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INNOVATIVE METHODOLOGY

Using pulmonary gas exchange to estimate shunt and deadspace in lung
disease: theoretical approach and practical basis

Peter D. Wagner, Atul Malhotra, and © G. Kim Prisk
Division of Pulmonary, Critical Care, Sleep Medicine and Physiology, University of California, San Diego, California

Abstract

The common pulmonary consequence of SARS-CoV-2 infection is pneumonia, but vascular clot may also contribute to COVID
pathogenesis. Imaging and hemodynamic approaches to identifying diffuse pulmonary vascular obstruction (PVO) in COVID (or
acute lung injury generally) are problematic particularly when pneumonia is widespread throughout the lung and hemodynamic
consequences are buffered by pulmonary vascular recruitment and distention. Although stimulated by COVID-19, we propose a
generally applicable bedside gas exchange approach to identifying PVO occurring alone or in combination with pneumonia,
addressing both its theoretical and practical aspects. It is based on knowing that poorly (or non) ventilated regions, as occur in
pneumonia, affect O, more than CO,, whereas poorly (or non) perfused regions, as seen in PVO, affect CO, more than O,.
Exhaled O, and CO, concentrations at the mouth are measured over several ambient-air breaths, to determine mean alveolar
Po, and Pco,. A single arterial blood sample is taken over several of these breaths for arterial PO, and Pco,. The resulting alve-
olar-arterial PO, and Pco, differences (AaPo,, aAPCO,) are converted to corresponding physiological shunt and deadspace val-
ues using the Riley and Cournand 3-compartment model. For example, a 30% shunt (from pneumonia) with no alveolar
deadspace produces an AaPO, of almost 50 torr, but an aAPco, of only 3 torr. In contrast, a 30% alveolar deadspace (from
PVO) without shunt leads to an AaPO, of only 12 torr, but an aAPco, of 9 torr. This approach can identify and quantify physio-
logical shunt and deadspace when present singly or in combination.

NEW & NOTEWORTHY Identifying pulmonary vascular obstruction in the presence of pneumonia (e.g., in COVID-19) is difficult.
We present here conversion of bedside measurements of arterial and alveolar PO, and Pco, into values for shunt and dead-
space—when both coexist—using Riley and Cournand’s 3-compartment gas exchange model. Deadspace values higher than

expected from shunt alone indicate high ventilation/perfusion ratio areas likely reflecting (micro)vascular obstruction.

alveolar-arterial difference; deadspace; hypoxemia; lung; perfusion; shunt; ventilation

INTRODUCTION

The SARS-CoV-2 virus is now known to affect multiple
organ systems (1). Within the lungs, pneumonia is perhaps the
primary pathological manifestation of the virus. Pneumonia
results in alveolar filling with cellular debris and fluid, which
in turn reduces or eliminates ventilation of the affected
alveoli, thereby lowering regional ventilation/perfusion (Va/
Q) ratios and causing sometimes profound arterial hypoxemia
(2). There is however evidence that the virus may also cause
(micro)vascular thrombosis in the pulmonary circulation (3).
Were pulmonary vascular clotting to occur, affected alveoli
would become underperfused, and their VaA/Q ratios would
rise, similar to what has been found in acute pulmonary
thromboembolism (4). The affected alveoli would accordingly
have an elevated alveolar Po, (5). Thus, occurring alone, vas-
cular obstruction should not result in arterial hypoxemia pro-
vided that the drive to breathe remains sufficient to maintain
arterial Pco, at normal levels (6). In addition, if thrombosis
were occurring diffusely in the pulmonary microvasculature,

Correspondence: G. K. Prisk (kprisk@health.ucsd.edu).

Submitted 1 September 2021/ Revised 23 February 2022 / Accepted 11 March 2022

http://www.jap.org

8750-7587/22 Copyright © 2022 the American Physiological Society.

it would be hard to detect by imaging tools. Clotting in the pul-
monary circulation may be even more difficult to identify
when occurring in combination with COVID-19 pneumonia.
Estimates of pulmonary arterial pressure in patients with
COVID-19 have not consistently shown marked elevation (7-
9), but it should be noted that the pulmonary circulation is
characterized by recruitability and distensibility (10). That is,
the pulmonary circulation has considerable ability to both
recruit capillaries that may not be perfused and to distend
capillaries that are open and perfused, a process that will
buffer any tendency for the pulmonary arterial pressure to
increase when some vessels are obstructed. In sum, detection
of diffuse pulmonary microvascular thrombosis in COVID-19
is challenging.

On the basis of well-established physiological principles
underlying gas exchange (5), we propose herein that simulta-
neously assessing O, and CO, exchange across the lungs will
provide a clinically feasible approach to inferring the pres-
ence of diffuse pulmonary microvascular obstruction in
spontaneously breathing patients. The key concept is that if

L))

Check for
Updates

-


https://orcid.org/0000-0001-7957-7432
https://orcid.org/0000-0002-6344-4720
https://crossmark.crossref.org/dialog/?doi=10.1152/japplphysiol.00621.2021&domain=pdf&date_stamp=2022-3-24
http://www.jap.org
https://doi.org/10.1152/japplphysiol.00621.2021

J_ID: JAP  ART NO: JAPPL-00621-2021 Date: 31-March-22 23:30

Page: 2 Total Pages: 11 ini: 6//RM

Q) SHUNT AND DEADSPACE FROM ALVEOLAR-ARTERIAL Po, AND Pco,

pneumonia, giving rise to alveoli of reduced VA/Q ratio, is
the primary consequence of COVID-19, O, exchange will be
affected more than that of CO,. In contrast, with microvascu-
lar obstruction creating alveoli with elevated Va/Q ratios,
CO, exchange will be relatively more affected. These conse-
quences—singly and in combination—can be identified by
measuring O, and CO, levels in both arterial blood and
exhaled gas and determining the alveolar-arterial gas ten-
sion differences for each gas, which can then be converted
into values for physiological shunt and deadspace. Although
the stimulus for developing this methodology is COVID-19, it
should be generally applicable to patients with pulmonary
disease of any cause.

