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Appl. Physiol. 66(4): 1896-1904, 1989.—With positron emis-
sion tomography, quantitative measurements of regional alveo-
lar and mixed venous concentrations of positron-emitting ra-
dioisotopes can be made within a transaxial section through
the thorax. This allows the calculation of regional ventilation-
to-perfusion (V/Q) ratios by use of established tracer dilution
theory and the constant intravenous infusion of *N. This paper
considers the effect of the inspiration of dead-space gas on
regional V/Q and investigates the relationship between the
measured V/Q, physiological V/Q, and V/Q defined conven-
tionally in terms of bulk gas flow (VA/Q). Ventilation has been
described in terms of net gas transport, and the term effective
ventilation has been introduced. A simple two-compartment
model has been constructed to allow for the reinspiration of
regional (or personal) and common dead-space gas. By use of
this model, with parameters representative of normal lung (see

text), the effectwe V/Q ratio for ®N [(VA/Q)EmmN)] is shown to
overestimate VA/Q by 18% when VA/Q = 0.1 but underestimate
VA/Q by 68% when VA/Q = 10. For physiological gases, the
model predicts that the behavior of O, should be similar to that
of N, so that, in terms of gas transport, V/Q ratios obtained
using the infusion of *N closely follow those for O.. Values of
the effective V/Q ratio for CO, [(VA/Q).,mcoz)] lie approximately
halfway between (VA/Q)es*n) and VA/Q. These results indicate
that dead-space ventilation is far less a confounding issue when
V/Q is considered in terms of net gas transport (VA.s), rather
than bulk flow (Va). Finally, the existence of V/Q heterogeneity
within the resolution element of the scanner results in a diver-
gence between the measured V/Q and the volume- or blood
flow-weighted V/Q ratios, the magnitude varying between 0
and 40% for a twofold variation in heterogeneity, depending on
the volume distribution of V/Q within the volume element.

gas transport; regional lung function; inert gas elimination

THE IMPORTANCE of adequate matching between venti-
lation (V) and perfusion (Q), for the lung to function
effectively as a gas-exchanging organ, has motivated
many workers to investigate the diversity of ventilation-
to-perfusion (V/Q) relationships in humans. Regional
V/Q measurements have been made noninvasively using
radiolabeled tracers and external radiation detection.
Anthonisen et al. (1) used the continuous intravenous
infusion of '**Xe and existing steady-state theory to
derive regional values of V/Q by recording the regional

1896

distribution of activity with an external detector array.
This approach was limited by a number of technical and
theoretical uncertainties, not least the inability to meas-
ure true regional isotope concentration, which resulted
in a degree of ambiguity in the interpretation of the
measured V/Q distribution. Independent measurements
of V and Q have also been used to map out reg10nal
V/Q ratios (5, 8), but problems of quantification arise in
the determination of isotope concentration.

. In this paper, we consider the implications for regional
V/Q measurements stemming from the technological
development of positron emission tomography (9). This
instrumentation allows mixed venous and regional alveo-
lar concentrations of an infused inert gas radionuclide
(**N) to be measured precisely in three dimensions, under
well-defined geometric conditions, as described in the
companion paper (10). The questions we address here in
a quantitative manner concern 1) the reinspiration of
alveolar gas into the local volume element from other
lung regions (i.e., by virtue of the inspiration of alveolar
gas from the anatomical dead space, denoted here as
dead-space ventilation) and its effect on the net transport
of gas, 2) the way in which such effects of dead-space
ventilation vary with the solubility of the gas being
studied, 3) the relationship between the V/Q measured
with “N and that pertaining to the more soluble phys-
iological gases, O; and CO,, 4) the effect of microscopic
V/Q heterogeneity within the volume element on the
measured volume-weighted reglonal V/Q distribution,
and 5) the propagation of error in the measurement of

v/Q.

Glossary

VT Total expiratory ventilation of the vol-
) ume element

Vb Total dead-space ventilation of the vol-
) ume element

Vb; Dead-space ventilation by gas originat-
) ing from a region i (VD EVD,)

Va Alveolar ventilation (VA = VT — Vp)
Q; . Blood flow (perfusion) of region j

v/Q | Ventilation-to-perfusion ratio (general)
(VA/Q); Conventional V/Q ratio of region j

defined in terms of alveolar ventila-
tion
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(VA/Q)eroy;  V/Q ratio of region j for gas y, defined in
terms of effective alveolar ventilation
(see Egs. A3 and A5)

Coi(y) Isotope concentration of gas y (uCi/ml
gas) in dead-space region i

Cai(y) Isotope concentration of gas y (uCi/ml
gas) in alveolar gas of regzon J

Pi(y) Partial pressure of gas y in region j

x Ideal gas (x)

A Ostwald solubility coefficient of gas x

A Alveolar

D, Regional dead space

D Common dead space

T Subscript referring to the region of in-
terest

e Subscript referring to the lung outside
the volume element of the region of
interest

atm Atmospheric

F. Constant of proportlonahty between VD,
and VA (i.e., F. = VD./VA)

THEORY

The technique is based on the conservation of tracer
at the alveolar capillary-gas interface, as expressed by
the Fick principle (7), during the constant intravenous
infusion of dissolved radioisotopic **N. In deriving the
model the following assumptions are made. 1) The vol-
ume element of lung analyzed within the tomographic
section (pixel volume) is homogeneous with respect to
matchmg between ventilation and blood flow (i.e., V/Q
is uniform). 2) During the intravenous infusion of °N,
there is a continuous supply of tracer to all lung regions
at a mixed venous concentration (CV) equal to that in
the nght ventricle (*N is infused from a fixed activity
reservoir at constant flow; thus all concentrations of **N
must be corrected for radioactive decay, T, = 10 min).
3) Blood flow and ventilation are not pulsatile and tidal
but continuous processes that are invariant for the du-
ration of the study. This implies that regional alveolar

Airway dead space

"D\z Za R"/A__ LA

D3 Alveolus

(expired
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volume (VA) does not vary throughout the respiratory
cycle. 4) There is true equilibrium of the tracer between
end-capillary blood and alveolar gas, and the distribution
of tracer within the alveolus is uniform.

