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The Multiple Inert Gas Elimination Technique
50 years later: Lessons Learned
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ABSTRACT

The Multiple Inert Gas Elimination Technique (MIGET) was developed in the early 1970’s
to measure the way in which pulmonary ventilation (Va) and blood flow (Q) are distrib-
uted one to the other. It is based on the elimination of six foreign inert gases simultane-
ously infused intravenously, with computer analysis of their elimination pattern to deduce,
qualitatively and quantitatively, the shape of the responsible Va/Q distribution. After
summarising MIGET’s physiological basis, this article presents the key observations made
using MIGET over many years in health and in three chronic lung diseases — chronic
obstructive pulmonary disease (COPD), bronchial asthma and interstitial lung disease.
While significantly advancing our understanding of the pathophysiology of these diseas-
es, the findings have led to many still unanswered questions of clinical significance in

each case. These questions are also presented and discussed. BrN gev. 2019;54):294-309)
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INTRODUCTION

This review centres on the Multiple Inert Gas
Elimination Technique, known as MIGET".
The objectives are to provide a brief technical
overview, and then summarise some key dis-
coveries made in health and disease using
MIGET. The scope is limited to human studies,
including health and three common chronic
respiratory diseases — chronic obstructive pul-
monary disease (COPD), bronchial asthma and
interstitial pulmonary fibrosis. After present-
ing key observations, remaining unanswered
questions are also identified. With more than
500 published English-language reports us-
ing MIGET, this review is necessarily incom-
plete, but a 2017 book! provides deeper un-
derstanding of MIGET theory and applications
and cites all such articles that could then be
found.

The MIGET was invented in the 1970's>® to
assess a technically challenging unsolved pul-
monary physiological problem: how to mea-
sure the distribution of alveolar ventilation
(VA) in relation to the distribution of pulmo-
nary perfusion (Q). More precisely, how to
measure the distribution of the ratio of Va to Q,
a ratio designated Va/Q. It is a functional ap-
proach based on the simultaneous pulmonary
exchange of several inert gases. It does not
provide regional Va/Q information, but rath-
er the frequency distribution of Va/Q ratios
throughout the entire lung, in the same way
that one might plot the frequency distribution
of body weight in a large population of people.

The importance of the Va/Q ratio and its dis-
tribution cannot be overstated: gas exchange
depends on the Va/Q ratio in every alveolus.
It has been known for decades that if Va is

not well-matched to Q, such that in some re-
gions Va/Q is low, while other regions possess
a high Va/Q ratio (i.e, when Va/Q inequality
is present), the ability of the lungs to exchange
any gas, including oxygen (O,) and carbon
dioxide (CO,), is compromised*®. This results
in arterial hypoxaemia (and, sometimes, hy-
percapnia) and reduction in the O, uptake
(and CO, elimination) ability of the lungs. If
the body is unable to restore O, uptake and
CO, elimination to normal despite persisting
VA/Qinequality by a) increasing O, extraction
in the tissues (and raising venous carbon di-
oxide partial pressure [PCO,] in the venous
blood coming from the tissues); and/or b) rais-
ing alveolar ventilation; and/or c) raising car-
diac output, tissues may become hypoxic and
hypercapnic to the point of organ failure
and death.

MULTIPLE INERT GAS
ELIMINATION TECHNIQUE (MIGET):
BASIC PRINCIPLES

Exchange of all non-reactive gases (that is,
gases that do not chemically react with cells
or tissues, damaging them) by the lungs is
governed by the simple principle of conserva-
tion of mass. This means that every molecule
of a gas that is inhaled but does not leave in
exhaled gas moves across the alveolar blood:-
gas barrier and into the blood to be transport-
ed to the tissues by perfusion.

This was recognised early in the 20" century,
as illustrated by Rahn’s and Fenn’s 1955 “Graph-
ical analysis of the respiratory gas exchange”.
These authors quantified the mass conserva-
tion principle by two simple equations. The
first expressed gas uptake as the product of
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alveolar ventilation and the inspired-mixed
expired gas concentration difference. The sec-
ond expressed gas uptake as the product of
pulmonary blood flow and end-capillary to
mixed venous concentration difference. Con-
servation of mass simply meant that both ways
of expressing gas uptake must yield identical
solutions for gas uptake.

