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Analysis of tidal expiratory flow pattern in the
assessment of histamine-induced
bronchoconstriction

M J Morris, R G Madgwick, D J Lane

Abstract
Background - There are times in clinical
practice when it would be useful to be able
to assess the severity of airways ob-
struction from tidal breathing. Three in-
dices of airways obstruction derived from
analysis of resting tidal expiratory flow
have previously been described: (1) Tme/
TE =time to reach maximum expiratory
flow/expiratory time; (2) Krs = decay con-
stant of exponential fitted to tidal ex-
piratory flow versus time curve; and (3)
EV = extrapolated volume - that is, area
under the curve when the fitted ex-
ponential is extrapolated to zero flow. In
this paper a further index - dt,/TE, time
from the beginning of expiration till the
rapid decay offlow beginslexpiratory time
- is evaluated. The aim of this study was
to assess the ability of these indices to
detect mild airways obstruction.
Methods - A histamine bronchial pro-
vocation test was performed in 20 adult
patients with a diagnosis of asthma or
symptoms of cough and/or shortness of
breath. Baseline forced expiratory volume
in one second (FEV,), functional residual
capacity (FRC), and specific inspiratory
conductance (sGaw) were measured and
the measurements repeated after the final
inhalation of histamine. Expiratory flow
patterns during quiet breathing over five
consecutive representative breaths were
analysed before and after histamine. The
test was concluded in 12 subjects when
FEV, had decreased by 20% of the post
saline value, and in the remaining eight
after inhalation of 16 or 32 mg/ml his-
tamine.
Results - FEV1, sGaw, FRC, Krs, EV, and
dt,JTE were all different after histamine
(paired t test). For Tme/TE no difference
was shown. Change in EV detected change
in end tidal volume but underestimated it
compared with the change measured by
body plethysmography. Percentage fall in
Krs after histamine correlated with per-
centage fall in FEV, (r=0.527, Pearson
correlation coefficient). This was ofa sim-
ilar order to the correlation between the
percentage fall in sGaw and in FEV, (r=
0-543).
Conclusions - Analysis of expiratory tidal
flow-time patterns predicted a decrease in
FEV, following histamine challenge as did
measurement of sGaw. This analysis of

tidal breathing would be useful in cir-
cumstances where forced expiratory man-
oeuvres are unreliable or inapplicable.
(Thorax 1995;50:346-352)

Keywords: tidal expiratory flow, histamine-induced
bronchoconstriction.

Expiratory tidal flow has a different pattern in
patients with significant airways obstruction
than in normal subjects.'`7 Buohuys4 stated in
1957 that "in most cases the difference between
normal and abnormal records can be seen at a
glance: the abnormal records show a constant
pattern in all cycles, the maximum expiratory
flow rate is reached early in expiration and the
record is smooth without the normal small
variations in flow rate". In his study, although
he found the time to reach maximal tidal ex-
piratory flow considerably shortened in patients
with significant airways obstruction, he felt the
degree of overlapping of normal with abnormal
subjects for this finding was such that it could
not be used to distinguish normal from ab-
normal records.
The most commonly employed tests of air-

ways obstruction are those in which maximally
forced flow rates are measured. Such tests are
not applicable in uncooperative or unconscious
adult patients, or in infants or young children.
In such circumstances, and in large epi-
demiological studies, a portable test of airways
obstruction requiring only a short run of tidal
breathing would be useful. With the recent
emphasis on the benefits of non-invasive tech-
nology and the advent of computerisation there
has been a resurgence of interest in the analysis
of tidal flow patterns as a tool in the assessment
of airways obstruction. This has resulted in a
growing core of published work, mainly by
paediatricians, to validate these measure-
ments.8-14
We have previously described three indices

of airways obstruction derived from analysis of
resting tidal expiratory flow67 (fig 1) and have
postulated the following interpretations ofthese
indices:
(1) Tme/TE= time to reach maximum ex-
piratory flow/expiratory time (this index was
originally described as dt/t by us6 and is now
called Tme/TE by other workers"'1 12). As nor-
mal post inspiratory muscle braking is lost in
airways obstruction, Tme/TE decreases.
(2) Krs =decay constant of exponential fitted
to tidal expiratory flow versus time curve during
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Analysis of tidal expiratory flow pattern
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Figure 1 Schematic representation of tidal expiratory
flow showing the appearance in (A) a normal subject and
(B) a patient with airways obstruction, and the derived
indices Tme/TE, Krs, EV and dt,ITE. In some normal
subjects dtITE is greater than TmelTE. When airways
obstruction is induced dtr/TE approaches TmelTE.