Mathematical model. During the continuous intrave-
nous infusion of the inert gas isotope *N [blood-to-gas
partition coefficient, Ax = 0.015 (6)] activity arriving at
the lung 1) partitions between the alveolar gas and
capillary blood and 2) is removed from the region by
both ventilation and blood flow (3). Because of the low
blood solubility of N, the bulk of the activity is removed
by ventilation, and the recirculation of tracer is low.

At the start of each inspiration, however, activity
remaining in the ventilatory dead space will reenter
alveoli before the inspiration of fresh gas from the at-
mosphere. The ¥N content of the dead-space gas will
vary according to its location in the airways, since it will
be determined by the concentration of gas expired from
a number of lung regions with different V/Q ratios. The
dead-space gas close to a terminal airway may have a
N concentration similar to the alveolar gas of that
region, whereas dead-space gas in larger airways will
have a concentration equal to the ventilation-weighted
mean concentration of the lung regions subtended. For
a given volume element of lung (VL) the inspired dead-
space activity can be considered to be made up from a
number (n) of different fractions, each originating from
individual dead-space regions i (where i runs from 1 to
n). Therefore the total ®N activity inspired by the region
is equal to the sum ZVD,CpD; where VD; is the ventilation
by gas from a dead-space region i, with a ®N concentra-
tion equal to the concentration of gas in the dead-space
region i (CD;). This model is shown diagramatically in
Fig. 1.

By applying the Fick principle to a volume element of
lung within the tomographic section, a steady-state equa-
tion can be formulated that equates the rate of arrival of
tracer (QCv + ZVD,CD)) to the rate of removal by ven-
tilation (VTCA) and blood flow (QCc ) at equilibrium. Q
is the blood flow to the region, VT is the total expiratory
ventilation of the region, and CA and Cc’ are the alveolar
and end-capillary blood concentrations of *N, respec-
tively. Because Cc’ = ANCA (see assumption 4 and the

Qc

v

FIG. 1. Model of gas transport at
_Capillary alveolar level. Tracer is taken to and
(blood, removed from alveolus both by blood
flow Q) flow (Q) and ventilation (V). Each
dead-space region (i, where i runs

from 1 to n) is associated with a

volume (VD;) and a tracer concentra-

tion (Cp;, see text for mass-balance
equation). A,, Ostwald solubility coef-

Expired tracer =V, C,

n
Inspired tracer = fVDi Cpi

ventllatlon

V) \

QAxC\‘/

ficient for an inert gas (x).
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definition of the Ostwald solubility coefficient), the fol-
lowing equation can be written

QC¥ + ZVD,Cp; = VTCA + QANCA (1)

For practical purposes, this equation can first be sim-
plified by introducing the concept of effective dead-space
ventilation, a parameter that is dependent on the differ-
ence between the N concentrations of alveolar and
dea_d-space gas. For example, a lung region with a low
V/Q ratio may be partly ventilated by dead-space gas
or1g1nat1ng from a lung region with a normal or high
V/Q ratio, in which case the dead-space gas contains N
at a lower concentration than that of the alveolus. The
dead-space ventilation then represents useful ventilation
to the extent that it facilitates removal of *N from the
alveolus and thus corresponds to a significant ventilation
in addition to the alveolar ventilation (VA). Conversely,
a hxgh V/Q region ventilated by dead-space gas from a
region with a lower V/Q will not exchange ®N as well as
expected, because the dead-space gas now contains more
5N (per unit gas volume) than the local alveolar gas.
This results in an effective dead-space ventilation (VDeg),
which is larger than the physical dead-space ventilation,
i.e., VDes > ZVD..

VDegr3n) is thus defined as that ventilation which
would be necessary to transport the “local share” of the
total dead-space activity (ZVD,CD;) into the region of
interest at a constant ®*N concentration equal to that of
the “resident” alveolar gas, CA. This can be expressed
mathematically as

VDeff(13N)CA = EVD,‘CD,‘ 2)

This represents a scaling of the true dead-space ventila-
tion (VD), according to the amount of 3N carried by the
gas. In this respect, VD is not assessed mechanically,
solely in terms of gas flow, but functionally, in terms of
gas transport. From Eq. 2 follows the definition of effec-
tive alveolar ventilation for *N

Vaettoony = VT — VDegron)

(3)

(This contrasts with the conventional definition of VA
in that VDeff(wN) replaces Vp. But clearly, when Cp; =
Ca, then VAerosn) = VA.) Substituting Egs. 2 and 3 into
Eq. 1 to eliminate ZVD,CD; and VT and rearranging gives
the operational equation

(VA/Q)erisny = CV/CA — Ay (4)

(This equation, relating alveolar (CA) and mixed venous
(CY) (concentration of tracer) to V/Q, should not be
confused with a similar equation also defined in terms of
concentration but involving arterial retention of tracer,
viz CA = A\C¥/(\ + V/Q), or the commonly used equation
defined in terms of partial pressures (13) i.e., Pa = \P¥/
(A + V/Q). (Noting Pa/Pv = Ca/C¥, see below) Because
Pa = PA (if assumption 4 holds), PA = 760CA and Pv =
760C¥/\ (this relationship derives directly from the def-
inition of A), then Pa/Pv = PA/Pv = ACA/C¥. This can
be substituted into the retention equation to give an
equation in the form of Eq. 4.)