While the concept is straightforward, solving
the equations for O, and CO, is difficult be-
cause their binding curves in blood are both
non-linear and interdependent. But when they
are solved, they 1) show that the VA/Q ratio
is the principal determinant of alveolar PO,
and PCO,; and 2) define the value of the al-
veolar PO, which must exist for any given
Va/Q ratio. Local alveolar PO, thus reflects
the local Va/Q ratio.

Inert gases (gases that are chemically non-re-
active, do not combine with haemoglobin [Hb]
and are carried in blood only in physical solu-
tion) are also exchanged in a manner that
obeys the same mass conservation principles.
Their great advantage is that their “dissocia-
tion curves” are defined by a single parame-
ter — their solubility in blood.

If one infuses a foreign inert gas (dissolved
in saline or dextrose) into a peripheral vein,
ensuring that inspired air does not contain
that gas, the gas reaches the lungs, where
some molecules diffuse across the blood:gas
barrier to be eliminated by ventilation, while
others remain in the capillary blood, to be
circulated to the tissues by blood flow. For a
poorly soluble gas (in a normal lung), most
molecules will be eliminated by ventilation,
and only a minority will remain in the blood
and circulated to the tissues. However, for a

highly soluble gas, most molecules remain in the
blood, and only a minority will be eliminated
by ventilation. It is this property — solubility-de-
pendence of gas exchange - on which MIGET
is based. The elimination of each inert gas
also depends on the distribution of Va/Q ra-
tios such that by measuring the elimination
of a mixture of inert gases of different solu-
bilities one can mathematically determine the
VA/Q distribution that gave rise to the mea-
sured elimination pattern.

The two-equation concept used by Rahn and
Fenn® applies to all gases, but for inert gases
infused intravenously as above, the two equa-
tions and their solution are straightforward,
and the result is as follows:

Equation 1:
Vgas = VA X FA = VA x k x Pa

Equation 2:
Vgas = Qx [Cv - Cec] = Q x s x [P¥-Pec]
= Qx s x [Pv-PA]

The symbols require explanation: Vgas in both
equations is the number of molecules moving
per unit time from capillary blood into alve-
olar gas; Va and Q are alveolar ventilation
and capillary perfusion respectively; FA and
Pa are alveolar (a) fractional concentrations (F)
and partial pressures (P) of the inert gas; the
constant k is the proportionality constant be-
tween F and P, Pv and Pec are the mixed
venous and end-capillary blood partial pres-
sures of the inert gas, and furthermore, the
explicit assumption is made (in equation 2)
that Pec = Pa for any inert gas in every alve-
olus. This implies full diffusion equilibration,
generally accepted as always occurring for
inert gases. Finally, S is the solubility of the
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inert gas such that s x PV represents the con-
centration of the inert gas in mixed venous
blood while S x PA is the concentration of the
inert gas in end-capillary blood.

When the two expressions are equated (be-
cause mass conservation means Vgas is the
same when calculated from both equations),
using the correct units, and terms are re-ar-
ranged, the result simplifies to this:

Equation 3:
PA/PV = Pec/Pv = A/ [A + VA/QI

Here, using proper units, solubility (S) now ap-
pears as the blood:gas partition coefficient, A.

This simple equation has profound implica-
tions and is the essential basis of MIGET as
shown by figures 1 and 2. Figure 1 plots, for a
homogeneous lung with a Va/Q ratio of 1.0,
Pec/P¥V, as a function of A. In the figure, Pec
is replaced by Pa, the arterial inert gas partial
pressure, which it equals when the lungs are
homogeneous. A Va/Q ratio of 1.0 is close to
resting normal human values. The abscissa in
tigure 1 uses a logarithmic scale for A, allow-
ing a very wide range of values of A, and the
line shown is simply the visual expression of
equation 3. The ratio Pa/Pv¥, termed “retention”,
cannot be less than zero (completely eliminat-
ed from blood by ventilation) or greater than
1.0 (completely retained in the blood). Six gas-
es are indicated, positioned at their known par-
tition coefficient (A) values. These are the six
MIGET gases; note that they cover a very wide
range of solubility such that virtually the en-
tire range of retention is measurable.

