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Cotton induced bronchoconstriction detected by a
forced random noise oscillator
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ABSTRACT Lung function responses to inhaled cotton dust were evaluated in a group of 58
healthy subjects by spirometry (MEFV curves) and forced random noise impedance parameters.
Twenty-one of these subjects were also examined by body plethysmography to assess changes in
airway resistance (Raw). For the study group as a whole, alterations in lung mechanical function
after exposure to cotton dust were detected by maximal expiratory volumes and flows (p <
0.001) and impedance parameters (p < 0.01) but not by Raw. Subjects showing responses in
MEFV curves also showed increases in Thevenin or effective resistance at low frequencies (R1,
R5-9, R5_JR20-24), suggesting that the limitation of flow occurred predominantly in the peripheral
airways. By contrast, non-responders on MEFV measurements were found to have significant
increases in effective resistance both at low and at high frequencies (R1, R5_9, R2024), suggesting
a central airways effect. MEFV curve non-responders also exhibited a significantly lower baseline
effective resistance profile than MEFV curve responders. The data indicate that under the condi-
tions of the experiment measures of the Thevenin resistance (real part of impedence) by the
forced random noise method are reliable indicators of cotton induced bronchoconstriction.
Measurement variability, however, suggests that, at present, these are more appropriate for
group studies and should remain adjuncts to standard tests of lung function such as spirometry.

Early attempts to examine total respiratory impe-
dance were based on the application of forced
sinusoidal pressure oscillations at the mouth over a
limited range of frequencies.' A more recent
method has used forced random noise oscillations
which cause less discomfort and permit observations
of impedance over an expanded frequency range.2
This technique has been used to examine respiratory
impedance parameters including total respiratory
resistance (Thevenin or effective resistance) and its
central and peripheral components.35 Studies in
man have suggested that random noise parameters
of respiratory impedance are reliable and sensitive
measures of mechanical alterations resulting from
pulmonary disease and induced bronchoconstric-
tion.2 6 7
The purpose of the present study was to examine

acute lung function responses to inhaled cotton dust
in healthy subjects by the forced random noise tech-
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nique of Pimmel et al.7 To assess the ability of these
measurements to detect changes in pulmonary func-
tion, spirometry and plethysmography were also
carried out.

Methods

STUDY POPULATION
Criteria used in the selection of study subjects have
been described in detail elsewhere.8 In brief,
informed consent was obtained from healthy adult
volunteers from the Clemson, South Carolina, area.
Participation did not require a current or previous
history of exposure to cotton dust. Subjects were
exposed for six hour periods on separate occasions
to no dust and a controlled concentration of cotton
dust (1 mg/M3 by vertical elutriator) if they had a
baseline FEV1 of at least 80% of predicted. Sixty
one subjects who showed at least a 5% mean
decrement in FEV1 during two exposures to cotton
relative to their FEV1 changes during two clean
room exposures were selected for further study. The
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Cotton induced bronchoconstriction detected by a forced random noise oscillator

current investigation includes 58 of these 61 indi-
viduals, three having withdrawn.

STUDY PROTOCOL
The subjects received one exposure to no dust and
one exposure to cotton dust separated by an interval
of 72 hours. Their acute lung function response was
determined by spirometry and by a forced random
noise oscillator. In addition, a subgroup of 21 sub-
jects, preselected for their ability to perform adequ-
ate panting manoeuvres, underwent assessment of
airway resistance (Raw) in a body plethysmograph.
On test days, the subjects were examined sequen-
tially by random noise oscillator, plethysmograph,
and spirometry just before entering the exposure
chamber and immediately after a six hour exposure.
Smoking was not permitted during the exposure
periods, and subjects were allowed to leave the
room only for brief restroom breaks. All the tests on
each individual were completed in less than 10
minutes and were performed by the same techni-
cians who were not informed about the nature of the
exposure.

