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Tidal expired airflow patterns in adults with airway obstruction
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ABSTRACT: Earlier studies have shown that time and flow indices derived from tidal
expiratory flow patterns can be used to distinguish the severity of airway obstruction.
This study was designed to address two aspects of tidal expiratory flow patterns: 1)
how do expiratory flow patterns differ between subjects with normal and obstructed
airways; and 2) can a sensitive index of airway obstruction be derived from these pat-
tern differences?

Tidal expiratory flow patterns from 66 adult subjects with varying degrees of air-
way obstructive disease with a forced expiratory volume in one second (FEV1) of 20—
121% predicted were examined. In each subject, the expired flow pattern from each
consecutive breath was scaled and then averaged together to create a single expired
pattern.

A detailed examination of the scaled flow patterns in 12 subjects (six with normal
airways and six with airway obstruction) showed that the shape of the post-peak
expiratory flow portion was different in the subjects with airway obstruction. A slope
index, S, was derived from the scaled patterns and found to be sensitive to the severity
of airway obstruction, correlating with FEV1 (% pred) with r2=0.74 (p<0.05, n=57).
The S index also correlated (r2=0.36, p<0.05, n=47) with the functional residual ca-
pacity (FRC) (% pred) which was >100% in subjects with severe airway obstruction
and lung overinflation. In subjects with normal airways, three further airflow pat-
terns could be distinguished, which were different from the patterns seen in subjects
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with the severest airway obstruction.

Scaled flow patterns from tidal expiration collected from uncoached subjects, can

be used to derive an index of airway obstruction.
Eur Respir J 1998; 12: 1118-1123.

The observation that the expired airflow pattern chan-
ges according to the severity of airway obstruction was
reported by Morris and Laxe [1]. The realization that this
observation is of practical advantage in offering a simple
method of measuring airway obstruction has led to a se-
ries of studies both in adults and children [2-5].

The expired airflow pattern seen in people with chronic
obstructive airway disease (COAD) differs from the air-
flow pattern of people with no COAD (fig. 1) by exhibit-
ing a more rapid rise to peak flow, which is followed by a
slower rate of decay. The flow patterns also differ at the
end of expiration. The pattern from the COAD subjects
ends by a sudden deceleration of flow. The point at which
this change occurs has been shown in other studies to re-
late to the degree of lung overinflation [6].

A previous study [1] has described the relationship be-
tween airway obstruction and the time to reach peak tidal
expiratory flow, fPTEE. In obstructed airways, peak expira-
tory flow is reached sooner than in those with normal air-
ways. This more rapid rise in expiratory flow is thought to
be due to a faster decline in post-inspiratory muscle activ-
ity [7, 8]. As a consequence, a greater part of expiration is
passive in subjects with airway obstruction. A good cor-
relation between the ratio, fPTEF/total expiratory time (fE)
and the forced expiratory volume in one second (FEV1)
has been found in school-aged children (aged 3-18 yrs),

and can be used to distinguish those with asthma and
with cystic fibrosis from children with no airway obstruc-
tion [9]. In younger children (mean age <3 yrs) the same
ratio was able to distinguish asthmatics from nonasth-
matics [10]. In babies, expired airflow patterns are more
variable and the link between fPTEF and lung mechanics is
more complex [4, 5, 11-13]. In adults, further indices of
airway obstruction have been derived from the expired pat-
terns [1, 2, 6]. These indices are derived from an analysis
of the decaying flow pattern after the peak, and describe
the rate of decay in flow and the degree of lung overin-
flation. These indices correlate well with the severity of
airway obstruction, but require some degree of subjective
interpretation as to which portion of the decay curve to
analyse.