the second half of tidal expiration. In Otis'
simple model of the respiratory system,8 con-
sisting of a single compartment of constant
elastance served by a pathway of constant re-
sistance, the decay of flow or volume against
time should be a single exponential. Applied
to spontaneous breathing this model assumes
no respiratory muscle activity or laryngeal brak-
ing over the range that the exponential is fitted.
Then compliance x resistance = 1 /Krs where
1/Krs = time constant of the respiratory system.
In asthma, assuming compliance is unchanged,
Krs decreases as resistance increases.
(3) EV = extrapolated volume - that is, area
under the curve when the fitted exponential is
extrapolated to zero flow. EV is the volume of
the end expiratory tidal volume (FRC) above
the relaxation equilibrium volume of the re-
spiratory system.7

In this study we have added a fourth index,
dtr/TE (fig 1), which is a revised version of
the original Tme/TE (see Methods section for
description).
The main aim of this study was to see

whether, in the most difficult cases when within
subject variability is maximum4 - that is, sub-
jects with normal lung function who develop
very mild airways obstruction - this analysis,
using all the indices that we have described,
could detect change. We studied adult patients
in whom airways obstruction was induced by
inhalation of histamine to determine whether
(1) acute overinflation (acute change in FRC)
could be detected and quantified by analysis
of tidal expiratory flow pattern, and (2) the
indices Tme/TE, dt,ITE, and Krs could detect
an increase in airways obstruction and whether
changes in these indices correlated with
changes in other recognised indices of airways
obstruction.

Methods
Twenty consecutive patients, 10 men, of mean
age 45-3 (range 29-71) years, two current and
six ex-smokers, undergoing histamine bron-
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chial challenge in our laboratory for clinical
indications were studied. These patients were
known to suffer from asthma or had presented
with episodic cough and/or shortness of breath
for which a diagnosis was being sought. Forced
expired volume in one second (FEVI) was
measured with a Vitalograph spirometer and
specific inspiratory conductance (sGaw) and
functional residual capacity (FRC) were meas-
ured and spirometry repeated in a Jaeger Mas-
terlab constant volume plethysmograph before
the histamine challenge test. Histamine was
inhaled in increasing concentrations via a
Wright's nebuliser according to the protocol of
Cockcroft."5 A run of at least 10 breaths of
tidal breathing (flow versus time) was recorded
at the completion of the above tests using a
Fleisch no. 3 pneumotachograph and Gould
Brush recorder 260 in 18 patients and RASP
computer program" in the last two patients.
The analogue flow signal was taken into an
Elonex PC-433 via Analogue Devices 12 bit
AID interface card, sampling rate 80/second.
The Fleisch pneumotachograph, tubing, pre-
amplifier and recorder system were tested over
the range of 0-21/s and found to have a linear
response over this range. The Gould recorder
had a frequency response flat up to 60 Hz.
Flow was calibrated with a flow signal of 1 1/s
via a rotameter and the flow signal was in-
tegrated to give volume. Tidal flow over five
consecutive representative breaths was ana-
lysed to give mean Tme/TE. An exponential
was fitted to the flow versus time decay during
the period between 50% and 90% tidal volume
expired beginning where, by eye, the rapid
decay of flow was deemed to begin (starting
point 50-70% of tidal volume expired) (figs 1
and 3). Mean Krs and EV for the same five
breaths were calculated. When the RASP com-
puter program was used (in the last two
patients) a straight line was fitted to the flow-
volume curve from the onset of rapid decay of
flow to determine Krs, the slope of this line
(fig 2). A revised index dt`TE was calculated
as the time from the beginning of expiration
until the exponential decay began (rather than
the peak) divided by expiratory time (fig 1).
Within observer variation of dtr/TE expressed
as coefficient ofvariation was 1 1% baseline and
8% after histamine. Between observer co-
efficient of variation was 7% baseline and 7%
after histamine. Because in some normal sub-
jects there was a plateau of flow after the peak
was reached before the exponential decay be-
gan, this index was larger than Tme/TE (paired
t test, t=3.62, p=0 0005 baseline, and t=
1 65, p=0 05 after histamine) (fig 1). Indices
of respiratory pattern, frequency f, tidal volume
VT, mean inspiratory flow rate VT/Ti, and in-
spiratory duty cycle Ti/TTOT, were calculated
from the same five breaths. These tests were
repeated after the final inhalation of histamine.
The histamine challenge test was concluded in
12 patients when FEV, had decreased by 20%
of the post saline value, and in the remaining
eight patients after inhalation of histamine at
a concentration of 16 or 32 mg/ml (range of
final histamine concentration 0-125-32 mg/
ml).
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Figure 2 Tidal flow-volume tracings (RASP computer program) in two patients showing linear decay offlow against
volume before and after histamine. The straight line was fitted between the dotted lines. The upper two graphs show no
change in slope (Krs) or in EV in a normal subject whose FEV, did not change after histamine. The lower two graphs
show a decrease in slope and increase in EV in a mild asthmatic whose FEV, decreased.