EXPOSURE
Exposures took place in a room ventilated with
exhaust air from a cardroom. For cotton dust expos-
ures, the same blended, strict low middling cotton
was carded at a constant production rate. Respirable
dust concentration was measured using four vertical
elutriators, one in each quadrant of the exposure
room. The mean dust concentration in the room was
determined gravimetrically approximately once an
hour, and the desired concentration was maintained
by varying the amount of dust laden air entering the
chamber. The desired concentration of cotton dust
was 0-45 to 0-48 mg/M3. Based on our experience
with cotton dust, this concentration of the particular
cotton used was considered safe for participants and
sufficient to produce a mean group FEVI decrement
of approximately 3%.

TESTS OF LUNG FUNCTION
Spirometry was performed with a rolling seal
spirometer (Model 840, Ohio Med Products)
directly interfaced with a computer (LSI 11/23,
Digital Equipment Corp) and oscilloscope. At least
five forced expiratory manoeuvres from maximum
inspiration were obtained during each test. From a
minimum of three manoeuvres conforming to
American Thoracic Society criteria,9 the largest
FEV1 and FVC were selected regardless of the
curve(s) on which they occurred. Flow rates were
obtained by aligning each subject's flow volume
curves at TLC and using the largest observed flows
from the resulting maximum envelope. Where used,

predicted values for FEV1 and FVC are those of
Knudson and co-workers,'0 corrected by a factor of
0 85 for blacks.
Measurements of airway resistance (Raw) were

made with a pressure-volume or flow plethysmo-
graph (8000 AutoBox, SRL Medical Inc). Raw was
obtained from the average of four panting cycles
(2 Hz) using data in the flow range of +0 5 I/s. Least
squares fit lines were applied to flow pressure curves
in this range and Raw was calculated by subtracting
mouth flow meter and shutter resistance from the
inverse slope. Mouth and box flowmeters were cali-
brated four times a day using a standardised flow
signal from a motor driven piston of 7-10 litre dis-
placement. The mouth pressure transducer was cali-
brated daily with a water manometer.

Respiratory impedance was measured with a
forced random noise system similar to that described
by Pimmel and associates.7 A random pressure
(bandwidth 2 to 45 Hz) was introduced into a sub-
ject' s respiratory system through the mouthpiece by
means of a loudspeaker mounted in an enclosure.
The loudspeaker was driven by a random noise
source and the corresponding pressure and flow at
the mouth were measured over 32 seconds of quiet
tidal breathing. Each subject started the manoeuvre
at functional residual capacity, wearing nose clips
and supporting his cheeks. The pressure and flow
signals were digitalised by a computer (LSI 11/23,
Digital Equipment Corp) with a sampling rate of
200 samples per second, and total respiratory impe-
dance was calculated using the spectral analysis
technique described by Michaelson et al.2 The
mechanical impedance of the oscillator system was
calculated before testing of subjects, and was used to
correct total impedance measured by the system to
yield only respiratory impedance. To prevent an
accumulation of carbon dioxide in the enclosure, a
bias flow of fresh air was also supplied to the enclos-
ure via a low impedance tube, tuned to prevent loss
of the random noise forcing signal.
For the purposes of the present study, only the

real part of the total respiratory impedance (Theve-
nin or effective resistance R_m) was used. From the
relationship of total resistance versus frequency,
four parameters were calculated.7 The resistance
was averaged over the frequency range from 5 to
9 Hz (R5-9) and from 20 to 24 Hz (R20-24), provid-
ing measures of the resistance at low and high fre-
quencies. The R5J9R20-24 ratio was also determined
as a measure of the frequency dependence of resis-
tance. A linear fit to the log of RT versus the log of
frequency was made and the resistance at 1 Hz (R1)
was determined by extrapolating resistance to the
one Hz value.
To calibrate and validate the impedance measur-
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ing system, simulation resistors were constructed of
many separate pieces of small glass tubing mounted
in parallel inside a plastic tube. The mechanical
impedance of these calibrating resistors was deter-
mined by forcing several different constant flows
through the resistors and measuring the correspond-
ing pressures. In addition, the resistances were
determined as a function of frequency by generating
sinusoidal pressure signals and measuring the cor-
responding flows. One of these calibrating resistors
was later used to check the impedance measuring
system in the field before each testing session. Only
RTH data where the corresponding coherence was
greater than 0-85 were used in our analysis. This
almost always required the elimination of RH val-
ues at frequencies less than 5 Hz. At frequencies
greater than 5 Hz, however, the coherence was typi-
cally greater than 0-95.