The application of Eq. 4 to the regional measurement
of V/Q ratio requires the steady-state measurement of
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regional alveolar 3N concentration (CA,) and C¥ during
the continuous intravenous infusion of *N in saline. The
details of this procedure, a discussion of experimental
uncertainties, and results of measurements made in nor-
mal subjects are presented in the companion paper (10).

ASSESSMENT OF MODEL

Relationship between effective and alveolar V/Q. For a
given inert gas tracer (x), differences between effective
alveolar ventilation of x [VAet(x)] and VA occur when gas,
inhaled as part of VD, has a tracer composition different
from the alveolar gas of the region of interest. This
results from the reinspiration of gas from regions with
V/Q ratios different from that of the region of interest.
However, the situation is further complicated, since the
CA of an inert gas tracer is dependent not only on the
V/Q of the region but also on the solubility of the tracer
(see Eq. 4). Therefore effective ventilation is dependent
on the gas in question, whether it be an inert gas tracer
or one of the physiological gases. Hence, in any given
situation, effective alveolar ventilation (VAeg) will have
different values for BN, 0,, and CO,. A comparison
between VAer and VA, in terms of the respective V/Q
ratios, can be made by considering a simple lung model
where VD is either regional (i.e., personal), with a gas
composition identical to the alveolar gas of the region of
interest, or common, with a gas composition determined
by the lung outside the region of interest. Such a model
is described in APPENDIX 1. Relatlonshlps between
(Va/ Q)eff and the V/ Q ratio defined in terms of alveolar
ventilation ((VA/Q) ) for the volume element in the
region of interest (r) were calculated for *N, O, and CO,
by use of Egs. A5, A8, and A3, respectively. In this model
the simplifying assumption was made that the respira-
tory exchange ratio (RQ) was unity for each lung region
(see derivation of model, APPENDIX 1). The composition
of gas in the common dead space was chosen to be
representative of normal lung and thus originate from a
single lung region (external to the volume element) with
a V/Q ratio [(VA/Q)e] equal to 0.75. Total VD was taken
to be 30% of VT and regional and common dead-space
ventilations (VDr and VD, respectively) were chosen to
be equal. Thus the value of the common dead-space
ventilatory fraction F. (= VD./VA, see Glossary) was
0.214 (= 0.15/0.70). Alveolar partial pressures of O; and
CO, were calculated using the multiple-compartment
V/Q computer program (VQMODEL) of West and Wag-
ner (14). The effective inspired partial pressures (Pes) of
0O, or CO, were calculated, as a function of (VA/Q)., using
simple dilution principles (see APPENDIX, Eq. A6). The
V/Q program was thus used iteratively to calculate al-
veolar Po, and Pco, for a (VA/Q), ratio of 0.75 (to
provide common dead-space partlal pressures of the two
gases) and for (VA/Q); ratios ranging from 0.1 to 50 [to
provide regional dead-space partial pressures and alveo-
lar partial pressures for subsequent use in Egs. A3 (mod-
ified for partial pressure) and A8]. For each run of the
program, the mixed venous P0; and Pco,; were fixed at
40.0 = 0.1 and 45.0 + 0.1 Torr, respectively. (This was
achieved mainly by altering the VT to the lung model
but also by allowing the RQ of the lung to vary between
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— 084 FIG. 2. Graphical relationship be-
S tween (VA/Q)e/(VA/Q), and (VA/Q)
N for an ideal inert gas (A = 0.015, N,), O,
.>< i and CO,. Total dead-space ventilation
Z 06 (VD) was chosen to equal 0.3 of the total
NL expiratory ventilation (V) and comprise
& regional (VD,) and common (VDC) dead-
8 1 space fractions (where VD, = VD). V/Q
NG 06+ Carbon ratio of external lung region supplying
P dioxide gas to the common dead space [(VA/Q).]
Z was assigned a value of 0.75.
0-21 2
N Oxygen
Nitrogen - 13
0 T T T T rrrrg T T T LEREE B A S | T T —rrrr)
01 1 100 100-0

0.78 and 0.85). Atmospheric P0; and Pco, were fixed at
150 and 0 Torr, respectively. The mixed venous partial
pressure of N, was chosen such that no net transfer of
this gas occurred. The following parameters were also
fixed: atmospheric pressure = 760 Torr, body tempera-
ture = 37°C, hemoglobin = 0.148 g/ml, acid-base excess
= 0, and hematocrit = 0.45. o