Figure 2 shows how the four classical causes
of arterial hypoxaemia (hypoventilation, shunt,

Va/Q inequality and diffusion limitation?) in-
dividually affect the behaviour of equation 3,
with the homogeneous curve drawn for com-
parison. Hypoventilation (top left) shifts the
curve leftwards but does not change the shape
since it simply means that Va in equation 3 is
reduced from normal. Shunt (top right) pro-
duces a very different picture. By definition,
a shunt is a region that is unventilated but
still perfused (i.e., Va/Q = 0) and thus under-
goes no exchange of any gas. The blood in a
shunt region therefore passes through the cap-
illaries unchanged (from mixed venous) for
all gases, and mixes in the left atrium with
the blood from the rest of the lung. A shunt
therefore simply compresses the curve up-
ward and one can read the value of the shunt
fraction from the left-hand asymptote of the
curve. The asymptote of 0.5 indicates shunt
is 50% of the cardiac output. VA/Q inequality
(lower left) changes the shape of curve. This
is because of change integrating to summing
the retention curves from different alveolus -
each being “S” shaped and these span a range.
On reaching the left atrium, the blood from
these alveoli mixes in proportion to how
much blood they receive, and when you cal-
culate the result, it must be a curve with a
shape different than normal, as shown. Final-
ly, with diffusion limitation (lower right), the
inert gas curve is unaffected. This is because
all inert gases are much (~30 times) less vul-
nerable to diffusion limitation than is O,,
such that limitation sufficient to affect inert
gases would cause lethal hypoxaemia.

This figure indicates how the curves differ
substantially among the four causes of hy-
poxaemia, which in turn means that measur-
ing the retention values of the six gases, will
enable separate identification of the four
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Ficure 1. Shows the relationship between fractional inert gas
retention (i.e., arterial/mixed venous partial pressure ratio) and
blood:gas partition coefficient (A) when the inert gas is infused
intravenously in solution and undergoes partial elimination in the
lungs. Retention increases smoothly with A in accordance with
equation 3. The positions of the six gases used in multiple inert
gas elimination technique (MIGET) show that the entire
retention range is captured by this combination of gases.

Pa: systemic arterial partial pressure; PV: pulmonary arterial
partial pressure; SF6: Sulfur hexafluoride.

causes of hypoxaemia in any given patient,
and moreover, singly or in combination. As
described in Hopkins et al.!, a computer algo-
rithm has been written to calculate the shape,
position, and moments of the Va/Q frequency
distribution, the size of any shunt and dead
space, and the extent of diffusion limitation
and (hypo/hyper) ventilation that must exist
to fit the measured retention curve. This ar-
ticle now reviews these findings in health
and three important lung diseases — COPD,
asthma, and interstitial lung disease - chosen as
interesting regarding mechanisms of abnor-
mal gas exchange and remaining unanswered
questions.

In each example shown below, the curves have
been re-created by computer from original

hand-drawn figures in the sometimes de-
cades-old original studies. This improves res-
olution and picture quality. Details will of
course vary by patient, but the main fea-
tures accurately reflect the original findings
in each case.

NORMAL SUBJECTS

Normal young subjects have very little Va/Q in-
equality’®7®, as expected from knowing that
arterial PO, is commonly close to that of a ho-
mogeneous lung. Figure 3 is typical of a seat-
ed, resting normal subject.

First, the frequency distribution shown in fig-
ure 3 needs explanation. Two curves are
shown, one for ventilation and one for blood
flow, with the abscissa, the Va/ Q ratio, plotted
on a logarithmic scale from the lowest value
(0.005) that MIGET can distinguish from
shunt (Va/Q of zero) to the highest value (100)
that MIGET can separate from dead space
(VA/Q infinitely great)!. Each curve shows
how much ventilation and blood flow (ordi-
nate) are directed to lung regions of any spec-
ified Va/Q (abscissa) ratio across that range.
At any given Va/Q ratio, the values reflect all
alveoli throughout the lung with that Va/Qno
matter whether they occupy a single location
or are scattered across regions. The circles
represent values at specific VA/Q ratios equal-
ly spaced along the abscissa, based on a
multi-compartment framework to convert
the retention curves into Va/Q distributions.
The smooth line drawn through all of the
circles is a mathematical fit to the circles, sep-
arately for each curve. Small potential irreg-
ularities in the curves are beyond the resolu-
tion of MIGET. While irregularities may exist,
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Ficure 2. Shows how the four causes of arterial hypoxaemia individually affect the retention curve, with qualitative and quantitative
differences allowing their clear identification by multiple inert gas elimination technique (MIGET), even when present in combination.
Pa: systemic arterial partial pressure; PU: pulmonary arterial partial pressure; Q: blood flow; VA: pulmonary ventilation.

this is unlikely, because there are ~500 mil-
lion alveoli spread among ~100,000 gas ex-
change units (acini). With this number of
units contributing to the curves, it is highly
probable that the curves are indeed smooth,
just as a frequency distribution of human
body mass across 100,000 individuals would
be smooth.