The variability of breathing patterns between breaths and
subjects has not been approached systematically in previ-
ous studies, so the initial aim of this study was to describe
and categorize the variety of airflow patterns seen in nor-
mal and obstructed airways. The second aim was to find
a simple and robust predictor of airway obstruction from
the differently shaped airflow patterns that can be derived
easily and objectively. Using tidal airflow patterns to as-
sess the severity of COAD will allow measurements to be
made without the subject having to make specific respira-
tory manoeuvres.
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Fig. 1. — The expired flow patterns of 8 consecutive breaths in two sub-
jects, one with a) normal airways (FEV1 111% pred); and one b) with

severe airway obstruction (FEV1 24% pred). FEV1: forced expiratory
volume in one second.

Methods

Expired airflow patterns were analysed in 66 subjects
(24 males, 42 females, aged 18—80 yrs) using data collect-
ed for the accompanying study [6].

Tidal flow was recorded from seated uncoached sub-
jects breathing through a mouthpiece connected in series
with a calibrated Fleisch pneumotach (P.K. Morgan, Rain-
ham, Kent, UK) with a dead space of 0.12 L [6]. The col-
lection of tidal flow data began within a few seconds of
inserting the mouthpiece and placing the noseclip. A
mean (+sp) of 1243 (n=66) breaths was collected from each
subject and data stored on a computer. Before the flow
data were collected, each subject underwent spirometry so
that their dynamic lung volumes could be measured. Func-
tional residual capacity (FRC) was measured in 46 subjects
via whole-body plethysmography [6]. The severity of air-
way obstruction was classified according to the subject's
FEV1 % predicted (table 1).

The stored airflow patterns were analysed by computer,
so that for each breath the time expiration started and end-
ed and the expiratory flow reached its peak (fPTEF) were
defined. Finding these "landmark" points allowed further
manipulation of the expired flow and time data by computer.

Analysis of expired airflow patterns

Initially, a subset of 12 subjects was analysed in detail.
This group consisted of six subjects with normal airways
(FEV1 103+7% pred, meanz+sp), and six with severe air-

Table 1. — Classification criteria for airway obstruction on
severity based on forced expiratory volume in one second
(FEV1): severity index |

Severity index FEV1 % pred
1 Normal >79

2 Mild 61-79

3 Moderate 41-60

4 Severe <41

% pred: percentage of predicted value.

way obstruction (FEV1 29+7% pred). For each group,
subjects were selected on the basis of each having similar
airflow patterns and FEV1 values. The purpose of this se-
lection procedure was to polarize the differences between
the patterns from each group. Figure 1 shows eight over-
laid expired flow patterns that were collected consecu-
tively from two subjects, one with normal airways (fig.
la) and the other with obstructed airways (fig. 1b). In each
of the 12 subjects, the expired flow patterns from each
breath (as shown in fig. 1) were averaged together to form
single plots (figs. 2a and 3b). Figures 2b and 3b also show
the same expired flow patterns after scaling the flow and
time data. The flow axis was scaled, so that the peak
expiratory flow equalled 100% and zero flow 0%. To scale
the time axis, the start was designated as 0% and the end
of the pe-riod being examined as 100% (figs. 2b and 3b).
The scaled flow patterns were divided into two portions,
the first portion represented the flow pattern before reach-
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Fig. 2. — Mean expired flow patterns in six subjects with normal air-

ways (mean forced expiratory volume in one second 103+7% pred).
Each plot shows the mean flow pattern for all of the breaths collected
from each subject. a) Variation in flow and duration of expiration be-
tween subjects; and b) the same data but with scaled flow and time axes.
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Fig. 3. — Mean expired flow patterns in six subjects with severe airway
obstruction (mean forced expiratory volume in one second 29+7% pred).
a) Variation in flow and duration of expiration between subjects; and b)
the same data with scaled flow and time axes.

ing the time of peak tidal expiratory flow, designated as,
pre-PTEF. The second portion was the post-peak expira-
tory flow pattern, defined as post-tPTEF. In the first portion
the flow was re-scaled so that the beginning of expiration
was 0% and the peak expiratory flow rate was 100%; the
time axis was rescaled likewise. For the second portion,
the flow was rescaled so that the peak expiratory flow rate
was 100% and the end of expiratory flow 0%. On the time
axis the tPTEF was defined as 0% and the time at the end of
expiration, 100% (fig. 4).