STATISTICAL ANALYSIS
Comparisons of mean values were performed using
either a Student's t test or a "paired" t test available
through Statistical Analysis System (SAS). For the
discriminant analysis, a Bayes bisector classifier"
was developed to separate FEVI shift changes on

the control day from FEV1 shift changes on the day
of cotton dust exposure.

Results

Demographic characteristics and baseline spiro-
metry of the study group are shown in table 1. The
subjects were relatively young and had accumulated
few years of cotton mill work and pack-years of
smoking. The ability to perform acceptable panting
manoeuvres in the body plethysmograph appears to
have been randomly distributed in the study popula-
tion. On dust days an elutriated cotton dust concen-

Sepulveda, Hankinson, Castellan, and Cocke

Table 1 Characteristics ofparticipants

Plethysmography All

Yes No

No 21 37 58
Mean age (y) (SE) 31 (2) 36 (2) 34 (1)
Sex:
% Female 52 60 57

Race:
% White 86 86 86

Smoking:
% Current smokers 62 51 55
% Never smokers 29 41 36
Mean pack-years (SE) 8 (2) 6 (2) 7 (1)

Mean years cotton mill work
(SE) 2 (1) 2 (1) 2 (1)

Dust exposure, mg/M3:
Control 0-03 0 03 0-03
Cotton 0-46 0-46 0-46

Baseline lung function:
% pred FEV (SE) 94 (3) 94 (2) 94 (2)
% pred FVC (SE) 102 (4) 102 (2) 102 (2)

tration of 0-46 mg/M3 was attained in the exposure

chamber.
The population mean values +±SD of baseline

measurements of Raw, Rp, R^_, and R2o24 were

1-07 + 0-32, 3-81 + 2-82, 3-46 + 1-07, and 3-29 +
0-76 cm H20 per litre per second, respectively.
These values for impedance derived parameters
show that the Thevenin resistance (R,.) was not
frequency dependent before exposure to cotton
dust-that is, no significant differences existed bet-
ween the various R,. values over the specified fre-
quencies. Baseline measurements of RT did not dif-
fer in sex, smoking, and plethysmograph subgroups.

Table 2 shows the mean percentage changes in the
spirometric indices over a six hour exposure to cot-
ton dust relative to the same changes during the
control exposure. All spirometric parameters exhi-
bited significant declines in response to cotton dust
exposure (p < 0-001). Decrements for FEF75,

Table 2 Lung function response to control and cotton dust exposures

Control (1) Cotton (2) (2) Minus (1) p-Value (2-1)*

Spirometry (n = 58)
%Ao FEVI (SE) 0-8 (0.5) - 2-8 (0.7) - 3-6 (0-7) 0-0001
%A FVC (SE) 0-4 (0-4) - 2-3 (0-5) - 2-7 (0-5) 0-0001
%A PFR (SE) 1-7 (0 5) - 09 (0:7} - 2-6 (07) 0-0002
%A FEF 0 (SE) 13 (13) - 8-0 (2.2) - 9.3 (2-0) 0-0001
%A FEF7, (SE) 7-0 (3.0) - 14-3 (3-2) - 21-3 (3-6) 0.0001

Oscillator (n = 58)
%AR, (SE) -5-6 (39) 20-3 (61 259 (7-1) 0-0006
%AR,_- (SE) -29 2.2) 97 (2:5 126 3-5) 0-0008
%AR (SE) -0-9 (2-6) 6-3 (2-6 7-2 4-0 0-0822
%AR:!)k,., (SE) - 1-2 (1-5) 4-0 (1-4 5-2 (2-1) 0-0148

Plethysmograph (n = 21)
%A Raw (SE) 5-1 (6.0) 9-3 (5-8) 4-2 (8.9) 0-6467

%A = ((Postshift-preshift)/preshift) x 100.
*Paired t-test; Ho: (cotton-control) = 0.
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Fig 1 Average Thevenin resistance (RTH) as a function of
frequency for the study group (n = 58) showing preshift
and postshift data during control and cotton exposures.