Both shunt perfusion and dead space venti-
lation are indicated, in this case zero and
~2.5 L/min respectively. In young normal
subjects, shunt is not seen (airways are not
obstructed and alveoli are not fluid-filled)
but dead space is always present, essential-
ly completely explained by the volume of
the conducting airways between the mouth
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Ficure 3. Shows a typical Va/Q distribution in a seated young
healthy subject. The distribution is narrow (confined to about
one decade of Va/Q ratios, with little dispersion) and does not
contain areas of abnormally low or high Va/Q ratio or shunt.
Q: blood flow; Va: pulmonary ventilation.

and the alveoli. Here, with a total ventila-
tion of 8.3 L/min, the (normal) dead space
ventilation comprises 2.5/8.3, or 30%, of the
total. The Va/Q curves are logarithmically
normal (symmetrical on a log scale) about
a mean VA/Q ratio of about 1. This mean
arises from total alveolar ventilation being
numerically similar to cardiac output (5-6 L/
min) such that their ratio is about 1.

In subsequent figures herein, dead space ven-
tilation is not plotted, because the required
ordinate scale would compress the remain-
ing distribution. In general, dead space (i.e,
unperfused lung as indicated by MIGET) is
found to correspond to the volume of the con-
ducting airways.

The degree of VA/Q inequality is indicated
by the width of the curves, quantified for
each as the second moment about the mean

(conceptually equivalent to standard devia-
tion). If the curves had no width (second
moment zero) they would appear as a verti-
cal line at the mean Va/Q of the lung, indi-
cating a homogeneous lung. This is never
seen even in health, and figure 3 is typical
of young normal subjects, with a second mo-
ment (which we term “LOG SD”) of about
0.4 (on a log scale). The most severe inequal-
ity, seen in acute lung injury, is about 2.5. As
the figure shows, there are no regions with
VA/Q < ~0.4 and none with Va/Q ratio > ~3,
its full width spanning only one decade of
Va/Q ratios.

An important interpretive point is that if al-
veoli are poorly ventilated but still perfused,
the distribution will include areas of low
VA/Q ratio, raising LOG SD much more for
blood flow (Q) than ventilation (Va). The con-
verse applies: poorly perfused but still ven-
tilated alveoli will appear as areas of high
Va/Q ratio, with an elevated LOG SDV. This
means that a high LOG SDQ implies airways
dysfunction while a high LOG SDV means
interference to perfusion.

The amount of inequality in figure 3 is minor
and is consistent with the degree of inequali-
ty found by imaging methods. It is explained
by well-known gravitational and structural
influences on regional ventilation and blood
flow. Typically, alveolar PO, is ~100 mmHg,
arterial PO, 90-95 mmHg, and their difference
is only 5-10 mmHg.

Both exercise and high altitude independent-
ly result in modestly greater Va/Q inequality,
with LOG SD increasing to about 0.5-0.6!131°,
This is unexpected because these conditions
increase pulmonary artery pressure, reducing
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the gravitational gradient in blood flow,
thus improving Va/Q distribution. While it
is probable that under both conditions great-
er inequality is caused by increased intersti-
tial fluid buildup, based on greater fluid
movement out of the capillaries as pulmo-
nary artery pressure rises, this has not been
proven.

What MIGET has also shown is that normal
subjects exercising at altitude develop arterial
hypoxaemia beyond that seen at rest, due to
both the above-mentioned increase in Va/Q in-
equality and incomplete diffusion equilibra-
tion (i.e, red cells do not have enough ex-
change time for capillary PO, to reach alveolar
values)!?!>. When blood flow is high, capillary
transit time is reduced, and at altitude, the
driving PO, gradient for diffusion is also re-
duced as PO, falls onto the steep part of
the O, dissociation curve. Together, increased
Va/Q inequality and diffusion limitation re-
duce arterial PO, and O, availability, and
hence, exercise capacity.