DATA ANALYSIS
Regression analysis was carried out to describe
the relationships between the various indices
in the cross sectional group after histamine
inhalation, and between the percentage change
of the various indices resulting from the in-
halation of histamine. The paired t test was
used to test whether significant change had
occurred in the individual indices with the
inhalation of histamine. The square of Pear-
son's correlation coefficient (r) for the linear
regression between log flow measured at 0-2
second intervals and time was taken as a meas-

ure of goodness of fit of the exponential and
for the linear regression between flow and vol-
ume in the two subjects in whom the RASP
computer program was used to analyse the
tracings. On each subject, for each index, stan-
dard deviation (SD) was measured for the five
breaths analysed before and after the inhalation
of histamine. The paired t test was used to
test if there was any change in within subject
variability as indicated by SD of any of the
indices after histamine. A fall of 20% in FEV1

was taken as a positive challenge response to
histamine. Sensitivity of a new method of
detecting a positive histamine challenge was
defined as the percentage of true positives
found to be positive by the new technique
and specificity as the percentage of true
negatives found to be negative. A 35% fall
in Krs was taken as the cut off between a

positive and negative histamine challenge, as
ROC curve analysis showed this to be the
cut off that correctly assessed most subjects
(17 of 20) and maximised the sum of sensi-
tivity and specificity.

Results
Results of lung function measurements made
before any inhalations and after the final in-
halation of histamine are shown in table 1. All
subjects had FEV1 greater than 70% predicted
at the beginning of the study and the maximum
fall in FEV, in any subject was 40% of baseline
value after the final inhalation of histamine.
There was a consistent smoothing of the flow

Table 1 Mean (SD) lung function data in 20 patients before and after inhalation of histamine
FEV, FRC sGaw TmelTE dtr/TE Krs EV

litres % pred litres % pred (kPa - ' s- ') (G/) (Go/) (s ') (ml)
Baseline 3-4 (1-0) 102 (16) 3-4 (0 8) 110 (21) 2-6 (0-9) 27 (8) 40 (14) 1-73 (0 52) 23 (4)
After histamine 2-7 (0 9) 80 (19) 3-9 (0-9) 126 (26) 1.1 (1-4) 26 (12) 33 (15) 1-08 (0 62) 146 (14)
p <0-001 <0-01 <0 001 NS <0 005 <0 001 <0 01

FEV, = forced expiratory volume in one second; FRC= functional residual capacity; sGaw = specific inspiratory conductance;
Tme/TE, dt0/TE, Krs, EV= indices derived from expiratory tidal flow (five breaths in each subject before and after histamine).
p values indicate significance of difference between baseline values and those after histamine.
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Linear regression analysis in this group of 20

subjects after histamine showed that Tme/TE
correlated with FEV1 (slope=0-31, r=0-49,
p<0 05) and with sGaw (slope=7-1, r=0-82,
p<0 001), Krs with sGaw (slope=0-28, r=

P# ~ 0-62, p<0 01) but not with FEV1, and the
correlation of sGaw with FEV1 just missed
statistical significance (slope = 0004, r= 042,

1 s p<O1). dtf`TE correlated with FEV1 (slope=
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TE (p<0005) were all significantly different
after the inhalation of histamine (paired t test);
for Tme/TE no significant difference was shown
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Figure 4 Graphical representation ofpaired data before and after histamine inhalation for three recognised measures of
airways obstruction (FEV,, sGaw and FRC), and for three indices derived from expiratory tidal flow pattern. All group
means before and after histamine are statistically different except TmelTE (see text).- =group mean.
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Figure 5 Changes in the index dtgTE after histamine
challenge, p<0005. -=group mean.