Results

An analysis of the scaled expired flow patterns, from
the 12 subjects in figures 2b and 3b, shows that the PTEF
(%), was significantly shorter (p<0.05, unpaired t-test)
in subjects with COAD, 12+4 compared with 26+11% in
those with no airways disease. The correlation between
tPTEF (%) and FEV1 (% pred) produced an r2=0.40 (p<
0.05, n=12). Thus, the slope of the line describing the
rise from the start of expiration to peak expiratory flow
(tPTEF) will also be significantly (p<0.05) steeper in the
COAD subjects and was 9.1+3.6 compared with 4.5+
2.5 in the subjects with no airway disease. When the pre-
!PTEF portion was analysed and rescaled separately, thus
removing the differences between fPTEF (fig. 4a), the
slope and intercept on the flow axis of a linear regression
line fitted through the whole data (0-100% time) was
found to be independent of the severity of airway obstruc-
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Fig. 4. — Examples of the a) pre-peak expiratory flow portion and b)
post-peak expiratory flow portion of the scaled and averaged low pattern

from the individual subjects shown in figure 1, one with normal airways
(o) and another with severe airway obstruction ( o).

tion. No further analysis was performed on this portion of
the flow pattern in the other 54 subjects. The same ana-
lysis of the second portion of the flow pattern shown in
figure 4b, the post-fPTEF pattern, was different between
subjects and was found to be dependent upon the severity
of airway obstruction. The fitted regression line through
this portion of the scaled flow and time data (fig. 5) des-
cribes the mean slope of each pattern, S. The differences
between S were significant (p<0.05), with a mean S of -
0.62+0.11 in subjects with COAD and -0.97+0.04 in the
subjects without COAD. The correlation between S and
FEV1 % pred was 12=0.83 (p<0.05, n=12). As in these 12
selected subjects, S provided a good correlation with FEV1
% pred; S was then derived from the patterns of a further
54 subjects (table 2).

Post-peak expiratory flow patterns

Classification of the 66 subjects into four groups of dif-
fering airway obstruction (table 1) showed that S became
smaller with increasing airway obstruction (i.e. decreasing
FEV1 % predicted) (table 2). The inclusion of subjects
with a wider range of airway obstruction worsens the cor-
relation between S and FEV1 % pred, with 12=0.42 (p<
0.05, n=66). A closer examination of the data revealed
that this was due to a small group of subjects with normal
airways having an S value similar to subjects with severe
airway obstruction. A more detailed look at the expiratory
patterns of subjects with normal airways (FEV1 >79%
pred, table 2) showed that the scaled expired flow patterns
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Fig. 5. — The post-peak expired flow portion from the individual sub-
jects shown in figure 1, one with normal airways ( o) and one with se-
vere airway obstruction (O ). A linear regression line is fitted through
each data set, the slope S and intercept on the flow axis for the subject
with normal airways is -0.9 and 101% and for the subject with severe
airway obstruction it is -0.7 and 179%.

could be split into three distinct groups. The commonest
group (62.5%) exhibited a sinusoidal flow pattern with a
linear decline in their expiratory flow with time, and these
were classified as type I breathers (fig. 6a). A second, less
common, group (12.5%) were classified as type II breath-
ers, with a characteristic of these patterns being a rapid
decline in post-peak flow with an expiratory pause before
the beginning of inspiration (fig. 6b). These expiratory
pat-terns result from relaxed breathing, where no expira-
tory muscle braking occurs. In a third group (25%), classi-
fied as type III breathers, the expiratory flow remained
high throughout most of the breath before suddenly
switching to inspiration (fig. 6¢). The shape of the expira-
tory patterns from type II breathers was concave in rela-
tion to the type I breathers, while the shape of the
expiratory patterns in type III breathers was the reverse
andexhibited a convex relationship. The type III patterns,
although having a similar S, are distinctly different from
the patterns exhibited by any other subjects including
those with severe COAD, and so they were analysed sepa-
rately (see Discussion).