The purpose of this article is to provide both the theoretical
and practical foundations for this gas exchange approach.
Although the gas exchange principles are mostly well estab-
lished, their application and the proposed analyses to our
knowledge are novel.

METHODS AND RESULTS

Overview

Solubility of a gas in blood and its relationship to blood:

gas partition coefficient.

It is known that in a lung with any degree and pattern of Va/
Q inequality, the properties of any gas undergoing exchange
determine to a large extent the magnitude of the interference
to its exchange (11, 12). Comparing different gases being
exchanged in a given lung, the dominant property of a gas
that determines the extent of gas exchange impairment is its
solubility, S, in blood (13). The purpose of this section is to
develop the theoretical basis of this claim, and extrapolate it
to the respiratory gases, O, and CO,. The common units of S
are mL of gas per 100 mL of blood per mmHg partial pressure
of the gas. Solubility can also be also expressed as the blood
to gas partition coefficient, commonly denoted by the Greek
letter L. In words, A for any gas is the ratio of its concentra-
tion in blood to its concentration in gas with which it is in
equilibrium. Because 2 is a ratio of two concentrations, it is a
dimensionless number. When S is expressed in mL/100 mL/
mmHg, the numerical relationship between S and X is as
follows:

A =S x (PB* PH,0)/100 (1)

Here PB is barometric pressure and PH,0 is saturated
water vapor pressure, both in mmHg. Multiplying S by (PB —
PH,0) converts its units to mL/100 mL/atmosphere, and
then dividing S by 100 further converts its units to mL/mL/
atmosphere, which defines A as the mL of gas in 1 mL of
blood when in the gas phase its concentration is 1 mL/mL.
Under standard conditions, i.e., PB = 760 mmHg and at
body temperature of 37°C where PH,O = 47 mmHg, the
outcome is:

A=713xS (2)

For inert gases (gases that are chemically nonreactive with
blood and tissue components) and which are therefore car-
ried in blood only in physical solution (i.e., dissolved), either
S or X is sufficient to characterize the relationship between
partial pressure and concentration over any range of values.

However, for O, and CO,, the relationships between partial
pressure and concentration in blood are well-known to be
nonlinear, and a single value of S or % is thus insufficient to
describe their partial pressure-concentration relationships
quantitatively with accuracy. However, for the analysis to
follow, it will be very useful in conceptual development to
begin by defining the O, (or CO,) dissociation curves by their
average slopes between arterial and mixed venous blood,
thereby assigning them average values of S and A.

Focusing first on O,, where breathing ambient air, normal
arterial blood has a Po, of 100 mmHg and an O, concentra-
tion of 20 mL/100 mL blood and where normal mixed ve-
nous blood has a Po, of 40 mmHg and an O, concentration
of 15 mL/100 mL blood, it can be seen that the average slope
of the O, dissociation curve in the normal range becomes
(20-15)/(100-40) mL 0,/100 mL blood/mmHg. This comes
to 5/60 or 0.083 mL/100 mL/mmHg. In the present con-
text, this number becomes the value of S for O,, and multi-
plying by (PB — PH,0)/100 (i.e., by 7.13 under standard
conditions) yields an effective blood:gas partition coeffi-
cient for O, of ~0.6.

Turning to CO,, normal arterial blood has a Pco, of 40
mmHg and a CO, concentration of 48 mL/100 mL blood and
normal mixed venous blood has a Pco, of 45 mmHg and a
CO, concentration of 52 mL/100 mL blood. From these num-
bers, it can be seen that the average slope of the CO, dissocia-
tion curve in the normal range becomes (52-48)/(45-40) mL
C0,/100 mL blood/mmHg. This comes to 4/5 or 0.80 mL/100
mL/mmHg. In the present context, this number becomes the
value of S for CO,, and multiplying by 7.13 yields an effective
blood:gas partition coefficient for CO, of ~6.

The main point is that the average slope of the CO, disso-
ciation curve is ~10 times the average slope of the O, dissoci-
ation curve, and that we can go forward with the analysis
considering O, to behave like a gas with A = 0.6 and CO, to
behave like a gas with A = 6. The utility of these simplifying
approximations will become apparent in the analysis that
now follows.

Ventilation/perfusion inequality: the simple two-
compartment model.

Ventilation/perfusion (Va/Q) inequality is defined as varia-
tion in the local Va/Q ratio across the lungs. In patients with
lung disease, it is common knowledge that Va/Q inequality
is a dominant consequence of structural and functional pul-
monary abnormalities, causing interference to gas exchange
manifest as arterial hypoxemia, sometimes also with hyper-
capnia. Research using both imaging tools and the multiple
inert gas elimination technique has revealed that Va/Q in-
equality is often manifest as a distribution of lung units over
a wide range of Va/Q ratios. However, for conceptual devel-
opment here, there is major advantage to simplifying the
lungs to a two-compartment structure where one compart-
ment, or unit, has a Va/Q ratio in the normal range and the
other is abnormal with a Va/Q ratio that is either lower or
higher than that of the normal unit.

Gas exchange in the presence of VA/Q inequality: the
key role of partition coefficient.