Breathing pure O, has been shown to create
or increase shunt', sometimes in combina-
tion with disappearance of low Va/Q regions
previously present while breathing air. This
likely represents a combination of increased
blood flow from release of hypoxic vasocon-
striction and absorption atelectasis from ab-
sence of nitrogen (N,) in the alveolar gas. Per-
fusion of low Va/Q units can also increase
from this release of vasoconstriction.

The key unsolved issue in normal subjects is
the cause of greater Va/Q inequality during
exercise and at altitude. Precise lung imaging
methods, although not yet well-enough de-
veloped, may be the best way forward.

CHRONIC OBSTRUCTIVE
PULMONARY DISEASE (COPD)

Chronic obstructive pulmonary disease (COPD)
results in often substantial Va/Q inequality.
Most MIGET studies in COPD were carried
out in the 20t century'®33. At the time, COPD
was understood as both alveolar destruction
(emphysema) and long-term airway inflam-
mation (chronic bronchitis) in variable com-
bination. Patients were accordingly classified
as type A (dominant emphysema) and type B
(dominant chronic bronchitis), while comor-
bidities such as obesity, hypertension, heart
failure, diabetes and sleep apnoea were not
emphasized. Emphysema alone was known to
cause expiratory (but not inspiratory) airways
obstruction through greater than normal dy-
namic airway compression and also to cause
hyperinflation through loss of elastic recoil.
Bronchitis was known to cause inspiratory and
expiratory airways limitation through both
thickened airway walls and luminal mucus
(both reducing airway diameter). In some pa-
tients there may also be a contribution from air-
way smooth muscle contraction. Patients clas-
sified as mostly emphysematous typically suffer
mild arterial hypoxaemia (PO, 60-70 mmHg
or more) and no hypercapnia. They often
hyperventilate, reducing arterial PCO, to
~30-35 mmHg. Patients classified more as
chronic bronchitic typically fail to hyperven-
tilate, resulting in greater hypoxaemia and,
often, chronic hypercapnia.

Given this understanding of COPD patho-
physiology, it was predlcted that MIGET would
reveal areas of low Va/Q ratios from reduced
ventilation in obstructed regions, no matter
whether emphysema or bronchitis was domi-
nant, and that the main difference between
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types A and B would be in their total ventila-
tion. Furthermore, it was expected that there
would be a range of regional airway obstruc-
tion severity from mild to severe, such that the
Va/ Q curves would become broader than nor-
mal but not split into separate modes. Finally,
knowing that diffusing capacity (for carbon
monoxide) was usually reduced, it was expect-
ed that some of the arterial hypoxaemia would
be due to alveolar-capillary diffusion limita-
tion. These predictions were not borne out.

Figures 4A, B and C show that three major
patterns of VA/Q inequality in COPD were re-
vealed by MIGET. The key findings were that:

1) The distributions were mostly bimodal or
trimodal, not broad and unimodal.

2) There was always a population of alveoli
within the normal range of Va/Q ratios.

3) Distinctly different patterns were apparent
as figure 4 shows. Thus, some patients had
a population of very high Va/Q alveoli,
some had the converse — a population of
very low Va/Q alveoli — and some had both
low and high Va/Q regions.

4) Type A patients almost always had the pat-
tern shown in figure 4A while type B pa-
tients could have any of the three patterns,
but usually did show low Va/Q regions.

5) Shunt was minimal, and often not measur-
able (< 0.1%)

6) Alveolar-capillary diffusion limitation was
never observed, even during exercise.

The probable explanation of distinct modality
in the distributions is that the disease process
is inherently very non-uniform, as imaging
studies now reveal. Thus, some regions are af-
fected much more than others, and some func-
tion normally for gas exchange. Emphysema is
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Ficure 4. Shows the three principal patterns of Va/Q inequality
seen in patients with chronic obstructive pulmonary

disease (COPD) Types A, B and C. As explained in the text, high
Va/Q regions likely represent areas of alveolar emphysema while
low Va/Q areas likely reflect reduced airway diameter from
chronic inflammation.

known to be greater in non-dependent lung
regions due to greater gravitational stress from
the weight of the lung tissue beneath causing
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alveolar wall strain. Conversely, bronchitis
would be expected to affect lower lung regions
more because they were better ventilated (pri-
or to disease) due to both gravity and bron-
chial anatomy, delivering more tobacco-relat-
ed inhaled inflammatory mediators.