The relationship between (VA/Q)err, and (VA/Q): is
shown in Fig. 2 where the ratio (VA/Q)es /(VA/Q): has
been plotted against (VA/Q), for ®N (A, = 0.015), O,
and CO,. A progressive divergence between (VA/Q)eff
and (Va/ Q)r can be seen as the difference between (VA/
Q), and (VA/Q). increases. The magnitude of this effect
increases as the solubility of the gas decreases. Thus,
when (VA/Q): = 0.1, (VA/Q).t, exceeds (VA/Q), by 2, 10,
and 18% for CO,, O, and 13N respectively, and when
(VA/Q): = 10, (VA/Q)ex, falls below (VA/Q): by 23, 55,
and 68%, respectively, for the three gases. At this point
there is almost a twofold difference between
(VA/Q)ettiop, and (VA/Q)essco,), As (VA/Q)r falls to a
value much less than (VA/Q)., the ratio (VA/Q)eff /(Va/
Q): -approaches a limiting value of [(1 + Fc)(VA/Q)e + A
JI(VA/Q)e + A for an ideal gas (x). This limit is approx-
imately equal to [VA; + VD.)/VA; (i.e., (1 + F.)] for a gas
of very low solubility and has a numerical value of 1.21
for the parameters used in this example. As the value of
(VA/Q): increases beyond (VA/Q)e, (VA/Q)eef‘ progres-
sively underestimates (VA/Q);, and the ratio tends
asymptotically to zero.

An important characteristic of (VA/Q)eff, when re-
gional blood flow (Q,) is very low, can be observed by
plotting (VA/Q)eff(wN)r and (VA/Q); vs. Q: (using Eq. A5)
while assigning an arbitrary constant value of 0.7 ml/
min to VA and maintaining (VA/Q). = 0.75. This is shown
in Fig. 3 where the familiar hyperbolic relationship be-
tween (VA/Q). and Q; is seen. In absolute terms,

(VA/Q)eff(wN) is only shghtly greater than (VA/Q), for
low V/Q (h1gh Q.) regions [i.e., when (VA/Q); < (VA/
Q).], the ratio reachmg the limiting value of 1.21 for the
parameters used in this example (see above). However,
(VA/Q)eff(lsN)r progressively underestimates (VA/Q). for
low values of Q, reaching a finite maximum value, as Q:
tends toward zero, of [(1 + F.)(VA/Q). + \.]/F., which,
in this example, is equal to 4.32. The correspondmg
maximum value for (VA/Q)eff(oz) would be 8.0, with the
assumption of an effective solubility coefﬁcwnt for O, of
0.8 (see DISCUSSION).

64 (VA/Q)r

o (Vy/ Q) <V, /Q), —
.-(VA/Q),>(VA/Q)ea|' /BT e

Ventilation to perfusion ratio

(VA/o)eﬂ(13N)/'
0 T T T L T T 1
0 02 04 06 08 10 12 14
Blood flow (Q,) ml. min

FIG. 3. Relationship between effective dead-space ventilation for
BN in region of interest [(VA/Q)etsaony, 1, (VA/Q):, and blood flow Q)
for a region (r). Values of 0.75 and 1.0 ml/min were assigned to (Va/
Q). and VT, respectively (VA, = 0.7 VT). (VA/ ). exhibits the expected
hyperbolic relationship with Q:, whereas (VA/! )efri3N), increases more
slowly as Q falls, reaching a maximum value of 4.32 for the parameters
chosen in this example. See Fig. 2 legend for definitions of other
abbreviations.
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H eterogenezty of V/Q within the volume element. Under
conditions of microscopic V/Q mismatching, an averag-
ing of the individual V/Q ratios within the volume ele-
ment occurs. This results in a measured V/Q ratio that
is virtually equal to the remprocal of the volume-weighted
mean Q/V for that region (see APPENDIX, Eq. Al3).
However, this mean V/Q ratio may differ cons1derably
from the true volume-weighted mean V/Q ratio, or for
that matter, the blood flow- or ventilation-weighted
means as obtained by use of the multiple inert gas
elimination technique of Wagner (13).

In this section, predicted values of the mean V/Q
obtained by use of external detection and the *N elimi-
nation approach [(V/Q)ex] are compared with volume-
and blood flow-weighted means, (V/Q)v and (V/Q)q,
respectively, for a lung region containing various degrees
of V/Q heterogeneity. (To simplify this analysis, dead-
space effects have been omitted, and the V/ Q ratios used
are therefore unsubscripted and refer to VA where all VD
is assumed to be at regional concentrations). Volume-
and blood flow-weighted means have been chosen be-
cause the former corresponds to the way in which we
approach the interregional analysis of V/Q, and the latter
relates VT to total blood flow in a region and thereby
allows the calculation of Q: from measured values of V
and V/Q by use of the simple relationship Q = V/(V/Q).
The mathematical derivations are shown in APPENDIX 2.

Differences between (V/Q)ex, (V/Q)v, and (V/Q)q
have been investigated by considering the extreme but
pathologically realistic case of a volume element of lung
with two single populations of V/Q, (V/Q); and (V/Q)2.
Associated with the two subregions are independent val-
ues of blood flow, Q:, and Q.; ventilation, V; and V; and

REGIONAL V/Q: THEORY

thoracic volume, V; and V.. (V/Q). has been assigned a
value of unity, whereas the value of (V/Q), has been
varied between zero and six. Because this variation of
(V/Q), can arise either from changes in Vor Q, (V/Q)Q
has been defined both for equal V to the subregions A
= V,, Q, varies) and equal blood flow (Q; = Q,, V; varies).
Three relationships between V; and V; have been chosen
1) V1 = 10V2, 2) V1 = Vz, and 3) 10V1 = V2.