Suppose the lungs are now imagined as the simplest model
of Va/Q inequality using a two-compartment model (Fig. 1).
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VA = VA, + VA,

Q=Q;+0Q,

Figure 1. Two-compartment model of the lungs with total alveolar ventila-
tion (VA) and blood flow (Q) split between both compartments (Va, and
VA2 Q;and Q) resulting in corresponding VA/Q ratios (VA/Q and VA,/
Q 2). The different Va/( ratios then dictate corresponding values of alveo-
lar PO, and Pco, in each compartment as shown. Arrows indicate the mix-
ing of exhaled gas from the two compartments and mixing of
compartmental blood flow from the compartments to form the mixed
exhaled gas and mixed arterial blood.

Here one side (left) has alveolar ventilation designated Va;
and blood flow designated Q, whereas the other side (right)
has values denoted Va, and Q,. Total alveolar ventilation is
VA = VA, + VA, whereas total blood flow Q = Q; + Q,. Gas
exchange is presumed to occur in a steady state.

Suppose further that gases are being eliminated from
the blood (i.e., as for CO,) and exhaled to the atmosphere
(rather than being moved from alveolar gas into blood).
Mathematically, this makes the algebra which follows sim-
pler, because inspired levels of the gas can be set to zero
and thus ignored. The direction of exchange however is
immaterial to the result. Using the well-accepted principle
of mass conservation in pulmonary gas exchange, the fol-
lowing well-known relationship can be derived relating
ventilation and blood flow in an alveolus to the partial
pressures of the gas in alveolar gas (PA), end-capillary
blood (Pec), and mixed venous blood (Pv) and to the parti-
tion coefficient (1) of the gas (14, 15):

PA;= Pecj= Pv x A/(A+ VA/Q,) for unit 1 (3)
and
PA,= Pec,= Pv x A/(h+ Vay/Q,) for unit 2. (4)

Here alveolar and end-capillary gas tensions are taken to
be identical in each unit, although clearly different between
units because va;/Q; does not equal Va,/Q,. Alveolar end-
capillary equivalence implies that alveolar-capillary diffu-
sion equilibrium does occur within the transit of each red
cell through the microcirculation of the lungs.

Now defining R; as Pec1/Pv (the retention of unit 1) and E;
as PA,/Pv (the excretion of unit 1), and similarly applying
this simplification to unit 2, the two equations become:

Ri= E;=)/(A+ Vay/Q,) for unit 1 (5)

and

R,= E;=A/(h+ Vay/Q,) for unit 2. (6)

Equation 5 states that in gas exchange unit 1, the fraction
R; of the gas delivered to that unit in the pulmonary arterial
blood which remains in the end-capillary blood of that unit
after undergoing pulmonary gas exchange is the ratio of the
partition coefficient of the gas to the sum of the partition
coefficient and the VA/Q ratio of the unit. Equation 6 makes
the identical statement for the second unit. The equations
show that R; and R, will be lower for a poorly soluble gas
(with low 2) than for a highly soluble gas (with high %) in any
gas exchange unit, and higher for any gas when the unit’s
Va/Q ratio is low compared with when its VA/Q ratio is high.

Referring to Fig. 1, suppose the two VA/Q compartments
are connected in parallel by both airways and blood vessels
as shown. Their exhaled airstreams will mix and their end-
capillary blood streams will also mix as ventilation and per-
fusion continue.

Because of this, the mixed exhaled gas will have a ventila-
tion-weighted average partial pressure, normalized to Pv,
(and termed PE) given by:

PE = <E1>< VAl—l— E;x VA2>/(VA1+ VAz) (7)

Symmetrically, because the two bloodstreams also mix to
form the systemic arterial blood after leaving the alveolar
region, the mixed arterial blood will have a perfusion-
weighted average partial pressure (Pa), also normalized to
Pv, given by:

Pa = (Rix Qi+ Rax Q,)/(Q1+ Qy) (8)

Just as for the alveolar-arterial difference for O,, the differ-
ence between Pa and PE expresses the degree of interference
to gas exchange (of a gas with partition coefficient A in this
particular two-unit lung with ventilation and blood flow dis-
tributed as described). Hence:

Pa  PE = (Rix Q;+ Rpx Q)/(Qi+ Q)
- (E1>< VA1+ E,;x VAz)/(VA1+ VAz) (9)

The terms on the right side of Eq. 9 contain R; and E,,
both of which equal

MM+ Vay/Qy)
and also R2 and E2, both of which equal
A (A4 Vag/Qy).

In sum, the unique terms in Eq. 9 are only five in number:
VA, VA,, Ql, Q,, and L. Therefore, for a given set of values of
Vg, Va,, Qy, and Q,, the arterial-alveolar gas partial pressure
difference, Pa — PE, is a unique function of i.

In fact, when Vay, Va,, Q, and Q, are nonzero themselves,
the equations show that if A were zero, the arterial-alveolar
gas partial pressure difference must be zero as both R; and
R, fall to zero. Similarly, when A is infinitely high, the arte-
rial-alveolar gas partial pressure difference must also be
zero, because R; = R, = 1.0. In between these extremes, differ-
ential calculus can be used to show that there is a unique
value of A for which the arterial-alveolar gas partial pressure
difference will be at a maximum. This requires differentiat-
ing Eq. 9 with respect to A and solving for the value of ) that
makes the differentiated equation zero. That process defines
the value of A at which Pa — PE is maximal (Agax )-
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This unique value of A, must be a function of the values
of Vay, Va,, Qq, and Q, because they are the only other terms
than A in Eq. 9. When this calculus is performed, the out-
come is remarkably simple in that the arterial-alveolar gas
partial pressure difference will be at a maximum when:

Amax= Square root [(VAl/Ql) X <VA2/Q2>] (10)

This result was mentioned in Ref. 13. Figure 2 shows the
arterial-alveolar gas partial pressure difference calculated
using Eq. 9 over a wide range of A for four model lungs, two
in each panel. Figure 2A describes alveolar-arterial differ-
ence outcomes using Eq. 9 for a wide range of partition coef-
ficients for two models having 1) 50% shunt (VA/Q = 0)
perfusion and 50% perfusion of normal lung (VA/Q =1; blue
line) and 2) 50% low Va/Q (0.017) perfusion and 50% normal
perfusion (VaA/Q =1; red line).

