 ml and that of each limb 100 ml. The model was
ventilated by a Bird Mark 7 respirator (Bird Corp. Ltd.,
Richmond, Calif.). Initially the model was ventilated
with compressed room air. At the end of an expiration
at the common outlet clamps were simultaneously placed
at the junction of each balloon with the pneumotacho-
graph as well as at the junction of the common dead
space of the model with the Bird respirator. The res-
pirator was then flushed with 100% oxygen and recon-
nected to the model and the nitrogen washout study was
performed. 30-sec samples of mixed expired gas were
collected and analyzed for nitrogen concentration by a
method previously described (4). During the experi-
ments sampling needles connected to the nitrogen meter
were inserted in the orifices of both balloons so that the ni-
trogen concentration of the mixed expired gas and the con-
centration of nitrogen at the outlet of each balloon could
be alternately measured. A continuous record was made
of air flow and tidal volume obtained by electrical inter-
gration of the flow signal of each balloon.

Calculations. The log of the nitrogen concentration of
the 30-sec mixed expired gas samples was plotted against



THE EFFECT OF PENDELLUFT AND DEAD SPACE ON NITROGEN CLEARANCE

time on the x axis. The volume L. and effective ventila-
tion Va: of the large balloon were calculated according
to equations 9 and 10. The total volume Lr was calcu-
lated by the method described by Emmanuel, Briscoe, and
Cournand (5). The total effective minute ventilation
(Var) was determined by subtracting the ventilation of
the total dead space (Vp) from the total expired minute
ventilation VE. The volume, L., of the small balloon was
determined from the difference between the total volume
of the model and the volume of the large balloon. The
effective ventilation, Va;, of the small balloon was simi-
larly determined from the difference of the total ef-
fective ventilation and the effective ventilation from the
large balloon. Pendelluft was measured from the simul-
taneous record of the separate tidal volumes.

RECORDER N2 METER

SAMPLING
NEEDLES

BIRD
RESPIRATOR

PNEUMOTACHOGRAPHS
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The expected or actual values of effective ventilation,
Var+ Vas were estimated from the records of tidal
volume and tidal nitrogen concentration of each balloon.

Results

Fig. 5 represents the simultaneously recorded
tidal volume of each balloon in one of the studies.
The height of the shaded triangles is the volume
of the Pendelluft and the base of the triangles
equals the time in seconds that Pendelluft occurs.
The small upper left hand triangle represents the
Pendelluft going from L, to L,, and the other
larger triangle the Pendelluft in the opposite direc-
tion, L, to L,.

S

—= TISSOT-=

ALTERNATE BALLOONS - O

EMPTIED AT HALF
MINUTE INTERVALS

~——METAL DEAD SPACE

’—OBSTRUCTION

SMALL AND LARGE RUBBER ANESTHESIA BALLOONS

F16. 4. DIAGRAMMATIC REPRESENTATION OF A TWO COMPARTMENT EXPERI-
MENTAL MODEL CONNECTED IN PARALLEL AND VENTILTED BY A MARK 7 Birp
RespiraTor. Mixed expired gas is collected into a two balloon sampling sys-
tem and emptied into a Tissot gasometer alternately at half-minute intervals.

The dead space of the valve connected to the two balloons is 60 ml.

One of the

two sampling needles connected to a 300 AR nitrogen meter through a three-
way stopcock is alternately inserted in the orifice of each of the two rubber
anesthesia balloons and in the outlet of the common dead space, the other re-
maining in the mixed expired side of the two balloon system. Air flow was de-
termined by the pneumotachograph placed between the orifice of each balloon
and the common dead space and tidal volume determined by electrical integra-

tion of the flow signal.
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Fic. 5. SIMULTANEOUS RECORD OF TIDAL VOLUMES OBTAINED FROM ELECTRICAL INTEGRATION OF THE FLOW SIGNAL OF THE
PNEUMOTACHOGRAPH OF EACH BALLOON OF A TWO COMPARTMENT EXPERIMENTAL MODEL SHOWN IN Fic. 4.

It can be seen that the quantity of Pendelluft
is dependent not only on the phase difference and
size of the tidal volume curves but also on the
relative length of inspiration and expiration and
on the shape of each curve during the time Pen-
delluft is occurring.

Nitrogen changes at three points in the model
are shown in Fig. 6 and explained in the legend.
The concentration of nitrogen at the time nitrogen
reached a good plateau on expiration was used to
plot the decay curve of each balloon.