_ To determine the relationships between the averaged
V/Q ratio measured in the volume element and the mean
V/Q ratios, weighted for blood flow or volume, the ratios
(V/Q)ext/(V/Q)q and (V/Q)rx/(V/Q)y were calculated as
a function of the ratio (V/Q)1/(V/Q). and are shown
plotted in Fig. 4. From these diagrams, considerable
differences between (V/Q)ext, (V/Q)v, and (VA/Q)g can
be seen to exist when the heterogeneity within the vol-
ume element is large. Considering each family of curves
individually and neglecting the small effect of Ay, the
relatlonshxp between (V/Q)zx and (V/Q)q at constant V,
(Fig. 4A) is determined by the volume weighting, there
being equality between (V/Q)gx and (V/Q)Q when V; =
V. (curve 2) irrespective of the degree of V/Q heteroge-
neity. With a high weighting to compartment 1 (V, =
10Vz, curve 1), (V/Q)ex becomes progressively larger
than (V/Q)q at high values of (V/Q)I/(V/Q)Z because of
the high weighting given to (V/Q): and vice versa at low
values of (V/Q)l/ (V/Q)2. The converse occurs when a
low weighting is given to compartment 1 (10V, = V,,
curve 3). The effect of maintaining Q constant and
varylng V, (Fig. 4B to increase the value of (V/Q)q for a
given volume weighting and (V/Q)l/ (V/Q). ratio and
thus reduce the value of (V/Q)gx/(V/Q)o. The curves in
Fig. 4B therefore bear the same relationship to one

A (Q, variable ) B (V, variable) C
2:0+ 1 z~()1 Z.OW
1 ~ V; =10V,
1 6 2 ~ Vi = V2
1-64 1-6 i 3 ~10V= Vs
N1 =
o oo ¥e]
< S 1 S ol
=1 < 12 > 12
- -
~ K 2 - N
5 | p - N
- 3 e N 123
. 084 — 081 ¢ 0-8- N
< 3 ] N ~o
> N — ~
_ > ~
~— 2 \\2\
0t 0-4- 3 0-4+
0 — — 0 ——— 0 . . . r —
o 1 2 3 & 5 6 0o 1 23 4 S5 6 0 1 2 3 4 S5 &
(V/Q)y 7(V/Q); (v/Q), 7(v/Q), (V/Q)7 (V/Q);2

FIG. 4. Relationship between predicted ventilation-to-perfusion (V/Q) ratio obtained using external detection
[vy Q)En] and the mean V/Q ratio [chosen either to be volume- (V) or blood flow- (Q) weighted], for a heterogeneous
lung region comprising 2 discrete V/Q subpopulations [(V/Q): and (V/Q):] as the degree of heterogeneity [the ratio
(V/Q)1/(V/Q):] changes. Curves are numbered to denote relationship between volumes of the 2 subregions (see inset).
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another as those in Fig. 44 but have progressively lower
values as V/Q heterogeneity increases. Interestingly, the
volume-weighted mean v/ Q ratio is not equal to the
measured V/Q ratio when (V/Q), and (V/Q), differ (Fig.
4C). This results from the reciprocal relationship be-
tween (V/Q); and (V/Q)gx:.

DISCUSSION

VD and V/Q ratio. The general effect of inspiring
alveolar gas of a different composition to that of the
resident alveoli (ventilation from the common dead
space), as distinct from the inhalation of alveolar gas of
the same composition (ventilation from the regional or
personal dead space), has been investigated theoretically
by Ross and Farhi (12), who showed that Vb, would have
the effect of reducing the overall dispersion of alveolar
0, and CO; composition when V/Q was heterogeneous
throughout the lung. This theme was later extended by
Fortune and Wagner (4) to include the exchange of inert
gases in a multicompartmental model with special ref-
erence to the multiple inert gas elimination technique.
They showed that only small changes in the distribution
of V/Q occurred when VD, was replaced by VD, as deter-
mined by a 10% decrease in the standard deviation of
the recovered VA/Q distribution. However, differences of
up to 40% were obtained for individual values of VA/Q
in the range from 0.02 to 0.2. Anthonisen et al. (1),
adopting the same basic pr1nc1ple used in this paper (a
constant intravenous infusion of ***Xe and external de-
tection by use of a scintillation detector array) made
various corrections for VD by use of a two-compartmental
dead-space model, to calculate VA/Q and VGE/Q, where
VGE (= VA + VD) was judged to be the total gas-
exchanging ventilation.

Most, if not all, previous work on this subject has been
based on the central idea that VA/Q is a gold standard
agamst which other measurements should be judged.
This is in splte of the fact that VA is a somewhat elusive
parameter, in that regionally, VD and Cp, are unknown,
and VA is therefore not an unambiguous indicator of gas
transport.