The values of the average slopes of the O, and CO, dissoci-
ation curves expressed as partition coefficients as discussed
above are indicated by the vertical green dashed lines.
Although the red and blue curves can be seen to differ mark-
edly at very low partition coefficients, at the partition coeffi-
cients representing O, and CO,, there is little difference
between them: whether the lung has low VA/Q areas or
shunt makes little difference to O, or CO, exchange (when
ambient air is breathed, as proposed in this paper).

Figure 2B describes alveolar-arterial difference outcomes
using Eq. 9 for a wide range of partition coefficients for two
models having 1) 50% deadspace (VA/Q = infinitely high)
ventilation and 50% ventilation of remaining normal lung
(VA/Q = 1; blue line) and 2) 50% high Va/Q (55) ventilation
and 50% ventilation of remaining normal (Va/Q = 1; red
line).

The values of the average slopes of the O, and CO, dissoci-
ation curves are again expressed as partition coefficients and
are indicated by the vertical green dashed lines. Although
the red and blue curves can be seen to differ markedly at

A —— ZERO VA/Q (SHUNT, 50% of cardiac output (QT))
—— LOW VA/Q (VA/Q=0.017, 50% of QT)

0.5

DIFFERENCE
= = =
N w

ARTERIAL - ALVEOLAR
e

0.0
0.0001 0.01 1 100 10000

BLOOD GAS PARTITION COEFFICIENT

very high partition coefficients, for O, and CO, there is, as
with Fig. 2A, little difference between them: whether the
lung has high Va/Q areas or actual unperfused deadspace
makes little difference to O, or CO, exchange.

It is thus evident (by the solid circles) that a lung with low
—or zero— Va/Q ratios affects a gas with partition coeffi-
cient equivalent to that of O, more than one with partition
coefficient equivalent to that of CO,, and that a lung with
high—or infinite— Va/Q areas affects CO, more than O,. It
should also be emphasized that either a shunt or a lesion
with low VA/Q areas will affect both O, and CO,, whereas
high Va/Q regions and deadspace also affect both gases. This
means that O, cannot be used alone to define shunt (or low
Va/Q areas) and CO, cannot be used alone to define dead-
space (or high VA/Q areas). The power of this analysis lies in
the simultaneous use of the two gases, as will be further
developed below.

This fundamental concept—that the relative interference
to exchange of a gas in any pattern of Va/Q inequality is de-
pendent on the (effective) solubility or partition coefficient
of the gas—is now the basis of using O, and CO, to identify
the presence of areas of both low/zero and high/infinitely
high Va/Q ratio in the lungs of patients with pulmonary dis-
ease such as COVID-19.

The ensuing section exploits these principles to apportion
shunt and deadspace in the lungs of any individual subject
by measuring the alveolar-arterial partial pressure differen-
ces for both O, and CO, and calculating the size of the shunt
and deadspace necessary to explain those differences. The
framework for this approach is the seven decades old three-
compartment analysis proposed by Riley and Cournand in
the middle of the last century (16) whereby the lung is di-
vided into three virtual compartments: one contains all of
the shunt, the second contains all of the deadspace, and the
third contains all of the nonshunt blood flow and nondead-
space ventilation. In this model, perfusion of low (but non-
zero) Va/Q regions is expressed as equivalent shunts.

B —— DEADSPACE (50% of tidal volume (VT))
—— HIGH VA/Q (50% of VT, VA/Q ratio 55)
0.5

[\
3 oa
3 i

w
2 2 03]
T
- 2
Iy
ol
wo g1
wo o4
o
< 0 0, €0

0.0001 0.01 1 100 10000

BLOOD GAS PARTITION COEFFICIENT

Figure 2. The relative arterial-alveolar partial pressure differences arising from shunt and deadspace (blue curves) and from low or high VA/Q ratio
regions (red curves) as a function of gas partition coefficient (A, abscissa). The ordinate cannot be less than zero nor greater than 1.0. The vertical dashed
lines indicate the average values of the O, and CO, dissociation curves slopes expressed as partition coefficients (see text). A: the greatest impediment
to gas exchange in the examples of low VAQ regions and shunt occurs for gases of L = 0.17 and O, respectively. The O,-equivalent gas has a more than
threefold higher arterial-alveolar difference than the CO,-equivalent gas. B: for the high VA/Q and deadspace models, the most affected gases have A =
5 and infinity, respectively. The CO»-equivalent gas has an arterial-alveolar difference about 50% greater than that of the O-equivalent gas. Whether
the lungs have low and high VA/Q regions (red) or zero and infinitely high VA/Q regions (blue) is seen to not be important for O, or CO5 in each case

(compare red and blue circles). Q, blood flow; VA, alveolar ventilation.
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Correspondingly, ventilation of high (but not infinitely high)
Va/Q regions is expressed as equivalent deadspace. Even
though both shunt and low Va/Q areas may be present, the
analysis provides a value for the size of the shunt required to
fully explain arterial Po, and Pco,, and the size of the dead-
space required to fully explain the expired Po, and Pco,. To
accomplish this, the quantitative relationships between 1)
deadspace and shunt and 2) arterial-alveolar partial pressure
differences for O, and CO, must first be established.