The decay curve of nitrogen in the mixed ex-
pired air and the decay curves of nitrogen in each
balloon during the same washout are shown in
Figs. 7A and 7B respectively. The slow phase of
nitrogen elimination is parallel in both balloons
and the mixed expired gas, as expected. It can
also be seen that the well-ventilated balloon, L,,
contains significant amounts of nitrogen during
the washout which may almost equal the concen-
tration of nitrogen in the mixed expired air.

The results of nine nitrogen washout studies
are shown in Table I. Studies 1 and 2 are dupli-
cate washouts and indicate that the results are
reproducible. Slow ventilatory frequencies were
chosen in order to maximize the possible difference
between cyclic ventilation and the assumption that
ventilation is continuous. Despite the alinearities
of the system and the slow cyclic ventilation, the
estimated values of volume and effective ventila-
tion agree fairly well with the theoretical pre-
dictions. In studies 1-7 gas transfer was con-
sidered to be only from L, to L, for the reasons
already described. Va, and L, tend to be slightly
overestimated and VA, and L; significantly under-
estimated. Where gas transfer is bidirectional in
studies 8 and 9, Va; and L; are again underesti-

mated. Va, is very slightly underestimated, as
suspected. L, is insignificantly underestimated.
Since distribution of ventilation is very uneven
in all of the studies, the errors in estimating VA,
and L, are not large, and reasonably good esti-
mates of Ly can also be made. The distribution
of ventilation was purposely kept uneven to avoid
the introduction of other errors discussed by Nye
(6).

Data m patients with chronic obstructive lung
disease. Nitrogen washouts were performed in 18
people with advanced chronic obstructive lung dis-
ease. The diagnosis was based on history, physi-
cal examination, X-ray examinations, and the
presence of abnormally low values for maximum
breathing capacity, timed vital capacity, and maxi-
mum expiratory flow rates in all patients. Nitro-
gen washout was performed and analyzed by meth-
ods similar to those used for the model. The
data obtained from nitrogen washouts, as well as
the results of some of the other pulmonary func-
tion studies on these patients, are given in Table
II.

For the purpose of the present discussion only
the average values of volume and ventilation need
be considered. The following assumptions are
made. (@) After correction for nitrogen elimi-
nated by the tissues, the so-called “slow space”
is a group of alveoli that behave homogeneously
with respect to their elimination of nitrogen. The
volume and effective or alveolar ventilation of this
group of alveoli are referred to as L, and Va,,
respectively. (&) The “fast spaces” are here also
considered to behave homogeneously. The vol-
ume and alveolar ventilation of these “spaces” are
referred to as L; and VA, respectively. (c) Ven-
tilation is continuous. The validity of these as-
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sumptions have been discussed at length in the comparison between parallel and asynchronous
literature. (d) The initial concentration of nitro- ventilation.

gen is equal to 80% throughout the lung. This To assess the effect that gas transfer between
assumption does not significantly influence the the groups of alveoli might have on the parallel
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F16. 6. COURSE OF THE CHANGING NITROGEN CONCENTRATION DURING NITRO-
GEN WASHOUT IN THE EXPERIMENTAL MODEL. A, The constantly rising exipra-
tory nitrogen concentration at the common outlet (mouth). B, Nitrogen con-
centration recorded at the junction of the small balloon with its own dead
space. On expiration nitrogen concentration rises sharply to a plateau value
which represents the concentration of nitrogen within the balloon. With onset
of inspiration the plateau continues momentarily (reinspired separate dead space
gas) then nitrogen concentration rises sharply to a peak which gradually falls
to zero. This large increase in inspired nitrogen is caused by gas transferred
from the large balloon. C, Nitrogen concentration recorded at the junction of
the large balloon with its own dead space. Nitrogen concentration rises
sharply to a plateau equalling the nitrogen concentration within the balloon.
After the balloon reinspires its own dead space gas, nitrogen concentration
falls to zero,
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Fic. 7. TIME COURSE OF NITROGEN ELIMINATION IN THE EXPERIMENTAL MODEL. A, The semilogarithmic plot of
mixed expired nitrogen and B, the semilogarithmic plot of nitrogen in each balloon.