The behavior of (VA/Q)esrcon), (Fig. 2) is determined
by the composition of the common dead space gas and
consequently the V/Q ratios of the regions feeding this
compartment [(VA/Q). in our illustrative model] At low
(VA/Q): the alveolar concentration of *N is high, and
the common dead space gas is relatively free of ’N. The
VAo is therefore higher than VA and (VA/Q)ercsn), is
greater than (VA/Q),, the maximum value for the ratio
of the two V/Q ratios being (VD, + VA)/VA or VT/Va
when VD, = VD. Conversely, as the V/Q ratio of the
region of interest increases beyond (VA/Q)., the N
concentration of the gas inspired from the common dead
space [(VA/ Q). = 0.75] is now relatively high, therefore
less N is exchanged, the effective v/ Q ratio falls below
(VA/Q)., and the ratio (VA/Q)esreon), /(VA/Q): ultimately
tends toward zero as (VA/Q), becomes very large. The
reason for this fall in (VA/Q)esreon), at h1gh (VA/Q),
values (when, for example, Q. approaches 0) is that VA
becomes progressively less involved in *N elimination.
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Indeed, it is easy to show, by multiplying both sides of
Eq. A5 by Q, that VAeff tends toward zero as Q; falls to
zero (i.e., when (VA/Q)r tends toward infinity).

The behav1or of (VA/Q)eff(lle when Q. approaches
zero is shown in Fig. 3. When Q; equals zero, both the
numerator and denominator of (VA/Q)emmN) are zero,
but the ratio is mathematically well defined (as described
above) and has a value of 4.32 for the various dead-space
parameters used in this example. This means that a
value of (VA/Q)eszosny, above 4.3 would not be recorded,
given these combinations of VD and gas composition,
and this value of (VA/Q)esr03n), should be considered to
be a true estimation of the upper limit of the gas-
exchanging V/Q ratio for infused **N in this example
(the approximate expression for a gas of low solubility
being (VA/Q)etttmax) = (VA/VD, + 1)/(VA/Q)e, from Eq.
A5).

The physiological relevance of a finite value for (VA/
Q). at very low blood flows [(VA/Q): very high] can be
illustrated by considering the case for CO,. Values of
(VA/Q)eff(Coz) (Eq. A5) and alveolar partial pressure of
CO, (PAco,) [obtained as the effective inspired partial
pressure of CO; (Pe), Eq. A6, when CO, transport via
blood is relatively low] vary as the local dead space-to-
tidal volume ratio changes. Calculations have been made
for the constant conditions (VA/Q): = 1,000, (VA/Q)e =
0.75, and A = 9 (for CO,, see below). The result is an
approximate  hyperbolic  relationship  between
(YA/Q)eff(CQ2) and PAco,. A low contribution from VD
(Vb. = Vb, = 0.05 VT) results in values for
(VA/Q)eff(COZ) and PAco, of 150 and 2.3 Torr, whereas a
high VD (VD, = VD, = 0.45 VT) gives values of 2.9 and
36 Torr, respectively. Although VD is, in reality, an
unknown quantity (especially on a regional basis), it is
automatically accounted for by (VA/Q)ess. This parameter
thus provides an insight into the gas-exchanging state of
the alveolus, since it predicts the local PAco,, and it is
the prevailing PAco, that, in part, determines how much
CO; is removed from the blood in such a region. The
knowledge that (VA/Q): = 1,000 in itself would not aid
in the prediction of PAco,. o

Relationship between ( VA/Qecny, and (VA/Q),,
(VA/Qe0p, and (VA/Q)egcoy,- Although it is important
to compare (VA/Q)eff(mN)r with (VA/Q)., a major interest
may actually be in the transport of O and CO,. The true
gas-exchanging V/Q ratios for these gases have been
calculated by use of the concept of effective ventilation
and an estimation of alveolar partial pressure of O,
(PAo,) and PAco, by use of a computerized version of the
common quadrant diagram (11, 14). The corresponding
curves for the two gases are shown in Fig. 2. Broadly
speaking, both behave in a similar manner to ideal gases,
in that the shapes of the two curves are similar to that
for ®N. However, there is a slight systematic variation
in both their effective solubility coefficients, as a function
of (VA/Q),, which range from 0.3 to 0.8 for O; and from
5 to 7 for CO; (calculated from Fig. 2). Departure of the
behavior of the two gases from that of an ideal gas is
ascribed to the shapes of their dissociation curves. Of
significance is the fact that O; has gas-exchanging char-
acteristics that are very close to infused *N and
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(VA/.Q)eft.‘(oz)r can, to a good approximation, be equated
to (VA/Q)eff(mN)r The behavior of CO,, on the other
hand, is rather less like *N and is more inclined toward
(VA/Q)r This disparity is more pronounced at low Q.
[high (VA/Q).] values, which indicates that V/Q meas-
ured with N is not an ideal indicator of (VA/Q)escos)
under such conditions (see previous section). The overall
conclusion is that measurements of V/Q, dependent on
relatively insoluble inert gas techniques, may underesti-
mate the range of (VA/Q): but will not underestimate the
range of (VA/Q)ex, for O; and CO; to anything like the
same extent. Thus VD, which regionally is virtually an
unknown quantity, has far less a confounding influence
on these measurements of V/Q when the interest is in
net gas transport rather than bulk flow.