Figure 7 shows the relationship between FEV1, and S
for subjects with different airflow patterns and varying de-
grees of airway obstruction. By excluding the data from
the type III breathers, a fitted quadratic regression line

Table 2. — Expired flow pattern characteristics in 66 sub-
jects

Airways obstruction severity index

Parameters Normal* Mild Moderate Severe

(n=32) (n=7) (n=10) (n=17)

FEV1 % pred 10112 68+6 48+6 316

FEVI/FVC %  81%9 68+8 48+13 36+8

IPTEF/tE % 34+10 33+8 20+12 27+11
S: -0.90+0.13 -0.81+0.12 -0.78+0.07 -0.67+0.11

Values shown as mean=sp. See text for statistical comparisons.
*: includes type I, II and III breathers. #: describes the slope of a
fitted regression line, Y=a+bx. NB. The last two variables were
calculated from the scaled data. FEV1: forced expiratory vol-
ume in one second; FVC: forced vital capacity; fPTEF: time to
reach peak tidal expiratory flow; fE: total expiratory time; S:
slope index.
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Fig. 6. — Different expired flow patterns in subjects with normal air-
ways. Each example shows eight consecutive breaths from individual
subjects. a) Type I pattern, which is sinusoidal in shape (mean forced
expiratory volume in one second (FEV1) 111% pred, slope S -0.96); b)
Type II pattern is characterized by an end-expiratory pause in flow

(FEV1 102% pred, S -1.04); and ¢) Type III pattern is more square in
shape, with longer periods of constant flow (FEV1 100% pred, S -0.74).
Each inset shows the scaled and averaged post-peak expiratory flow pat-
tern for each subject. The abscissa is scaled 0-100% time, while the
ordinate is scaled 0—100% flow. The line describing S is also shown.

gives an 12=0.74 (p<0.05, n=57). If the original 12 subjects
are also excluded, 12=0.67 (p<0.05, n=45).

In all subjects (n=06), the total expiratory time was
independent of the degree of airway obstruction, with the
overall mean time being 2.4+0.3 s. The peak flow rate was
also independent of airway obstruction, with an overall
mean rate of 0.55+0.06 L-s-L.

Lung overinflation

The degree of lung overinflation was assessed from the
post-fPTEF flow pattern by calculating the intercept on the
scaled time axis of the fitted regression line, S. This over-
inflation index is similar to the extrapolated volume in-
dex (EV) described by Morris et al. [6]. The S intercept on
the scaled time axis was compared to the predicted FRC
(%), which was calculated as the ratio between the meas-
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Fig. 7. — The relationship between forced expiratory volume in one
second (FEV1) (% pred) and slope index (S) from the post-peak expira-
tory flow pattern. A quadratic regression line was fitted through the indi-

vidual data (e) (correlation coefficient 12=0.74, n=57). Type II (A) and
type III (o ) breathers are shown separately.

ured and predicted FRC (L). In the 47 subjects who had
their FRC measured, the correlation betweeg the S inter-
cept and the predicted FRC was good, with Sr2=0.37. The
subjects in this group with no COAD had a mean FRC %
pred of 107+23 (n=14), which compared closely with an S
intercept value of 108+9%. In the subjects with severe
COAD, the FRC % pred was 17646 (n=17), while the S
intercept was 143+19%.