FEF50, and FEV1 were greater than those for FVC
and peak flow rate, and were similar in those with
and those without Raw measurements (not shown).
A plot of the real part of the impedance of the

respiratory system (R,.) is shown in fig 1 for the
population both before and after dust and control
exposures. In response to cotton dust, effective
resistance (RTH) showed a larger increase at lower
frequencies than at higher frequencies. Table 2
shows a comparison of these frequency specific resis-
tance changes and Raw. Cotton exposure produced
no significant changes in Raw and the average resis-
tance between 20-24 Hz (R20-24). Nevertheless,
measures of effective resistance at low frequencies
(R1, R5-9 R5J!R20_24) were sensitive to cotton
induced bronchoconstriction (p < 0.01).
To compare the detection of acute changes in lung

function by forced random noise parameters with
those obtained by spirometry, subjects were divided
into two groups based on discriminant analysis of
FEV1 responses during cotton and control expos-
ures. By discriminant analysis an FEV1 decrement
of 1% best distinguished cotton and control
responses. Two groups, one with 38 FEV1 "respon-
ders" (group A) and the other with 20 FEV, "non-
responders" (group B) were identified. Both groups
had similar exposure, baseline spirometry (FEV1,
FVC), age, sex, and smoking profiles. Demographic
features and lung function responses for these
groups are presented in table 3. For group A, as for
the study group as a whole, all the spirometric indi-
ces examined and Rl, R59, and the R549R20-24
ratio showed significant dust related changes. For
group B, changes in pulmonary function were
detected by the impedance derived measures RI,
R5-, and R20_24 in the absence of spirometric
changes.

Table 3 Demographic features and lung function changes
by FEVI response status

Group A Group B

Demography
No 38 20
Mean age (y) 34 (2) 33 (2)
% Female 60 50
Smoking:
% Current smokers 55 55
% Non-smokers 39 30

Mean cotton mill years 2-1 (0.5) 2-3 (1-5)
Baseline lung function:
% Predicted FEVI 95 (2) 93 (3)
% Predicted FVC 102 (2) 101 (3)

Cotton minus control Cotton minus control
Spirometry
%A FEVJ - 56 (09) 0-2 (08)
%A FVC - 4.0 0.7*-90-2 (07'
%APFR - 4-0 0.8* 0*0 0%A FEF0 - 14-4 26)* 0-2 (2.4)
%A FEF7, - 30-6 4-0) * -7 (5-3)

Impedance parameters
%ARI 22-5 (7 9)t 32-6 (14-5)t
%AR' 9-3 (4-0)t 18-9 6-8 T
%IRn.. 2-9 (5-0) 15-2 6-6 t
%AR,4k. 6-0 (2*7)t 3-6 (3-1)

%A = ((Postshift-preshift)/preshift) x 100.
SEs in parentheses.
*p < 0-001.
tp < 0.03.

Figure 2 shows the plots of the Thevenin resis-
tance responses of groups A and B. Group A
showed a statistically significant increase in Rm. only
at low frequencies, whereas group B showed statisti-
cally significant R,H changes that were independent
of frequency. Pre-exposure R, also differed in the
two groups. Group A (FEV1 responders) had
baseline R1, R5-9, and R20-24 values that were
significantly greater than those of group B (p <
0-005).

500-

0
_ _

,
4-00

E

c
- 300-

4,nn'UL

-Preshift group B
---Postshitt group B
.----Preshift group A

Postshift group A

u I I II I I I I I III I I I I

50 100 150 200 250
Frequency (Hz)

Fig 2 Average Thevenin resistance-frequency plots
showing shift related responses to cotton dust in subjects
with (group A) and without (group B) an FEV, decrement
over same shift.
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Fig 3 Average baseline Thevenin resistance profiles of
subjects with greater than a 5% FEV, decrement after
exposure to cotton dust (group A,), a 1-5% decrement
(group A ), and less than a 1% decrement (group B).