The probable explanation of high Va/Q areas
is emphysematous destruction of alveolar wall
capillaries greatly reducing — but not elimi-
nating - blood flow in emphysematous re-
gions which still receive some ventilation,
thus resulting in elevated Va/Q ratios. The
greater dynamic compression from emphyse-
ma appears not to greatly reduce ventilation
(inspiratory airflow is little affected) but rath-
er to prolong the expiratory phase to prevent
low VA/Q ratios from developing. The proba-
ble explanation of low Va/Q areas is indeed
bronchitis reducing airway luminal area, in-
creasing resistance and reducing local gas
flow. While differences in total ventilation
between Types A and B patients undoubted-
ly affect arterial PO, and PCO,, the blood gas
values are mostly the result of the Va/Q pat-
tern observed, modulated by differences in
ventilation.

Absence of shunt is common, and hard to ex-
plain when poorly ventilated regions possess
a Va/Q ratio in the 0.01-0.1 range, implying 90
to 99% reduction in ventilation. The question
is what stabilises Va/Q ratios at such minimal
values, preventing total airway occlusion and
a Va/Q ratio of zero? An unproven hypothesis
is that collateral ventilation develops, ventilat-
ing alveoli distal to fully obstructed airways,
thus preventing atelectasis. Finally, reduced
diffusing capacity is likely explained mostly
by loss of capillaries in emphysematous re-
gions. There is so little perfusion in these areas

that even if they were subject to diffusion
limitation, this would minimally affect the
mixed capillary blood reaching the left heart,
especially as their Va/Q ratios are putatively
elevated, enhancing diffusive equilibration.

In this analysis, the focus has mostly been on
the airways and associated obstructive pro-
cesses, but the pulmonary circulation should
not be forgotten. First, hypoxic pulmonary
vasoconstriction (HPV) will act to reduce per-
fusion in the lowest Va/Q regions because of
their low local PO,. This automatically raises
local Va/Q and should improve the VA/Q dis-
tribution overall. That HPV is present, yet of
fairly minimal benefit to gas exchange, has
been shown by MIGET studies comparing the
distribution while breathing room air and
added O,, or after giving pulmonary vasoac-
tive drugs!®2324313_ Also, when VA/Q inequal-
ity and spirometric changes are compared over
the range of severity of COPD defined by the
Global Initiative for Chronic Obstructive Lung
Disease (GOLD) classification® gas exchange
abnormalities may precede measurable spiro-
metric changes. Figure 5 shows MIGET data
from 150 COPD patients. It plots Va/Q inequal-
ity (LOG SDQ and LOG SDV) against forced
expiratory volume in one second (FEV,) (%
predicted) for patients in the four GOLD grade.
The error bars indicate 95% confidence limits.
The findings are impressive: even at GOLD 1,
when FEV, averages 87% of normal, VA/ Q in-
equality is very significant. The LOG SDQ is
already abnormal (upper panel) while LOG
SDV is on the upper limit of normal (lower
panel). This likely means that the early chang-
es in overall function occur in the parenchyma
rather than the conducting airways and may
involve not just the small airways, but also the
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VA/Q inequality in relation to COPD GOLD

grades 1-4:
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Ficure 5. Shows the relationship between Va/Q inequality and
FEV, across the four GOLD stages of COPD severity. Note that
substantial inequality is seen already in grade 1, while further
worsening by GOLD grade is not dramatic. See text for further
analysis.

COPD: chronic obstructive pulmonary disease; FEV: forced
expiratory volume in one second; GOLD: Global Initiative for
Chronic Obstructive Lung Disease; Q: blood flow; Va: pulmonary
ventilation.

Then, as spirometry deteriorates and patients
move into higher GOLD grades, there is only
modest further worsening of these indices of
inequality. Noting that LOG SD values as
high as 2.5 occur in acute lung injury, one
must ask why Va/Q inequality does not prog-
ress more severely with GOLD progression.

One hypothesis is that more severe COPD
destroys lung tissue such that badly affect-
ed regions eventually lose both ventilation
and blood flow, and thus become invisible
to MIGET.

These “armchair” explanations of MIGET find-
ings in COPD are however just that — thoughts
generating hypotheses to be tested as appli-
cable technology becomes available. Thus, re-
search questions raised by MIGET include those
raised above.