Heterogeneity of V/Q within the volume element. The
determination of regional V/Q descnbed in this paper
requires the regional measurement of >N concentration
(with respect to the alveolar gas volume). This is achieved
with positron emission tomography (PET) as described
in detail in the accompanying paper. The spatial resolu-
tion of modern multiplane PET scanners is now of the
order of 4-6 mm full width at half-maximum response
to a line source of radioactivity (FWHM), which means
that isotope concentrations can be accurately measured
in lung volumes down to 2 cm®. Nevertheless, significant
mismatching between V and Q may occur at a micro-
scopic level, and any volume element viewed, however
small, may mclude a wide dispersion of V/Q ratios. Any
steady-state technique employing external detection is
forced to average this dispersion in some way, thereby
providing welghted V/Q values. In F1g 4, the behavior
of the ratio (V/Q)gx t0 (V/Q)mean varies not only as a
function of the ratio (V/Q): to (V/Q), but also on how
(V/Q) mean is defined. In terms of the relatlonshxp of V/ Q
to blood gases, the perfusion-weighted V/Q is appropri-
ate [(V/Q)q, see Eq A9], but in terms of assessing the ex-
tent of pathology in the lung, a volume-weighted mean
[(V/Q)v] is more relevant and is the approach taken
when analyzing interregional differences with this PET
technique. L.

The mean “pixel” V/Q ratio obtained with PET is
derived from the volume-weighted Q/V ratio and in this
respect deviates from the volume-weighted V/Q ratio, as
shown in Fig. 4C. However, these differences are clearly
related to the way in which the data are presented, since
virtually no difference would exist if the gas-exchanging
ability of a given lung region was to be assessed in terms
of the Q/V ratio instead of V/Q ratio, except at very low
values of V/Q (see Eq. A13).

Considering differences between (V/Q)gx and (V/Q)Q,
the most realistic pathophysiological reason for V/Q to
change significantly, within a small volume of lung, is
because of a fall in either V or Q, resulting in a decrease
or increase in V/Q, respectively. This limits the relevant
regions in Fig. 4, A and B, to (V/Q)1/(V/Q). ratios greater
than unity in Flg 4A and less than unity in Fig. 4B.
Clearly, from these curves, the effect of V/Q heteroge-
neity within the volume element is to introduce a pro-
gressive divergence between (V/Q)ex and (V/Q)g, de-
pending on the volume weighting of the V/Q distribution.

REGIONAL V/Q: THEORY

APPENDIX 1
Derivation of Relationships Between (VA/Q)es, and (VA/Q),

For the purpose of this analysis the following simplifying
assumptions are made. 1) Total dead-space ventilation (VD =
ZVD;) consists of two components only: a) regional dead-space
gas (D,) with a tracer concentration (Cb;) equal to that of the
alveolar gas in the volume element of the region of interest
(CA;) and b) common dead-space gas (D.) with a tracer concen-
tration (Cp,) determined by the V/Q ratio of lung external to
the volume element. 2) The common dead-space is homogene-
ous with respect to its gas composition, representing gas expired
from a lung region external to the region of interest with a
single V/Q ratio, (V/Q).. 3) In the volume element, there is a
proportional relationship between the VD, and VA such that F.
= VD./VA. 4) RQ is unity for each region, and thus VA(,,,.,,,M)
= VA(expirea). [The effect of this simplifying assumption is most
apparent at low values of V/Q and when VA is compared with
inspired VA. For ®N and CO, (when VA. is involved in the
elimination of gas and therefore expiratory in nature), there is
an overestimation of the true VA.« by ~10% when V/Q = 0.1.
Conversely for O, (where VA is inspiratory), the effect is to
underestimate VA.¢ by ~6% at this value of V/Q]

Substituting Eq. 2 into Eq. 3 to eliminate VD and form a
general equation for a region r gives

VA.r, = (VA + VD, + VD,)

, , Al
— (VbpCp; + VD.CD.)/CA, (an)
Because Cp, = CA, (assumption 1, above) then
VA, = VA, + VD, (1 — CD/CA,) (A2)

(VA/Q)es, can then be expressed in terms of (VA/Q); by elimi-
nating VD. from Eg. A2 (see assumption 3) and dividing
throughout by Q, thus

(VA/Q)err, = (VA/Q): [1 + Fo(1 — CD/CA)]  (A3)

Equation for an Inert Gas

Equation A3 is of general applicability to different gases and
can be used analytically for any inert gas (x) with a first-order
solubility coefficient (\,) by substituting for Cp. and CA, by use
of the relationship expressed by Eq. 4. Thus

CDc(x)/CAr(x) = [(VA/Q)GH,(:) + )‘x]/[(VA/Q)e + )\x] (A4)

[It is important to note here that although the common dead-
space tracer concentration [CDc,) is related to the VA/Q ratio
of the external lung region, (VA/Q),, since (VA/Q),ff(,,. (Va/
Q)., the concentration of tracer in the alveolar gas of the region
of interest [CA,w)] is related to the effective V/Q ratio of the
region of interest (VA/Q)eff(x) ] Substituting Eq. A4 into Eq. A3
and solving for (VA/ Q)em,), gives the operational equation

(VA/Q)eff(x), = (VA/Q)r[(l + Fc)(VA/Q)e

+ NJ/[(VA/Q)e + F(VA/Q): + \]  (45)

Equation for CO,

Equation A3 cannot be solved algebraically for CO,, since
the dissociation curve for this gas is not linear. The Pco; in
the common dead-space gas [PDcco,] and in the alveolar gas
of the region of interest [PA;(co,] can be obtained (as described
above in the main body of the paper) using the multiple-
compartment V/Q model of West and Wagner (14) and substi-
tuted directly into Eq. A3. To use this computer program, a
calculation of the P of O, and CO; was necessary and was
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made using simple dilution theory and the various dead-space
ventilations (12) from the equation