Discussion

The expired airflow pattern in both normal and obstruc-
ted airways varies with each breath (fig. 1). Figure la
shows a typical normal airflow pattern from a single sub-
ject, in which the peak flow rate varies 0.7-1 L-s-! and the
duration of expiration varies 1.4—1.9 s. In these examples,
the post-peak expiratory flow rate in the normal subject
varies more from breath to breath than in the subject with
obstructed airways, particularly at 1.5 s. When this rela-
tionship was examined across the whole range of subjects,
the variability of this portion of the pattern did not pro-
vide a good indicator of airway obstruction. There is also
variation between subjects who have the same degree of
airway patency (figs. 2a and 3a). This interbreath and
intersubject variability makes the comparison of primary
indicators such as peak flow rate and breath length of
limited use in defining the degree of airway obstruction. In
this study, the purpose of scaling the flow and time axes
was to emphasize common features between expiratory flow
patterns that would allow the flow patterns to be classified
according to their shape (figs. 2b and 3b). Once scaled,
flow patterns from different subjects could also then be
superimposed over any other flow pattern for comparison.

The rise to peak expiratory flow

These data support an earlier study, which demonstrat-
ed that the time to reach peak expiratory flow is shorter in
subjects with severe COAD than in those with normal air-
ways [1]. In the present study, the peak expiratory flow
rate reached was independent of airway obstruction, there-
fore a shorter fPTEF in subjects with severe COAD can
only be achieved by having a more rapid rise to the ma-

ximum flow rate. Because of this rapid rise to peak flow,
the variability of fPTEF is smaller in subjects with airway
obstruction. In the scaled patterns of the six subjects with
severe COAD, PTEF ranged 7-15%. In the subjects with
normal airways, fPTEF is longer and, because the rise to
maximum flow is slower, the index range is less well defi-
ned. In the six subjects with no COAD, the range in tPTEF
was 11-38%, with half of the fPTEF values overlapping
the values found in subjects with severe COAD. Thus, the
airflow patterns in the severe COAD subjects are uniform,
unlike the patterns in the nonCOAD group which are
more variable (figs. 2b and 3b). It is because of the over-
lap between the two groups that PTEF can only be used to
distinguish the distribution of airway obstruction within a
population, and cannot be used to define airway obstruc-
tion in individual cases.

The effect of rescaling the pre-fPTEF portion of the flow
pattern was to reduce the variability between airflow pat-
terns. This scaling process rendered this portion of the
flow pattern useless for estimating airway obstruction.
However, the opposite effect was observed with the post-
tPTEF data. Scaling both axes enhanced the distinction
between the different airflow patterns.

Post-peak expiratory flow

This portion of the expiratory flow pattern exhibits the
greatest variation (figs. 2, 3 and 6), and other studies have
used indices derived from this portion to try and quantify
the different patterns [2, 6]. The post-fPTEF flow patterns
in the majority of subjects with normal airways (type I
breathers) exhibit linear decay rates, so a linear regression
model can be easily applied to the data. Thus, the slope of
this regression line, S, which spans the whole post-fPTEF
pattern, provides a simple index of the change in flow rate.
However, with increasing severity of airway obstruction,
the expired pattern becomes more concave, so a linear
function applied to the whole post-fPTEF pattern does not
fit so well. The fit of a linear function is of little conseq-
uence. What is important is the shallowness of the slope,
which increases as the pattern's concavity increases. The
shallowness of the slope of the regression is determined
by the two factors which distinguish severe from normal
airflow patterns, that is the rapid nonlinear decay in flow
immediately following fPTEF and the deceleration in flow
immediately preceding inspiration. As the airways
become more obstructed, the magnitude of these rapid
flow changes increase, so the decay in flow seen in the
midportion of the expiratory flow pattern becomes shal-
lower and lon-ger in duration. S, thus described, is a good
indicator of these airway obstruction-induced changes in
pattern be-cause it represents the mean slope. The mean
slope results from the sum of the effects of airway
obstruction on the mechanical properties of the respiratory
system. The ratio fPTEF/fE may be a weaker indicator of
airway obstruction, because it relies on a single part of the
expiratory flow pattern [1, 4, 5]. Thus, when this index is
applied to the wide spectrum of patterns found between
normal, mild, moderate and severe airway obstruction, the
considerable variation and overlap between individuals
reduces its predictive power (table 2). Applying a linear
model to the whole data set provides a wholly objective
measure of airway obstruction. Applying models to a
smaller portion of the curve, such as an exponential func-
tion, may also provide an indicator of airway obstruction,
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but requires subjective interpretation of the pattern as to
where to start and end the fitting process.