TABLE I

Data on ventilation, Pendelluft, and volume in the experimental model

Pendelluft
Study F VE Vay Va, L, L, Lr LitoLy Lyto Ly
liters/min liters liters/min
1 6 10.44 M 8.42 M 1.90 M 4.64 M 16.41 M 21.05 0.30 1.38
WO 6.32 WO 2.32 WO 3.79 WO 18.15 WO 21.94
2 6 10.36 M 8.38 M 190 M 4.67 M 16.54 M 21.21 0.32 1.41
WO 6.24 WO 2.32 WO 3.16 WO 18.34 WO 21.50
3 6 9.44 M  6.52 M 2.04 M 4.56 M 16.14 M 20.70 0.33 0.99
WO 5.60. WO 1.97 WO 3.86 WO 16.96 WO 20.82
4 6 11.43 M 9.22 M 179 M 4.73 M 16.15 M 20.88 0.34 1.04
. . WO 7.74 WO 1.89 WO 2.37 WO 17.06 WO 19.43
5 6 11.21 M 942 M 1.65 M 4.65 M 16.22 M 20.87 0.47 1.19
WO 17.62 WO 1.79 WO 3.04 WO 17.54 WO 20.58
6 6 8.40 M 479 M 4.18 M. 4.99 M 16.71 M 21.60 049 1.88
WO 1.98 WO 4.62 WO 1.46 WO 18.48 WO 19.94
7 12 14.95 M 11.56 M .81 M 4.99 M 16.28 M 21.27 0.35 0.67
WO 10.54 WO .81 WO 4.57 WO 16.22 WO 20.79 :
8 10 15.55 M 11.73 M 4.78 M 5.20 M 16.76 M 21.96 2.37 1.59
WO 7.82 WO 4.73 WO 4.30 WO 16.58 WO 20.88
9 10 14.94 M 12.09 M 4.16 M 499 M 1594 M 2093 2.24  2.07

F, ventilatory frequency; M, measured ‘‘actual” value (see text); WO, estimated from washout data.
symbols are as defined in the text.

Other

VE, minute expired ventilation; VA; and Va,, effective expiratory ventilation of the

well and poorly ventilated balloons respectively; L, and L,, the volume of the well and poorly ventilated balloons re-
spectively; Lz, the total volume of the two balloons.
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TABLE II

Data obtained in patients with chronic obstructive lung disease

Study  Age Subject Ve Vas Va, L, L Lr MBC L:/Lt Saos Pacos
liters/min liters iiters/min % % mm Hg
1 55 T.V. 10.5 0.69 5.0 3.30 2.18 5.48 20 60 83 60
2 60 N.J. 9.3 0.44 44 6.91 3.06 9.97 33 69 82 51
3 L.A. 8.1 1.07 4.0 4.05 1.94 5.99 29 67 83 51
4 70 M.P. 8.0 0.43 6.2 3.84 2.32 6.15 16 62 85 61
S 66 M.R. 9.9 0.81 6.2 4.10 1.86 5.96 22 69 85 —
6 B.S. 10.9 1.45 6.4 4.34 1.09 5.43 21 80 71 50
7 46 G.]. 8.9 0.28 5.2 2.97 2.01 498 44 60 83 60
8 46 B.E. 11.4 1.50 4.8 6.58 0.87 7.45 32 88 75 50
9 44 M.R. 6.6 0.67 2.9 3.70 1.50 5.23 21 71 79 —
10 83 K.J. 11.7 0.97 8.2 2.87 1.97 4.84 41 59 81 38
11 73 T.J. 10.2 0.61 3.1 2.37 1.04 3.41 33 70 83 41
12 43 S.J. 9.6 0.66 6.6 423 1.92 6.18 217 69 82 54
13 62 R.D. 9.5 0.33 5.6 1.64 1.48 3.12 — 53 85 47
14 52 G.A. 10.0 0.21 3.6 1.97 1.74 3.1 31 53 65 52
15 64 D.G. 13.4 1.13 8.4 3.72 1.17 4.89 — 76 83 43
16 59 R.J. 7.23 0.76 3.15 5.10 0.83 5.96 23 86 71 49
17 B.J. 10.56 0.81 6.10 3.29 091 4.19 — 79 82 45
18 65 D.H. 16.59 1.08 11.70 4.50 0.95 5.45 35 83 76 —_

VE, minute ventilation; VA, and Va,, alveolar ventilation of the slow and fast spaces respectively; L» and L, 'the
volume of the slow and fast spaces respectively; Ly, functional residual volume; MBC, maximum breathing capacity;
Sao,, arterial oxygen saturation; Paco,, arterial carbon dioxide tension.

ventilatory theory, we undertook the following
procedure. We first assumed that the average
values are correct, and then introduced a gas
transfer flow rate and reanalyzed the data using
equations 810 for “parallel ventilation.” We
used an arbitrary gas transfer flow rate (Vp)
of about 60% of VA, for the following reasons.
First, it is unlikely that ventilation is 180 degrees
out of phase between poorly and well-ventilated
alveoli or that ventilation is solely in series and
therefore Vp; or Vp, must be less than Va, as
previously discussed. Second, in the model ex-
periments the Pendelluft averaged about 60% of
VA, when the distribution of ventilation was some-
what similar to that in the present average case
of emphysema.