BRONCHIAL ASTHMA

Asthma is a disease cluster sharing the phe-
nomenon of airways obstruction with COPD.
However, unlike COPD, emphysema is not
present. Rather, airways obstruction is due to:
1) increased airway smooth muscle contrac-
tion, mostly in response to inhaled particu-
late/chemical matter, 2) airway wall remod-
elling, with chronic inflammation reducing
airway luminal area, and 3) luminal narrow-
ing from mucus within the airway lumen. At
least some of these factors can be partly re-
versed, such that asthma commonly presents
temporal variability in airways obstruction,
leading to the classical clinical history of
asthma episodes interspersed with periods of
remission.

As with COPD, phenotypic complexity has
been increasingly recognised, however, most
MIGET studies in asthma were done in the
last part of the 20" century. Moreover, as
pharmacotherapy has improved, the findings
from past studies need to be confirmed or
refuted in terms of applicability to the current
era. What is now described therefore pertains
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mostly to research performed in the 20* cen-
tury and reflects what are considered to be
the key findings noted then.

Figure 6 exemplifies a patient with essen-
tially asymptomatic asthma and near-normal
spirometry, where lack of symptoms would
not predict much functional abnormality®.
However, MIGET shows substantial VA/ Q in-
equality, with a population of low Va/Q re-
gions making the distribution abnormal.
Similar discordance between spirometry and
Va/Q inequality has been reported by oth-
ers3%3. However, it should be stressed that
in patients with well-controlled and mini-
mal asthma, the Va/Q distribution has often
been found to be normal. The low Va /Q re-
gions when present likely result from periph-
eral airway narrowing from a combination of
bronchoconstriction, airway remodelling and
mucus secretion.

That bronchodilator administration raises
FEV,, but can (transiently) worsen — not im-
prove — gas exchange® suggests that the low
VA/Q regions were due to mucus and/or air-
way remodelling more than to bronchocon-
striction. It is probably explained by greater
post-dilator perfusion of the low Va/Q pop-
ulation from pharmacological reversal of pul-
monary hypoxic vasoconstriction in those
regions. The further implication is that while
the normalization of FEV, suggests large air-
way dilatation, VA/Q inequality reflects ob-
struction of smaller peripheral airways. More
recent studies using agents to reduce bronchoc-
onstriction or mucus production**4? showed
some improvement in gas exchange.

This fits with studies using MIGET to examine
VA/Q inequality (in asymptomatic asthmatics
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Ficure 6. Shows Va/Q inequality in an asymptomatic asthmatic,
noting that many such patients may have a normal Va/Q
distribution. Of interest, a separate mode of low Va/Q ratios is
seen, without shunt. Unlike COPD, high Va/Q areas are not seen.
See text for further analysis.

with initially normal Va/Q patterns) after
bronchoprovocation with inhaled methacho-
line, mannitol, or platelet activating factor®43-46,
As expected, these agents do acutely lead to
substantial reduction in FEV,, but usually
to only modest Va/Q inequality. This suggests
that acute, mostly large airway constriction is
not the main factor in Va/Q inequality, and
adds to the sense that above factors (remod-
elling, mucus, constriction) in smaller periph-
eral airways is more important”. However,
this remains to be proven.

Another clinically important finding is that
arterial PO, is often higher than expected for
the extent of VA/Q inequality, which means
that arterial PO, underestimates VA/Q in-
equality. The reason is a mildly elevated car-
diac output which keeps mixed venous PO,
higher than if cardiac output was normal. This
in turn buffers what would otherwise be a
greater fall in arterial PO,,.
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Ventilation-perfusion inequality has been as-
sessed by MIGET weekly (for 9 weeks) in 26
patients with moderate, clinically stable, treat-
ed asthma (FEV,/forced vital capacity [FVC]
79% predicted). Abnormal VA/Q inequality
was found in all patients in two or more
weeks. Bimodal blood flow distributions con-
taining low VA/Q units were observed in
24 subjects, but was variable, seen in only one
third of all measurements. About 75% of the
total variance in Va/Q inequality was due to
intersubject differences, the remainder being
due to changes over time within subjects®s.

As with COPD, shunting is rarely evident,
again suggesting a role for collateral ventila-
tion in avoidance of atelectasis. But unlike
COPD, high Va/ Q regions are not seen, further
supporting the hypothesis that high Va/Q re-
gions in COPD are the result of alveolar de-
struction, not commonly seen in asthma.

