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ABSTRACT: More than any other chronic respiratory disease, asthma is charac-
terized by functional and clinical variability: expiratory flow obstruction, dyspnoea
and wheezing may be absent, mild, or severe. Moreover, pulmonary gas exchange
often does not closely relate to measured airway obstruction. Accordingly, the cor-
relation between arterial oxygen tension and airflow (Pa,0,) rate indices of obstruc-
tion is poor, both in a single patient over time, and within groups of clinically similar
patients. Here, these concepts are extended by examining relationships between air-
flow obstruction and gas exchange across the clinical spectrum of asthma (from
asymptomatic to acute severe).

Six individual studies encompassing 86 patients are analysed together, focusing
on: 1) airways obstruction; 2) arterial blood gas data; and 3) the distribution of alveo-
lar ventilation/perfusion (V'A/Q") ratios, measured by the multiple inert gas elimi-
nation technique.

V'A/Q' mismatching was greater than normal even when forced expiratory vol-
ume in one second (FEV1) was normal, but with increasing severity of airways
obstruction there was essentially no further deterioration in gas exchange until FEV1
reached about 40% of predicted normal values. Then, with little further airways
obstruction, gas exchange rapidly worsened, Pa,0, falling to about 50 torr.

This study emphasizes that what has been observed in individual patients and
within clinically similar patient groups can be extended across the spectrum of asth-
ma severity: airways obstruction and gas exchange are poorly correlated. Furthermore,
these results suggest that spirometric data alone may not adequately define remis-
sion, nor clearly identify those patients liable to serious gas exchange deterioration.
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Asthma is characterized by episodic airways obstruc-
tion. Both between and within subjects there is great vari-
ability in clinical state and in spirometric indices of
obstruction. Gas exchange disturbances are expected in
asthma, and this is widely recognized to occur on the
basis of alveolar ventilation/perfusion (V'A/Q") inequa-
lity, a phenomenon whereby a considerable range of local
airways obstruction occurs leading to reduced ventila-
tion and, hence, to regions of low V'A/Q" ratio.

It may, thus, come as some surprise that studies of phy-
siological derangement in asthma have repeatedly found
a poor correlation between the degree of airways obstruc-
tion and the severity of hypoxaemia [1-3]. An extreme
example of this dissociation between spirometric and gas
exchange properties is the well-documented and not
uncommon consequence of B-sympathetic agonist admin-
istration: simultaneous worsening of gas exchange in the
face of reduced airways obstruction [4—6]. Spirometric
and clinical abnormalities (shortness of breath and wheez-
ing) are readily documented without specialized equip-
ment, but gas exchange disturbances require arterial puncture
to establish their presence - a procedure not often employed,
especially in the out-patient setting. If one takes the rea-
sonable position that gas exchange abnormalities are just

as much a reflection of dysfunction in asthma as are spiro-
metric changes, this poses a therapeutic dilemma in that
patients without symptoms and showing near normal
spirometry may have significant gas exchange defects [4].
The dissociation between spirometry and gas exchange
is evident not only across the broad groups of clinical
severity from the asymptomatic state to acute severe asth-
ma [1-3], but also within individual patients over time
[2]. Not only does it have the clinical implications noted
above, it suggests that either different pathophysiological
processes or possibly similar processes acting at differ-
ent locations within the tracheobronchial tree are respon-
sible for the alterations in spirometry and gas exchange.
If so, this would open up the possibility of a more pre-
cise understanding of the disease process in individual
patients, and ultimately to more targeted therapy accord-
ing to the physiological changes seen.

Whilst individual, rather homogeneous patient groups
have been examined with respect to both spirometry and
gas exchange [7-9], there is no overview analysis avail-
able of the relationships between spirometry and gas
exchange over the clinical spectrum from asymptomatic
patients in remission to those with status asthmaticus, who
occasionally require assisted ventilation in the intensive
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Table 1. — Spirometry and gas exchange
Group Description Pts [Ref.] FEV1 FEF25-75 Log SDo Log SDv P20, P(A-2),0,
n % pred % pred torr torr
A Mild asthma 16 [10] 9215 717 0.71+0.09 0.57+0.04 88.1£2.7 229434
B Asymptomatic asthma 6 [1] 8117 49+10 0.88+0.12 0.5520.05 85.0£5.7  23.7+4.4
C Chronically
symptomatic out-patients, 26 [2] 7245 43+4 0.74£0.05 0.58+0.03 89.8+2.3 19.1£3.0
moderately severe
D Chronically symptomatic
out-patients, severe 9 [11] 3943 2144 0.77£0.03 0.7240.02 77.3+2.4 259422
Acute, severe asthma
(hospitalized) 19 [12] 4143 214 1.18+0.08 0.77£0.03 70.7£2.9  35.6£3.0
F Acute, severe asthma
(hospitalized) 10 [3] 3345 164 1.41£0.12 0.78+0.04 50.5£2.6  53.8£3.0

Values are presented as meantseM. Pts: patients; [Ref.]: reference number; FEV1: forced expiratory volume in one second; FEF25-75:
flow rate in the middle half of expiration; Log SDo: dispersion of the distribution of blood flow; Log SDv: dispersion of ventila-
tion; Pa,0,: arterial oxygen tension; P(A-a),0,: alveolar-arterial pressure difference for oxygen; % pred: percentage of predicted value.

care unit. This paper provides such an overview by col-
lecting and analysing data from six previously published
studies that have never before been considered as a group.