The distortions caused by Vp in the estimation
of volume and ventilation and turnover rates are
shown in columns B and C of Table III. These
data suggest that if the assumptions underlying the
analysis are correct, one may still be able to obtain
relatively reliable information about the slow
space and total lung volume (FRC) in patients
with advanced chronic obstructive pulmonary
disease.

Discussion

Several recent papers have discussed the effect
of reinspiration of mixed dead space gas and Pen-
delluft on inert gas washout and closed-circuit
equilibration using mathematical models.

TABLE III

Effect of interalveolar gas transfer on estimates of volume and ventilation in patients with
chronic obstructive lung disease

B (o}
Assuming no gas
. transfer

Vpy, Vp: =0 Vp; = Vp, = 0.5 liter/min Vpe = 0.5 liter/min
VA, liters/min 5.60 4.58 (—18%) 5.07 (—9.5%)
Vs, liters/min 0.80 0.83 (+4%) 0.83 (+4%)
Ly, liters 1.60 1.30 (—19%) 1.45 (—9.5%)
Lo, iliters 3.80 4.37 (4+15%) 3.95 (4+4%)
L, liters 5.40 5.67 (+5%) 5.40 (09%)
VAi/L,, times/min 3.50 3.52 (+.06%,) 3.50 (097
Vas/Lo, times/min 0.21 0.19 (—9.5%) 0.21 (0%)

The figures in parentheses are the approximate percentage by which a given parameter is over- or underestimated.
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Weber and Bouhuys (7) analyzed the effect of
mixed dead space gas in a model in which two
chambers were directly connected to a single com-
mon dead space, with ventilation considered a
continuous process. They concluded that inert
gas washout proceeded as the sum of three differ-
ent exponential terms as opposed to the two expo-
nentials in our analysis. Bouhuys (8) later pro-
posed that the third exponential arose from the
assumption that ventilation is continuous rather
than cyclic, and that a similar theoretical model
was presented by Wise and Defares (see below)
using cyclic ventilation approaches equilibrium as
the sum of the two exponentials. It seems more
likely however that the third exponential arose
because the authors included the dead space as
a third chamber, which is completely washed out
at the end of each inspiration during cyclic venti-
lation. The inclusion of the dead space as a third
chamber is unnecessary but does not affect their
results. It only makes their equations more
difficult to solve.

Wise and Defares (9) considered the effect of
mixed dead space on closed-circuit helium equili-
bration for cyclic and synchronous ventilation us-
ing two chambers with two separate dead spaces
connected to a common dead space. They sug-
gested a correction factor, based on an assumed
distribution of dead space ventilation, to be applied
to living subjects.

Nye (6) presented a two compartment model
in which ventilation was cyclic. He analyzed,
separately, the effects of both dead space and bi-
directional Pendulluft on the apparent volumes
and effective ventilations of the two compartments
during closed-circuit helium equilibration and
open circuit washout. Our conclusions concern-
ing the apparent size and ventilation of the two
compartments are identical with his.

No one has previously considered the possibility
of unidirectional intercompartmental gas transfer.
. Although it is interesting to note that in most of
the experiments with the physical model gas was
transferred from the slow to fast space only,
whether unidirectional transfer occurs in real lungs
is of course unknown.

Evidently, gas transfer between groups of al-
veoli would have an effect on the composition of
alveolar air during steady-state breathing, which
is not apparent from analysis of expired air and

IVAN SAFONOFF AND GEORGE E. EMMANUEL

~arterial blood. For any given distribution of per-

fusion the well-ventilated alveoli would have a
higher concentration of carbon dioxide and a lower
concentration of oxygen than estimated by the
usual methods. The reverse would be true of
the poorly ventilated alveoli, if gas transfer was
bidirectional. It is therefore possible that the
so-called “overventilation” of the “fast spaces” of
patients with obstructive lung disease is of greater
importance in maintaining arterial carbon dioxide
and oxygen tensions than has been previously
stressed. Ross and Farhi (10) have already dis-
cussed the manner in which inspiration of mixed
dead space gas tends to equalize the gas concen-
trations in groups of alveoli with different ventila-
tion perfusion ratios.

We are not arguing that the lungs in chronic
obstructive disease are really composed of only
two homogeneous compartments. We only say
that even if such lungs could be reduced to the
simplest physiological model, interalveolar gas
transfer would, in varying degrees, distort the
analysis of such a model by the usual inert gas
washout techniques. Even more sophisticated
methods of studying the regional distribution of
ventilation with radioactive gases would be in
error when closed-circuit equilibration is used to
determine regional lung volumes. At present
there is unfortunately no way of determining
interalveolar gas transfer.
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