Research questions raised by MIGET studies
in asthma include:

1. Confirming or refuting that Va/Q inequal-
ity is commonly distributed bimodally, sug-
gesting that airways are either unaffected
or severely affected. There appears not to be
a continuous range of Va/Q inequality. This
“all or none” behaviour may have import-
ant clinical implications, e.g., for targeted
drug delivery. Further, whether the affect-
ed regions remain in the same locations, or
rotate regionally over time, is unknown.
Also, which generation(s) of airways are
most important in creating Va/Q inequality
would be useful to know, again as inhaled
drug parameters (particle size, flow rates)
could be tailored to best reach the most
affected generations.

2. Discovering how much of the VA/Q in-
equality is related to each of the contribut-
ing factors — bronchoconstriction, remod-
elling and mucus — again for therapeutic
reasons.

3. Elucidating the role of pulmonary vascular
smooth muscle in Va/Q inequality in asth-
ma, because airway inflammation and
smooth muscle contraction and inhaled
corticosteroids and B-agonists bronchodi-
lators effects are not likely limited to the
airways.

4. Bvaluating the importance of persistent
Va/Q inequality in essentially asymptom-
atic patients: should therapy target symp-
toms or pathophysiology?

INTERSTITIAL PULMONARY
FIBROSIS

Figure 7 provides an example of a patient
with advanced pulmonary fibrosis*. Simi-
lar findings were reported by others®->2. Not
enough research exists to know if all forms
of fibrosis lead to the same Va/Q pattern as
shown here, but the fundamental pathology
of thickened, fibrotic alveolar walls suggests
that patterns might be similar. There is a dis-
tinct difference between the pattern shown
and that in COPD and asthma: regions of
extremely low Va/Q and unventilated regions
(Va/Q of zero, i.e., shunt) are usually seen®.
MIGET is at its limit of resolution here, and
the quantitative separation of shunt from re-
gions of very low VA/Q is not precise. How-
ever, the combined perfusion of zero and
low VA/Q regions is robust, and substantial
shunt and low VA/Q regions must both be
present in the example of figure 7. The exis-
tence of such regions is likely explained by
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Ficure 7. Shows the Va/Q pattern in advanced interstitial lung
disease. Thickened alveolar walls likely reduce local ventilation
greatly and may prevent gas exchange altogether, resulting in
some shunt. See text for further analysis.

severe regional reduction in lung compliance
caused by fibrosis, reducing local ventilation.

In contrast to asthma and emphysema, resting
arterial hypoxaemia is often severe, and can
be explained by the Va/Q pattern in the pres-
ence of an often subnormal cardiac output,
lowering the mixed venous PO,. Thus, the
physiological basis of the relationship between
arterial PO, and cardiac output is the mirror
image of that in asthma where cardiac output
is often somewhat elevated. The high pulmo-
nary vascular resistance from vascular de-
struction likely contributes to impaired right
ventricular function and low cardiac output.

Hypoxaemia may be aggravated by alveo-
lar-capillary diffusion limitation, even at rest™.
Fibrosis is the only chronic lung disease
known to consistently show this, likely due
to microvascular destruction reducing capil-
lary wall surface area for diffusion combined

with the greatly thickened alveolar intersti-
tium impairing diffusive movement between
gas and blood. Shunt may reflect complete
diffusion failure in especially severely fibrot-
ic regions.

During exercise, Va/Q inequality does not
worsen yet arterial PO, almost always falls.
Further reduction in mixed venous PO, (from
resting) is partly responsible, while the oth-
er factor is the development, or worsening,
of alveolar-capillary diffusion limitation as
higher cardiac output must flow through a
compromised pulmonary vasculature unable
to respond normally by capillary distention/

recruitment to buffer red cell transit time*°->1.

Research questions raised by MIGET in fibro-
sis would be more of physiological than clin-
ical interest and revolve around confirming
the above-described findings. However, as
therapeutic advances are made, MIGET would
be a valuable tool to assess functional im-
provement.

SUMMARY AND CONCLUSIONS

For almost half a century, measuring the
VA/ Q distribution using MIGET in health and
disease has provided enormous physiologi-
cal and clinical insight into most pulmonary
diseases. At the same time, it has raised
many questions that still remain to be an-
swered. The MIGET should be viewed as a
unique and important method in an ex-
panding toolbox of approaches for assessing
lung structure and function in health and
disease. While the most important observa-
tions with MIGET have now been made and
reported (in over 500 research studies), the
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future holds great promise for using MIGET
in combination with emerging imaging meth-
ods and other complementary tools to better
understand the underlying pathophysiology
and thereby improve therapy.
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