The six papers are listed in table 1. They are united by
a common author group, and more importantly for gas
exchange analyses, by common methodology. Specific-
ally, analysis of gas exchange only by arterial oxygen
tension (Pa,0,) and arterial carbon dioxide tension (Pa,CO,)
is problematical in asthma. This is because of the gen-
erally high cardiac output noted in this setting due to a
combination of anxiety and therapeutic use of sympa-
thetic agonist drugs aimed at bronchodilation [1]. Thus,
Pa,0, can reach the normal clinical range despite con-
siderable V'A/Q' inequality, as a result of the elevated
cardiac output. Consequently, in these six studies, we
have employed a technique that directly estimates the
degree of V'A/Q' inequality [13, 14]. This has become
known as the multiple inert gas elimination technique
(MIGET) and its basis is the steady-state elimination by
the lungs of a continuously infused solution of six inert
gases dissolved in 5% dextrose. The gases are chosen so
that their blood solubilities range from very low to very
high. The quantitative degree of pulmonary elimination
of the six gases is determined by the V'A/Q" distribution
so that, by mathematical inversion techniques, it is pos-
sible to estimate theV'A/Q" distribution showing how cap-
illary blood flow in the lung is distributed to lung units
of particular V'A/Q" ratios over the entire physiological
V'A/Q' range. There are several ways of quantifying the
degree of V'A/Q' inequality from such data, and the most
common is to compute the 2nd moment of the distri-
bution about its mean, a parameter that has come to be
labelled "log sp". This term reflects the fact that the 2nd
moment expresses the variance of the distribution and is,
thus, a useful index of dispersion of V'A/Q" ratios about
the mean. The "log" term reflects a longstanding prac-
tice to express those moments on a logarithmic rather
than linear axis of V'A/Q" ratios. Since the MIGET yields
dispersion indices for blood flow distribution as well as
for ventilation distribution, we use both log SD¢ (blood
flow) and log SDv (ventilation) to characterize in para-
metric form the amount of V'A/Q" dispersion. Log SDo
is sensitive to areas of normal and low V'A/Q' ratio, whilst
log SDV mostly reflects areas of normal and high V'A/Q'
ratio. A completely homogeneous lung would produce log
SDg and log SDV values of zero, but such does not exist.
The normal degree of V'A/Q" inequality produces log SDQ

and log SDvV values that average 0.3—-0.5 in young, nor-
mal seated subjects [2]. The 95% upper confidence limit
is 0.6 for both indices [2]. In contrast, severe V'A/Q'
inequality, sufficient to produce arterial hypoxaemia that
is barely tolerable (Pa,0, <40 torr on room air), leads to
log SDQ and log SDV values of 2-2.5 [15].

Spirometric abnormalities in the six papers analysed
herein are based on conventional forced expiratory mano-
euvres and are expressed by forced expiratory volume in the
first second of a maximal expiratory effort (FEV1) and aver-
age flow rate in the middle half of expiration (FEF25-75).
Both indices in the present report are given as a percent-
age of predicted normal values, taking into account the
well-known factors of age, body size, gender and race.

For the most part, mean spirometric and gas exchange
data obtained simultaneously in the six studies are com-
pared graphically. Further analysis of individual patient
data is presented as appropriate. Error bars for all data
indicate SEM.

Spectrum of severity

Table 1 describes the physiological state of the sub-
ject groups indicating a wide range of function. This is
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Fig. 1. — Reduction both in forced expiratory volume in one second
(FEV1) and forced expiratory flow rate in the middle half of expira-
tion (FEF25-75) across the clinical spectrum of asthma. Values are pre-
sent as meantsem. As clinical severity increases from Group A to F,
both indicies fall, essentially in proportion. FEF25-75 is always reduced
to a greater extent than FEV1. % pred: percentage of predicted value.
For description of Groups A—F see table 1.
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reflected in figure 1 by a corresponding range in FEV1
from 90% of predicted (Group A) to about 30% (group
F) and similar reductions in FEF25-75. Note the system-
atically lower FEF25-75 than FEV1 across the entire range,
a common clinical observation. Hypercapnia was observed
in only one patient, who was in the most severely affect-
ed group, i.e. Group F.