S is not a perfect indicator of airway obstruction, as fig.
7 shows. Type III breathers exhibit similar S values to
the subjects with severe COAD (-0.71+0.1, n=8 and -0.67+
0.11, n=17, respectively). However, the type III breathers
exhibit a convex pattern in relation to the normal type I
breathers (fig. 6). This convex pattern has a low S, as in
the severe pattern, but unlike the typical severe COAD
pattern, which is concave, the S intercept on the flow axis
is >100%. Thus, if an additional step is used to distinguish
subjects with severe COAD from normal type III breath-
ers, then a severity index of airway obstruction can be
constructed (table 3).

The indices derived from the FEV1 (table 1) and S
(table 3) can be compared by subtracting one index from
the other. If the severity index derived from S is similar to
the FEV1 index, then the difference between them should
be zero. In 53 subjects, this is true, with a further 11 sub-
jects misclassified by a single category. In most cases, mis-
classification by one group is due to the subject's FEV1
and S values falling either side of a category boundary.
Two subjects were misclassified by two categories; one
severe subject was misclassified as mild and one subject
with moderate airway obstruction was misclassified as
normal. A close match of 64 subjects out of 66 indicates
an agreement between the two severity indices of 97%.
The two misclassified subjects had expired airflow pat-
terns that were similar to patterns of these subjects in nor-
mal type I breathers. Why these expired airflow patterns
of the subjects were different requires further investigation
into the aetiology of their airway obstruction.

When deriving S, the intercept of this line on the scaled
time axis provides a sensitive indicator of dynamic lung
overinflation, a common phenomenon seen in subjects with
severe airway obstruction [15]. In subjects with no lung
overinflation, a linear function provides the best fit to the
airflow pattern. This line crosses the flow and time axes
close to 100% (fig. 7a). However, subjects with overinfla-
ted lungs tend to have the lowest S index, so that a fitted
linear regression line intercepts the flow axis at approxi-
mately 80% and the time axis at >100%. The flattening of
the post-fPTEF airflow pattern increases with lung overin-
flation. With severe COAD, the post-fPTEF flow decreases
in an exponential manner and overinflation results when
there is insufficient time to allow flow to decay to zero.
Thus, in overinflation, there must be a rapid deceleration
in flow immediately prior to the beginning of inspiration,
leading to the flattening of the flow pattern (fig. 5).

In conclusion, widely varying expired airflow patterns,
once scaled, can be categorized according to their shape.
The shape of the post-peak expiratory flow portion of
these patterns is more sensitive to the severity of airway
obstruction than the pre-peak expiratory flow portion. A
slope index can be derived in a number of easy steps from

Table 3. — Classification criteria for airway obstruction
severity based on slope index (S): severity index Il

Severity index S (negative)

1 Normal >0.89
2 Mild 0.8-0.89
3 Moderate 0.75-0.79
4 Severe <0.75

this portion of the pattern, which provides a simple and ro-
bust indicator of airway obstruction. In deriving this index,
the computer first extracts the post-peak expiratory flow
portion of each breath collected. The point of maximum
expiratory flow is defined and the post-peak portion ex-
tracted. The extracted flow and time data are scaled and
the data from each breath averaged together to create a
unique flow pattern for each subject. The computer then
fits a linear regression line through the entire data and
the slope of the regression line is calculated. The objective
fitting of a regression line by computer requires no pre-
judgement of the flow patterns as to what category of air-
way obstruction exists. A further advantage is that the
flow data needed to calculate this slope index can be read-
ily collected from uncoached subjects, who need do noth-
ing except breathe quietly through a mouthpiece.
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