Pet = (VA/VT)Puwm + (VD;/VT)PD, + (VD,/VT)PD, (A6)

Equation for O,

The calculation of (VA/Q)eff(oz)r requires a slightly different
approach, since O, is transported by ventilation bidirectionally,
both into and out of the lung. The effective ventilation for O,
[VAett0,,] is therefore defined in terms of the atmospheric
partial pressure [Pam0,] and the alveolar partial pressure for
the region of interest (PA:o,). Thus the ventilation equation
can be written

VAeff(Og),(Pntm(Oz) — PAqoy)

= VArP.,gm(oz) + VD,PA,((),) + VDCPDc(oz) - VTPA,(oz) (A7)
[In this equation, the PO, has been used to denote the fractional
0. content of alveolar gas, since barometric pressure (PB),
which occurs in the true expression (P.(o,/PB), appears in each
term in the equation and therefore cancels out.]

Equation A7 can be reduced, simplified, and converted
into V/Q to give the following operational equation for

(VA/ Q)emog),
(VA/Q)ett0, = (VA/Q)i{1 + F.[Peo,
— PAs«0,)]/[Patm(0, — PArxoy]}

where P.(o,), the PO, in the external lung compartment, is equal
to the common dead-space P0; [PDc(o,)].

(A8)

APPENDIX 2
Derivation of Equations for Heterogeneity of V/Q

The mean values of V/Q, weighed for Q or volume (V) are
defined as follows

(V/ Q)Q = EQi(V/ Q)i/ EQi

. (49)
= EV,/EQ;
037
0-2
o
2
>
5]
0414
00 ey .
001 (2 10 100
(v/a)

FIG. 5. Relative error [coefficient of variation (COV)] in measure-
ment of ventilation-to-perfusion ratio (V/Q) as a function of V/Q.
Bottom curve, errors excluding uncertainty in measurement of mixed
venous *N concentration (relevant to interregional comparisons of V/
Q). Top curve, total error of measurement.
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and
(V/Q)v = ZVi(V/Q)i/ZV;
= Efvi(v/ Q)i

where Fy, = (V;/ZV,) corresponds to the fractional volume of
the lung region associated with a ventilation-to-perfusion ratio
(V/Q): .

The expression for the V/Q ratio measured using external
detection [i.e., (V/Q)gx] is derived from Eq. 5

(V/Q)ex = CV/CA — Ax (Al1)

where CA, the measured *N concentration of the region, is
related to the concentration in the individual subregions (CA;)
and their respective alveolar gas volumes (VA;) by the equation

Ca = ZVA,'CA,'/ ZVa;
= EFV,'CA,'

(A10)

(A12)

when the microscopic distribution of lung tissue and blood is
uniform throughout the volume element. Combining Egs. A11
and A12 to eliminate CA and substituting for CA; by use of Eq.
5 gives

(V/QEx = 1/Z{FVi/[(V/Q)i + A} — An (A13)

APPENDIX 3
Error Propagation in the V/Q Equation

Equation 4 can be rewritten in terms of the measured scan
data to give

(VA/Q)eteoony = CVVA/ [S15n0oay = Si8neae] — AN (AI4)

where Sty is the regional distribution of *N (kCi per unit
volume of thorax) and VA is the regional pulmonary gas volume
(ml per unit volume of thorax). Sinwae) is the background N
activity included in Sisnota and originates from blood contain-
ing ®N (at a concentration Cv) upstream of the alveolus. This
vascular moiety can be calculated as F,CvVB, where F, is the
fraction of the regional blood volume (VB) upstream of the
alveolus. F, has been assigned a value of 0.4 (see companion
paper). Differentiation of this equation allows the coefficient
of variation (COV) of the measured values of V/Q to be ex-
pressed in terms of the COV’s of the component parameters,
thus

COVyg = [COV%. +(1- A)2<COV%,7

1/2 Ak

W AL

+ COV?aN) + Azcov%,,,]

where A = (V/Q + A\x)/k and k = VA/F,VB.

The fractional errors in the measurements of VA, VB, and
Cv are independent of V/Q and for a typical lung region of
interest (2 X 2 cm?) are estimated to be 0.035, 0.010, and 0.047,
respectively, when the number of accumulated counts in the
transmission, blood volume, and *N steady-state emission
scans are 10 X 10%, 2 X 105 and 0.5 X 10° respectively. The
value of COV,ys, is, however, related to regional V/Q, since a
high value of V/Q is associated with a low concentration of **N
and a correspondingly high statistical uncertainty. For a uni-
form distribution of activity throughout the lungs, the COV for
the measurement of isotope concentration in a 2 X 2-cm? region
is ~0.03 for the accumulation of 0.5 X 10° coincidence events.
Therefore, the following first-order approximation between
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COV,3, and V/Q can be made (2)
COVys, = 0.03[(V/Q + \)/(0.8 + M)]*  (A16)

where the value 0.8 is the mean V/Q ratio for normal subjects.

COV /¢ was calculated using Egs. A15 and A16 and is shown
plotted in Fig. 5 as a function of V/Q. At low values of V/Q the
relative error is high because of the subtraction of Ay from the
ratio Cv/CA, which is itself tending toward a value of Ax. In
the V/Q range from 0.1 to 1.0, COV v, is relatively constant,
but as V/Q increases further, the errors in the measurement
also increase because of the statistical uncertainty in the meas-
urement of *N concentration.
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