V'A/Q" inequality

Figure 2 shows the principal findings of the present
paper 1) abnormally elevated degrees of V'A/Q' mismatch
even in subjects with relatively well-preserved spirome-
try (groups A—C); in these groups, log SDo is about twice
the normal average at around 0.9; 2) no further worsen-
ing of V'A/Q ' relationships until FEV1 is <40% of predi-
cted; and 3) V'A/Q' mismatch that worsens rapidly with
decreasing FEV1 below 40% of predicted reaching mod-
er-ately, but not extremely, severe levels (i.e. log SDQ
~1.4, Group F). Note, in particular, that on average no
group showed V'A/Q" dispersion indices in the normal
range. In contrast, dispersion of the ventilation distribution
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Fig. 2. — Relationship between ventilation/perfusion inequality and
forced expiratory flow rates as asthma becomes more severe. a) Log
SDo represents the 2nd moment of the perfusion distribution about its
mean on a logarithmic scale, and b) log SDv is the corresponding vari-
able for the ventilation distribution. Inequality in the perfusion distri-
bution is present even in asymptomatic patients (Groups A and B),
changes little until forced expiratory volume in one second (FEV1)
reaches 40 % of predicted normal values, and then worsens marked-
ly. The ventilation distribution is at the upper limits of normal over
the clinical spectrum of asthma. For description of Groups A-F see
legend to table 1.

characterized by log SDV remained within normal limits
in groups A—C and barely exceeded the upper 95% con-
fidence limit of normal subjects even in the most obstruct-
ed patients. Since log SDo reflects primarily normal and
low V'A/Q' lung regions, figure 2 suggests that the main
physiological form of altered V'A/Q" distribution in asthma
is the development of low V'A/Q' areas, not unexpected
from a process that principally causes airways narrowing.

Arterial oxygenation

Simultaneous but methodologically independent mea-
surements of Pa,0, show a pattern of change with FEV1
that mirrors the development of V'A/Q' mismatch (fig.
3). Note, however, that absolute values of Pa,0, consi-
derably exceed 80 torr in Groups A—C despite their abnor-
mal V'A/Q' relationships, a finding explained by the
relatively high cardiac output in these subjects. Even
Groups D and E demonstrate Pa,0, levels that could only
be described as mild hypoxaemia, and it is only Group
F in whom hypoxaemia is severe. Figure 3 also presents
corresponding changes in the alveolar-arterial pressure
difference for oxygen (Pa,0,) which, as expected, reflects
predominantly the nonlinear behaviour of Pa,0, in fig-
ure 3. Note, however, that even in Group A, P(A-a),0, is
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Fig. 3. — a) Arterial oxygen tension (Pa,0,) and b) the alveolar-arte-
rial pressure difference in oxygen (P(A-a),0,) as a function of expira-
tory flow rates. Using conventional values for normal limits of subjects
in the 3040 years age range, Pa0, is essentially normal in Groups
A—C and well-compensated until asthma is clinically severe. The P(A-2)0,
mirrors these changes, but is abnormal across the entire spectrum. For
description of Groups A-F see legend to table 1.
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Fig. 4. — a) Relationship between arterial oxygen tension (Pa,0,) and
inequality of the blood flow distribution. b) Relationship between alve-
olar-arterial pressure difference in oxygen (P(A-a.0,). The tightness of
these relationships indicate not only that ventilation/perfusion mismatch
explains approximately 90% of the gas exchange abnormalities for
oxygen, but that measurements of blood gases and calculation of the
P(A-2),0, difference broadly identifies ventilation/perfusion mismatch
over the clinical range. For further abbreviations see legend to figure
2. For description of Groups A-F see table 1.

abnormally high at about 20 torr, consistent with the
abnormal degree of V'A/Q' mismatch present (fig. 2).
Figure 4 relates arterial blood gas data to those of V'A/Q'
mismatch (log SD@) and a strong relationship is seen
with some 90% of the variation in Pa,0, or P(A-a),0, account-
able by V'A/Q" mismatch.

Thus, Figures 2—4 indicate that while independent
indices of gas exchange are internally consistent over a
broad range of severity, those of gas exchange and of
airways obstruction are not closely related. Such a pat-
tern is seen not only across groups of patients, but with-
in a group over time. Figure 5 shows for Group F the
pattern of recovery both of V'A/Q" inequality (log SDQ)
and spirometry over a 5 week period. With close fol-
lowing and aggressive therapy [3], log SDQ improves
eventually to within normal limits, but this takes some
2 weeks from admission to occur. In contrast, spiro-
metry is maximal by discharge, with no further improve-
ment over the next month. In particular, 5 days of in-patient
treatment considerably improve airways obstruction, but
have little effect on gas exchange.