SD of dt,/TE from 8-9% to 5-7% (t=2-46,
p<0 03). There was no change in within subject
variation of SD of the other indices, Tme/TE
and EV.
With linear regression analysis the percentage

fall in Krs after the inhalation of histamine
was shown to be significantly related to the
percentage fall in FEV, (fig 6, table 2). This
was ofan order similar to that ofthe relationship
between the percentage fall in sGaw and the
percentage fall in FEVI. The sensitivity of a

35% fall in Krs of predicting a 20% fall in
FEV, was 92%, specificity 75%. The sensitivity
of a 35% (or 40%) fall in sGaw (the usual
index of a positive histamine challenge test)
of predicting a 20% fall in FEV, was 92%,
specificity 25%. Table 2 shows regression re-

lationships of the percentage change in the
indices derived from expiratory flow against
the percentage change in FEV1 % predicted and
in sGaw.
Frequency (f), tidal volume (VT), inspiratory

duty cycle (Ti/TToT) and mean inspiratory flow
rate (VT/Ti) did not change after histamine,
nor did the within subject SD of any of these
indices.
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Figure 6 Graphs showing (A) % change in Krs and (B)
sGaw versus % change in FEV, after histamine challenge.

In 17 other normal subjects repeated meas-

urements (n = 101) were made of these new

indices from tidal breathing on the same and
different days. Mean within subject standard
deviations were Krs 0 58 s-, Tme/TE 7%, dt,l
TE 7%, EV 0-02 litres, coefficients of variation
Krs 21%, Tme/TE 21%, and dtr/TE 10%. In
11 patients with airways obstruction (FEVy 47
(21)% predicted) mean within subject standard
deviations (33 measurements) were Krs
0-06 s-1, Tme/TE 1-5%, dtfTE 3-8%, EV 0-05
litres, coefficients of variation Krs 7%, Tme/
TE 6%, dtr/TE 10%, and EV 16%.

Table 2 Summary of regression analyses ofpercentage
change in expiratory flow indices against percentage
change in FEV, (% predicted) and sGaw after histamine
inhalation

y axis x axis Slope Intercept r p

Krs FEV, 1-28 10 1 0-52 <0 05
Kr sGaw 0-31 18-7 0-39 NS
Tme/TE FEV, 0-83 -10-5 0-38 NS
Tme/TE sGaw 0-38 -16-4 0 54 <0 05
dt,ITE FEV, 0 5 6-3 0-22 NS
dt,,TE sGaw 0-34 -3 9 0-46 NS

(<0-1)
sGaw FEV, 1-67 26-0 0-54 <0 05

For definition of abbreviations see footnote to table 1.

Discussion
This study shows that analysis oftidal breathing
gives indices that can detect both increase in
airways obstruction and increase in end tidal
volume after histamine inhalation.

Histamine-induced bronchoconstriction was
used as a model of asthma so that acute changes
in FRC could be studied. The size of the
significant change in EV which occurred after
the inhalation of histamine did not correlate
with the change in the plethysmographically
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measured FRC. Where the plethysmograph
measured large changes in FRC, changes of
similar magnitude were not detected by the
extrapolated volume method. Plethys-
mography has been shown to overestimate lung
volume in patients with airways obstruct-
ion,'718 and it may be that FRC measured in
this way is overestimated after histamine when
bronchoconstriction has been induced.'8 In
some of these subjects such big changes in
FRC seem surprising in the face of such mild
airways obstruction. The usual precautions of
keeping the cheeks flat when the shutter came

across and panting at low frequency were taken,
but the compliant upper airways were not
otherwise controlled. The other alternative is
that the large plethysmographically measured
volume changes are true and that the ex-

trapolated volume method underestimates the
volume change. One explanation of this second
possibility is that the expiratory tidal flow curve,

with its fitted exponential and extrapolated
volume, refers only to that part of the lung
subtended by open airways during tidal breath-
ing. In this case the change in EV is the increase
in lung volume of this section of the lung and
does not include the increase in lung volume
due to an increase in trapped gas in parts of
the lung beyond the closed airways. This latter
increase in lung volume will be included in the
body plethysmographic measurement of lung
volume. If this hypothesis is correct, the change
in EV should correlate better with the change
in lung volume when the latter is measured by
helium dilution.
Assumptions made using the extrapolated