The alveolar-arterial Po> difference and the arterial-
alveolar Pco, differences in lungs with shunt and
deadspace.

Although the preceding analysis provides an analytical ex-
planation of why the exchange of any gas becomes differen-
tially affected depending on the type of VA/Q inequality
present in the lungs and the partition coefficient of the gas,
the approximation of the carriage of both O, and CO, in
blood by a single hypothetical average “partition coefficient”
must be addressed to better reflect the fact that both O, and
CO, possess nonlinear dissociation curves. This means using
their actual dissociation curves, rather than their average
dissociation curve slopes. Fortunately, this can readily be
accomplished, as follows.

In 1969, West published a seminal paper (17) describing a
sophisticated set of algorithms that would calculate the
mixed (systemic) arterial and mixed exhaled alveolar Po,
and Pco, values in a lung of any selected degree of Va/Q in-
equality. The actual O, and CO, dissociation curves
described by Kelman (18-20) were employed in this com-
puter program, which allows for their chemical interaction.
In this way, the linear approximation to their dissociation
curves used in the preceding theoretical section, while con-
ceptually essential, was avoided in the application. Factors
affecting the shape and position of both dissociation curves
(in particular, hemoglobin concentration and P50, base
excess and temperature) are accounted for quantitatively.

Moreover, although West depicted inequality by means of
a log-normal multicompartmental Va/Q distribution model,
his algorithm is easily pared down to the simpler Riley and
Cournand three-compartment model of shunt, deadspace,
and a normal compartment, which was used in the present
study. The reason for our choosing this simplification is that
from a single measurement of alveolar and arterial Po, and
Pco, with the patient breathing ambient air, the information
available is insufficient to describe the shape and position of
the entire Va/Q distribution but is sufficient to determine
shunt and deadspace in the Riley construct. Karbing et al.
recognized this and used multiple measurements over a
range of inspired O, concentrations to discriminate better
areas of low VA/Q ratio from shunt areas of zero VA/Q ratio
(21-23).

The key inputs to West’s algorithm are the values of
ventilation and blood flow in each compartment (and
hence their sums, i.e., total alveolar ventilation and pul-
monary blood flow). Ancillary input data are O, consump-
tion, CO, production, inspired O, and CO, concentrations,
[Hb], Hb P50, barometric pressure, body temperature, and
base excess. The key outputs from West’s algorithm are
the alveolar-arterial differences for O, and CO,, and the
corresponding values of shunt and deadspace that in

combination account for both alveolar-arterial Po, and
Pco, differences.

To show the relationships between arterial-alveolar differ-
ences for O, and CO, and the corresponding values of shunt
and deadspace, 3 three-compartmental models of va/Q in-
equality were constructed, and West’s algorithm was uti-
lized. One—modeling only the expected development of
regions of deadspace from diffuse microvascular obstruction
—employed a lung with a compartment of normal VA/Q (~1)
plus a second compartment of infinitely high vA/Q ratio,
with its ventilation ranging from 0% to 50% of tidal volume.
Here, for the third compartment (shunt), perfusion was set
to zero to determine how deadspace alone affected the arte-
rial-alveolar difference for both gases. A second model per-
formed the mirror-image calculations using a normal
compartment and one with Va/Q ratio = 0. Here, the third
compartment (deadspace) was assigned zero ventilation so
as to model the pure effects of a shunt on alveolar-arterial
differences. The third model combined various amounts of
shunt plus deadspace and determined the alveolar-arterial
differences over these ranges.

It is critical to understand that the alveolar-arterial Po, dif-
ference depicted in the above is not the classical difference
commonly derived from the alveolar gas equation. Such an
approach would not be valid in the present context, because
the alveolar gas equation specifically assumes that the alveo-
lar Pco, can be approximated by the arterial Pco,, which is
clearly untrue whenever there is VA/Q inequality (see Fig. 2).
The appropriate alveolar values to compare to arterial are
the mixed alveolar values of both O, and CO,, which are the
ventilation-weighted averages of the compartmental values.

Figure 3A plots the arterial-mixed alveolar Pco, differen-
ces provided by West’s algorithm against those for O, for the
three models (shunt only, red; deadspace only, blue; both
shunt and deadspace, green). Results for values of shunt and
deadspace from 0% to 50% are shown. This figure provides
the fundamental framework of the proposed approach to
determining the existence of areas of high Va/Q ratio in
patients with COVID. The key concept is that where a
patient’s measured Po, and Pco, alveolar-arterial differences
lie on this framework figure enables quantification of the
amounts of shunt and deadspace, singly or in combination.
If the sole gas exchange defect is vascular obstruction caus-
ing deadspace, the data should lie somewhere along the blue
line, depending on the extent of the obstruction. If the sole
defect is the existence of shunt, the patient data should
lie along the red line; when both types of lesions coexist, the
data would lie in between these two lines. The green line
shows the example of what would be seen if there were equal
amounts of shunt and deadspace present. Importantly, in
each of the three models, both gases are affected, but it is
the relative amount by which each gas is affected that pro-
vides the key insight. This diagram therefore allows for
estimates of both shunt and deadspace simultaneously. It
recognizes that shunt affects CO, and must be allowed for.
Correspondingly it recognizes that deadspace affects O,
which must also be allowed for.