Finally, it is important to point out that despite the
clear-cut pattern of group mean responses in figure 2,
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Fig. 5. — Relationship between perfusion distribution inequality and
expiratory flow rates during recovery from acute, severe asthma (Group
F) requiring admission to hospital. Ventilation/perfusion relationships
remain abnormal despite return of flow rates to stable out-patient lev-
els over the first week. For definitions see legends to figures 1 and 2.

there is great variability within a group. Figure 6 exem-
plifies this by comparing the six subjects of Group B to
the nine of Group F, two groups at opposite ends of the
spectrum of severity and also essentially distinct by
spirometry as shown in figure 6. Thus, in this figure,
four patients of Group F show less V'A/Q"' mismatch than
the patient of Group B having the greatest mismatch.

The rationale for this paper is that it brings out pat-
terns of respiratory dysfunction across the spectrum of
severity in asthma that no single study has provided. The
implications would seem to be of two kinds - those for
understanding pathophysiology and those of direct clin-
ical significance.

Pathophysiological implications
This paper shows, both between groups (fig. 2) and
within (fig. 6) groups identified by clinical severity, very

little association between spirometric evidence of airways
obstruction and abnormal gas exchange. Whilst there is a
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Fig. 6. — Individual data relating perfusion distribution inequality to
expiratory flow rates. In two studies of markedly different clinical
severity, considerable overlap in perfusion distribution inequality is
seen between the two groups, with marked variation within a group.
®: Group F (acute severe); O: Group B (asymptomatic). For defini-
tions see legends to figures 1 and 2.
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very broad correlation (Group A has the most well-pre-
served indices of both gas exchange and obstruction;
Group F the worst of both), figures 2 and 6 show, for
example, that over the FEVI range 40-100% of pre-
dicted, log SD¢ is on average completely unrelated to
FEV1. Both on theoretical [16] and experimental grounds,
it is well-known that such spirometric indices are dom-
inated by large airways calibre. Unless large airways
become completely obstructed (a rare event), gas exchange
disturbances have traditionally been considered to reflect
more peripheral airway obstruction. In asthma, it is known
that airway obstruction results from a combination of:
1) bronchoconstriction; 2) airway wall thickening due to
inflammatory changes; and 3) presence of luminal secre-
tions in airways. Our findings are consistent with the
hypothesis that the severity of large airway obstruction is
poorly related to the severity of small airway obstruc-
tion. This in turn could reflect corresponding differences
in bronchoconstriction in large and small airways, but
more likely [17] the effect of inflammatory oedema and/or
luminal mucus in small airways that may not relate close-
ly to the severity of large airways bronchoconstriction.
Certainly, it is common clinical knowledge that the most
severely affected asthmatics (those in status asthmaticus)
have quite abnormal gas exchange and are characteris-
tically found to have extensive mucous plugging at post-
mortem examination. However, true cause and effect
relationships will be very difficult to establish in man.

Clinical implications

The poor relationship between gas exchange (whether
measured by P(A-a),0, difference or by V'A/Q" inequali-
ty) and spirometry suggests that the concepts of remis-
sion and of the criteria for optimal treatment require
further discussion. It is easy to imagine that peripheral
airway mucous plugging may be present, perturbing gas
exchange, despite relative freedom from the classic symp-
toms of asthma and despite relatively normal spiromet-
ric indices. Should criteria for adequate treatment of
asthma episodes go beyond resolution of symptoms and
of spirometric abnormalities to demonstrate resolution of
gas exchange defect? Although not presented here, ear-
lier work [1] suggests that continuing presence of poor-
ly ventilated regions of low V'A/Q" ratio underlie the
well-known tendency for Pa,0, to fall (rather than rise)
acutely after 3-sympathetic bronchodilator therapy [4].
There have been suggestions that this phenomenon may
be important as one factor contributing to the recent
apparent upswing in asthma deaths.

If it should transpire that closer attention to gas exchange
is warranted in the clinical care of asthma, the findings
of this paper (and thus of the six studies that forms its
basis) would suggest that two important points might be
made. Firstly, reliance on Pa,0, per se for gas exchange
evaluation is likely to fail to identify a significant num-
ber of patients who, when their P(A-a),0, is calculated,
are clearly abnormal. This is due to the buffering effect
that high cardiac output (characteristic of many asthma-
tics) has on arterial Pa,0, [12]. It is, however, not necess-
ary to use MIGET to follow individual patients as figure
4 shows, as long as the P(A-a),0, is computed. Secondly,
it would be valuable to improve understanding of the rel-
ative importance of bronchoconstriction, inflammatory

oedema and luminal airway mucus on gas exchange
because the pharmacological approach to these three abnor-
malities would be clearly different.
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