volume method include (1) that there is no

respiratory muscle activity or laryngeal braking
during the time over which the exponential is
fitted,7 22 (2) that a single exponential de-
scribes the decay of flow towards the end of
resting tidal expiration,8 23-25 and (3) that the
relaxation equilibrium volume of the re-

spiratory system does not change with the in-
duction of bronchoconstriction. There are

theoretical objections to each of these
assumptions22 2&29 which, because oflimitations
of space, cannot be discussed in this paper.

However, our findings that (1) the fit of a

single exponential to the flow versus time curve

towards the end of tidal expiration is good both
before and after histamine, and (2) that the
baseline time constant (1/Krs) for the group

(0-58 seconds) calculated from this exponential
approaches the previously determined time
constant of free collapse from TLC in con-

sciously breathing and paralysed normal sub-
jects,'9232528 lead us to conclude that this
analysis should give an approximate estimate
of acute dynamic hyperinflation not including
trapped gas. Our data show that a change
in the tidal expiratory flow pattern sensitively
detects the occurrence of acute hyperinflation,
but underestimates the plethysmographically
measured change in volume.
We have confirmed previous cross sectional

findings"8'0 in that the indices of airways ob-
struction, Krs and Tme/TE, derived from the
tidal flow pattern, correlated with other re-

cognised indices of airways obstruction in these

subjects after histamine inhalation, as did the
new index, dtr/TE.
We did not find change in Tme/TE as useful

an index of airways obstruction induced by
histamine in adults as the related volume index
has been found by Cutrera et al in children."
This difference may be attributable to the smal-
ler number of subjects in our study and to the
wider range of bronchoconstriction in their
study, 15 of their 41 subjects having a fall in
FEVy of 40-70% of baseline after histamine.
In our study no patient had a fall in FEVy
greater than 40% of the baseline value.
The regression coefficients between per-

centage change of the new indices and per-
centage change in FEV, and sGaw after
histamine were all positive (table 2), but the
relationship was only significant between Krs
and FEV, and between Tme/TE and sGaw.
Although the correlation between change in
Krs and change in FEV, was weak, change in
Krs detected histamine-induced broncho-
constriction, measured by change in FEVy, as
well as did sGaw, being equally sensitive and
more specific. Krs, which is the reciprocal of
the time constant of the respiratory system,
depends on compliance as well as on airways
resistance. Other accepted measurements of
airways obstruction - for example, peak ex-
piratory flow and FEV, - are also non-specific,
being affected by muscle strength, chest wall
and lung recoil, lung and airways compliance,
as well as by the calibre of the airways. Despite
this, these measurements are extremely useful
in the practical assessment of airways ob-
struction. The lack of specificity of the indices
of tidal expiration, Krs, Tme/TE, and dtr/TE,
does not therefore rule them out as potentially
useful in the assessment of airways obstruction.
The model of asthma that we chose caused

only mild bronchoconstriction rather than sig-
nificant clinical asthma. The visual impression
of less variability in the tidal expiratory flow
pattern in airways obstruction than in normal
subjects, that we in this study and others4 have
commented on, is documented in this study as
a decrease within subjects of SD of Krs and of
dtfTE after histamine compared with baseline
SDs. It is our belief that change from normality
to very mild airways obstruction is a "worst
case") scenario for this analysis because of the
variability of these indices in normal subjects
as described by Buohuys.4 We are encouraged
by the modest success of this analysis in de-
tecting these small changes after histamine, and
a study is underway to test the usefulness of
this analysis in acute severe asthma where the
practical benefits of a test not requiring re-
spiratory gymnastics will be more evident. In
the computer analysis a straight line is fitted to
the expiratory flow-volume decay rather than,
as in the first part of this study, an exponential
to the flow-time decay. This is an improvement
to the method because immediate assessment
by eye of the goodness of fit of the imposed
line and thus of the validity of the derived
results is possible.
There is no doubt that a reliable method of

quantifying the degree of airways obstruction,
requiring from the patient only a run of tidal
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breathing through a pneumotachometer, would
be useful in situations where maximum forced
manoeuvres are unreliable or inapplicable.
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