Figure 3B extends the calculations of Fig. 3A to form a
complete grid depicting how any combination of shunt and
deadspace affects the alveolar-arterial partial pressure differ-
ences for O, and CO,. This grid may then be used in reverse
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Figure 3. A: the arterial-alveolar partial pressure differences for CO, (ordinate) plotted against the alveolar-arterial partial pressure differences for O, (ab-
scissa). Red points: differences due to shunt alone (from 0% to 50% of the cardiac output); blue points: differences due to deadspace alone (from 0% to
50% of the ventilation); and green points: differences due to shunt plus deadspace (each from 0% to 50%). It is evident that although both O, and CO,
are affected by shunt, by deadspace, and by their combination, the relationships between O, and CO, for each type of abnormality are very different. A
normal young subject, with a typical alveolar-arterial Po, difference of 10 mmHg and arterial-alveolar Pco, difference of 1 mmHg is shown by the yellow
solid circle. B: the plots of A into a complete grid showing alveolar arterial differences for O, and CO,, as a function of the range of combinations of shunt
and deadspace, each from 0% to 50%. This grid can be used for any measured pair of alveolar-arterial differences for O, and CO, to estimate the per-
centage of pulmonary blood flow perfusing unventilated regions (shunt) and percentage of alveolar ventilation associated with unperfused regions
(deadspace). aAPco,, alveolar-arterial Pco, difference; AaPo,, alveolar-arterial Po, difference.

to identify the amounts of shunt and deadspace correspond-
ing to any measured pair of values of alveolar-arterial differ-
ences for O, and CO,.

To apply these concepts to individual patients as accu-
rately as possible, the above-mentioned ancillary variables
(O, consumption, CO, production, inspired O, and CO, con-
centrations, [Hb], Hb P50, barometric pressure, body tem-
perature and base excess) are used in executing West’s
algorithm, along with total alveolar ventilation, pulmonary
blood flow (assumed equal to cardiac output). This means
that the grid of Fig. 3B is in effect calculated uniquely for
each patient using measured values of the ancillary varia-
bles. All of these variables are available from the proposed
measurements, either from the expired gas or the arterial
blood samples, with the exception of Hb P50 and cardiac
output. In the majority of patients without hemoglobinop-
athy, Hb P50 lies within a narrow range around 27 mmHg
(24-26), and the sensitivity of the estimated shunt and dead-
space to variation in P50 given the measured alveolar-arte-
rial differences was explored. Similarly, absent its direct
measurement, cardiac output was estimated using a round-
number formula (cardiac output = 5 x O, consumption + 5,
with both O,, consumption and cardiac output in I/min) that
has been shown to closely describe how cardiac output
varies linearly with O, consumption (27, 28) so that sensitiv-
ity to this variable could also be explored. The results will be
presented later in this article using the data from one normal
subject and two subjects with COVID-19.

The determination of mixed alveolar Po,> and Pco,
values from exhaled breath profiles.

As mentioned, the alveolar-arterial Po, and Pco, differences
used in the present approach are not those derived from the

standard alveolar gas equation, because the difference for
CO, is explicitly assumed to be zero when that equation is
used. Rather, the arterial values for each gas are compared
with their mixed alveolar values. This raises the question of
how to determine mixed alveolar values, averaged over the
whole breath.

In 1952, Arthur DuBois and his coworkers addressed the
issue of how alveolar Po, and Pco, varied throughout the re-
spiratory cycle (29-32). They showed that alveolar Pco, fell
and Po, rose during inspiration, and then reversed direction
during expiration, as would be expected from tidal inspira-
tion of air high in O, and low in CO,. This led to the notion of
an oscillating alveolar (and blood) Po, and Pco, about their
means during steady state breathing. When sampling arte-
rial blood, we ensure that the aspiration procedure is inten-
tionally prolonged over at least 2-4 breaths so as to obtain a
de facto mean arterial blood level for each gas. This in turn
requires that if alveolar gas is to be compared with arterial
blood in terms of both Po, and Pco,, the best estimates of al-
veolar Po, and Pco, for this comparison would be their mean
values averaged over the entire respiratory cycle.

There is an immediate practical problem with this logical
conclusion: One can only observe alveolar gas during expira-
tion, and even then, only after the anatomic deadspace gas
has been washed out. During inspiration, sampling at the
mouth records only inspired air. It would require a probe in
the alveoli to record alveolar Po, and Pco, over the whole
cycle. However, the observable portion of the alveolar gas
(after anatomic deadspace washout during expiration) is
well known to follow a straight, almost flat, trajectory in
health (33, 34). Figure 4 portrays (green tracings) two exhala-
tions, with an inhalation in between, for both O, and CO,
from a normal subject to illustrate the issues. The first ~100
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Figure 4. The figure shows an expiration (/eft), an inspiration (middle), and
another expiration (right) for a normal subject (green tracings). For this
conceptual example, the second expiration is a reproduction of the first.
Tidal volume is a little less than 1,000 mL. Top panel shows Pco, and bot-
tom panel shows Po,. Vertical blue lines separate expirations from inspira-
tions. The regression lines (red) for the alveolar plateau for each gas are
linearly projected to the start of expiration and connected by the pre-
sumed linear return pathway for the inspiratory portion, highlighting the
oscillation in alveolar gas levels between inspiration and expiration,
marked by the horizontal blue lines drawn at the high and low points on
the regression lines. The inspiratory segment shows inspired Po, and
Pco,. The expirations show initial exhalation of previously inspired con-
ducting airway gas (first ~100 mL), the transition toward alveolar gas (next
~200 mL) and the linear, sloping, alveolar plateau (remainder of breath).
The solid black circle indicates the mean alveolar PO, and Pco,, which are
the values at the midpoint of expiration.
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mL of expirate is low in CO, and high in O,, reflecting “ana-
tomic deadspace” gas exhaled first from the conducting air-
ways (i.e., gas at or near inspired levels), transitioning over
the next ~200 mL to the alveolar plateau, which is in this
case a linear, slightly sloped line (up for CO,, down for O,)
continuing until the end of the expiration. The slope in
healthy subjects, such as that in Fig. 4, is due mostly to con-
tinuing gas exchange as CO, keeps moving from blood to gas
as expiration continues, causing alveolar Pco, to rise. The
opposite holds for O, being moved from alveolar gas into
capillary blood, causing Po, to fall.

The key observation is that the alveolar plateau is essen-
tially linear over the entire post-deadspace washout portion.
This allows the reasonable inference that in a steady state
with constant tidal volume, breathing frequency, metabolic
rate, and cardiac output, linearity in actual alveolar Po, and
Pco, change would continue throughout the respiratory
cycle, even though it cannot be seen at the mouth. This
notion is illustrated in Fig. 4 where both the visible and in-
visible but presumed alveolar values are indicated by the
straight red lines drawn as a tangent to the alveolar plateau
for each gas. As long as the alveolar gas levels change line-
arly, the mean alveolar values are, by simple geometry, those

values at the volume midpoint of the exhalation (solid black
circles in Fig. 4). It is therefore proposed to use the alveolar
Po, and Pco, at the midpoint of exhalation as the best esti-
mate of the mixed alveolar values of Po, and Pco, averaged
over the respiratory cycle. It is these values that would then
be compared with the measured arterial Po, and Pco, values,
so as to derive the alveolar-arterial differences to plot on the
framework of Fig. 3B. Note that end-tidal Po, and Pco, val-
ues would be inappropriate for such a comparison because
they provide the highest rather than the mean Pco, and low-
est rather than the mean Po, throughout the respiratory
cycle.

Figure 5 shows the application of this methodology for
one normal subject (Fig. 5A) and two patients with COVID-19
(Fig. 5, B and C). These single, expired gas, tracings indicate
proof of concept, indicating an essentially linear alveolar
plateau for both gases in each case, enabling estimated of
the mean alveolar Po, and Pco,. The three examples were
drawn from a larger study of patients with COVID-19 and
normal controls whose data were obtained by Swedish col-
laborators (Drs. Harbut and Hedenstierna) after obtaining
IRB approval and written informed consent from the
subjects.

Figure 5 raises the questions of sensitivity and specificity
of the proposed approach. Sensitivity requires knowing the
95% upper confidence limit of normal for both physiological
shunt and deadspace. Based on data from the multiple inert
gas elimination technique used in subjects breathing ambi-
ent air (35), the 95% upper confidence limits for physiologi-
cal shunt and physiological deadspace are 5% and 10%,
respectively. The upper limit for shunt is less than for dead-
space because of the flatness of the O,-Hb dissociation curve
in the normal range and because there is slightly more dis-
persion of ventilation than blood flow. Values above these
limits are therefore highly unlikely to be false-positive
results, whereas values below those limits are considered to
be within the normal range. On the other hand, specificity
requires an independent method for assessing the presence
of pulmonary vascular obstruction causing high Va/Q
regions, and in the current context, we are unaware of any
adequate approach when the vascular lesions are likely
many and small. This makes specificity unable to be
addressed currently. That said, it is well established that
areas of high Va/Q ratio interfere especially with CO,
exchange, and so the inference of such regions from elevated
arterial-alveolar Pco, values should not be in question.

As mentioned, West’s algorithm was executed using each
patient’s own measured ancillary variables. Both Hb P50 and
cardiac output however were not measured and were thus
estimated. Hb P50 was assumed to be 26.8 mmHg, and car-
diac output as 5 x O, consumption + 5 (27, 28) with both O,
consumption and cardiac output in I/min. Because these var-
iables had to be estimated, sensitivity of derived shunt and
deadspace to variation in Hb P50 and to variation in cardiac
output was determined.

Sensitivity analysis based on the three example cases
shown in Fig. 5 was performed with varying cardiac output
by #25% from its assumed value and varying Hb P50 by 2
mmHg. There was an insignificant sensitivity of deadspace
to either condition. Shunt showed a small degree of sensitiv-
ity to Hb P50 that increased as shunt fraction increased. For
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Figure 5. Expired gas tracings from three subjects (A: normal subject; B and C: two patients with COVID-19) analyzed by the proposed methodology. For
both O, and CO,, a single expiration is shown (green) with the least squares best-fit line to the latter portion of the exhalation (pink). Solid black circles
indicate the measured arterial PO, and PCO, and mean alveolar PO, and Pco,. Alveolar arterial differences, shunt, and deadspace are indicated on the
figure for each subject. The normal subject has minimal shunt and deadspace whereas both patients with COVID-19 have substantial shunt. However,
only patient (C) has a large alveolar deadspace in which the arterial-alveolar Pco, difference cannot be explained by the coexisting shunt.

example, the case in Fig. 5C showed a variation in shunt of 3
percentage points at the extremes of the Hb P50 range
around a value of 26% shunt. Shunt estimates were affected
more by uncertainty in cardiac output, but when shunt was
modest, the uncertainty is small. Although there is evident
sensitivity to cardiac output when shunt is large (e.g., Fig.
5C), even this was modest. In this case, there was a variation
of approximately +4 percentage points for a 25% change in
cardiac output (i.e., when cardiac output was almost doubled
from 6 to 10 L/min).

DISCUSSION

The purpose of this article has been to provide a firm theo-
retical foundation and practical method for the use of simul-
taneous measurements of Po, and Pco, in alveolar gas and
arterial blood to estimate both the percentage shunt and the
percentage deadspace using the framework of the 70-yr-old
Riley and Cournand three-compartment model of pulmo-
nary gas exchange. The new analyses point out how both
shunt and deadspace affect both O, and CO, in their
exchange, so that using O, measurements alone to define
shunt and CO, measurements alone to define deadspace (as
is common practice) is insufficient. Rather, the present anal-
ysis points out that O, and CO, measurements together are
needed to simultaneously estimate shunt and deadspace. A
further critical issue is recognizing that equating arterial and
alveolar Pco,, as is the norm when using the conventional al-
veolar gas equation, would completely undermine the pro-
posed approach. This is because with either shunt or
deadspace, the arterial-alveolar Pco, difference is significant
and forms a key input to the analysis.

The drive to accomplish this methodology is not to ana-
lyze the lung physiologically. It is to answer the question of
whether in patients with lung disease, especially COVID-19
their hypoxemia and arterial Pco, can be explained fully by

shunt, or whether there must be additional gas exchange
defects. In particular, is the deadspace determined by this
approach in excess of that expected from shunt alone, or
not? This is potentially clinically important, because dead-
space in excess of that expected from shunt alone in sponta-
neously breathing patients suggests the presence of high Va/
Q areas indicative of pulmonary vascular obstruction.
Imaging and catheter-based approaches to determining
small vessel obstruction are problematic in the context of
clinical COVID-19.

The decision to use the respiratory gases O, and CO, rather
than more comprehensive tools such as the multiple inert
gas elimination technique (13) arose from the desire to de-
velop a methodology that would both answer the fundamen-
tal question posed in the preceding paragraph and be
feasible at the bedside, even in the patient with COVID-19.
Measurement of arterial blood gas levels is clinically com-
monplace; measurement of exhaled gas concentrations
requires the patient to provide no more than 10 breaths (over
~30 s) under steady-state conditions, with collection of a sin-
gle arterial blood sample during this time. During this pe-
riod, continuous measurement of O, and CO, at the mouth
provides for subsequent calculation of O, and CO, levels at
mid-expiration (see Fig. 4) along with total alveolar ventila-
tion, O2 consumption, and CO, production. Note that mea-
surement of inhaled and exhaled O, and CO, at the mouth at
high frequency (100 Hz) is done routinely in cardiopulmo-
nary exercise testing (CPET). With the raw data, mean alveo-
lar O, and CO, levels then are determined as the values of
[O,] and [CO,] at the point halfway through exhalation.

There are assumptions and thus limitations to the pro-
posed methodology. Since the derivation of shunt and dead-
space from alveolar and arterial Po, and Pco, is based on
steady-state relationships among these variables, it is impor-
tant to ensure a steady state during data collection. We sug-
gest (and use) a metronome to encourage a constant
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respiratory rate, and monitor constancy (*1 mmHg) of
end-tidal Pco, as an indicator of an adequate steady state.
It is important that tidal volume be sufficient in size to
produce an alveolar plateau adequate in length for inscrib-
ing a least-squares best-fit line to its linear portion. A sub-
ject who cannot conform to these requirements will not be
able to be studied by the proposed approach. We choose to
include only patients who are not so ill that they cannot be
safely studied while breathing ambient air for the ~5-10
min required for making the measurements. In theory
there is no barrier to using the approach at a higher Fio,, as
did Karbing et al. in a related technique for assessing Va/Q
inequality (21-23), but it should be recognized that as Flo,
is raised, areas of low VA/Q ratio that have an alveolar Po,
close to mixed venous when Flo, is 0.21 will develop a pro-
gressive increase in alveolar Po, as Flo, is raised. This will
render them invisible in the current approach despite
their remaining poorly ventilated. It also increases experi-
mental complexity because Flp, needs to be known to
employ the methodology. In addition, the method of
Karbing employs sequentially different Fio, levels, which
could be difficult to implement in the acutely ill patient.
We also choose to study patients who are spontaneously
breathing. Although mechanically ventilated patients
could be studied, in some ways more easily than those
breathing spontaneously, it is well-known that mechanical
ventilation itself can lead to regional overinflation and al-
veolar capillary compression, causing reduction in alveolar
blood flow with increased functional alveolar deadspace.
Thus, if the proposed approach in a ventilated patient shows
a high alveolar deadspace, it would be difficult to know if that
represents pulmonary vascular obstruction or only a func-
tional outcome of the ventilatory strategy. However, even if
the distinction cannot be made, it would still be a potentially
useful parameter of the presence of high Va/Q ratio regions in
the lung.

Another limitation is that the relationship between alveo-
lar-arterial differences and shunt/deadspace is modulated
by factors such as body temperature, [Hb], and acid-base sta-
tus. However, these are routinely available from the blood
gas sample (noting that body temperature is required for
proper interpretation of arterial Po, and Pco,) and are readily
incorporated into the calculation of shunt and deadspace
(via the algorithm of West that we use). Although cardiac
output and Hb P50 are both not commonly measured (but
can each affect the calculated shunt for a given pair of al-
veolar-arterial differences), they can be determined exper-
imentally and relatively noninvasively from standard
techniques. But even without their measurement, uncer-
tainty in shunt is generally small and there is no discerni-
ble effect on deadspace.

In summary, we present a bedside approach applicable in
health and pulmonary diseases such as COVID-19 and other
acute (or chronic) respiratory illnesses that simultaneously
samples exhaled gas and arterial blood over several breaths
to determine the alveolar-arterial differences for both Po,
and Pco,. The methodology employs commonly available
instrumentation for expired gas and arterial blood analysis.
The Po, and Pco, differences are then used to determine
shunt and deadspace, which reflect the extent of poorly ven-
tilated (or unventilated) regions subject to alveolar filling

and poorly perfused (or unperfused) regions subject to vas-
cular obstruction.
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