To examine further the relation between lung
function responses and pre-exposure RT profiles,
group A was divided into two groups, subjects with
FEV1 dust related decrements greater than 5%
(group Al) and subjects with FEV1 decrements of
1-5% (group A2). The pre-exposure effective resis-
tance in these groups is shown in fig 3. The baseline
effective resistance was highest in subjects with the
largest FEV1 response to cotton dust (group Al),
and lowest in those without an FEV1 response
(group B). R5-9/R20_24 ratios (SE) in groups Al , A2,
and B were 1-17 (0.06), 1-06 (0.05), and 1.03
(0.03). Only group Al had a baseline R59/R 24

ratio that was significantly different from 1-0 (p<
0.05)-that is, R.I was frequency dependent in this
group.

Discussion

The application of forced random noise oscillations
to the airway has been used to characterise respirat-
ory mechanical impedance. This technique has been
shown to provide reliable impedance data in adults
and in children.2 47 Effective resistance by this
method (real part of impedance) reflects the com-

bined resistances of the airways, lung tissue, and
chest wall. For the airways, resistance at low fre-
quencies is determined by the state of the peripheral
and central airways, whereas resistance at high fre-
quencies includes mostly the central airways com-

ponent.' Forced random noise impedance data in
normal subjects have shown that the effective resis-
tance of the respiratory system is relatively indepen-
dent of frequency between 5 and 30 Hz.26 In some

subjects with obstructive lung disease or in
methacholine induced bronchoconstriction effective

Sepulveda, Hankinson, Castellan, and Cocke

resistance at low frequencies is greater than in nor-
mal subjects and decreases in a curvilinear fashion
with increasing frequency-that is, effective resis-
tance is markedly frequency dependent.27
The ratio of effective resistance at low to high

frequencies, R5-/RI5-9 or R5-/R20-24-has been
used to obtain indirect information about the parti-
tioning of resistance in the airways. This ratio has
been reported to differ in young asymptomatic
smokers compared with non-smokers.6 Subjects for
our study group were selected for their bronchial
sensitivity to cotton dust. This distinguishes them
from similarly aged, asymptomatic subjects studied
by others,6' and may account for their higher
baseline effective resistance and the absence of a
smoking effect on the R5_VR;0-24 ratio.

It is known that the inhalation of cotton dust can
induce acute pulmonary function changes both in
previously exposed people and in healthy sub-
jects.'2-'4 Decrements in timed forced expiratory
volumes and flows have repeatedly been shown and
the partitioning of this increase in flow resistance has
been examined by Bouhuys and co-workers.'5 16,
Reductions in maximum flow rates without a con-
ductance response or change in static recoil pres-
sures have suggested an important role for small
airways narrowing in byssinosis.

In the current study small but statistically
significant reductions in spirometric indices were
observed for the study group as a whole after expos-
ure to cotton dust. In addition, the measurement of
respiratory impedance also detected exposure
related changes in lung function. Observed changes
in FEF7 R1, R5-9 and the R5-7R20-24 ratio support
the smail airways effect described in previous studies
of cotton induced bronchoconstriction.

Changes in large airways may also occur after
exposure to certain vegetable dusts. Increases in
airway resistance (Raw) have been observed both
with and without a decline in FEV1 and maximum
flow rates after inhalation of cotton or hemp
dusts.'617 In our study group Raw measurements
showed no significant difference between the dust
and control exposures. This could not be ascribed to
differences in demographic profiles or cotton
induced spirometry and oscillator responses of sub-
jects with and without Raw measurements. The lack
of a statistically significant Raw response may reflect
measurement variability in an experiment where
both sample size and induced changes in lung func-
tion were small.
The impedance data suggest that in some subjects

cotton dust caused an increase in effective resistance
which was most pronounced in the central airways.
For subjects with no FEVI response to dust (table
3), statistically significant increases occurred in

T
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effective resistance at low and high frequencies (R1,
R59, R20_24). This upward displacement of the
resistance-frequency plot (fig 2, group B) is similar
to that described when central resistance is
increased by the application of an added extemal
resistor.3 The discordance between Thevenin resis-
tance and peak flow rate responses in FEV1 non-
responders (group B, table 3) may reflect the greater
variability of the peak flow measurement. It may
also be due to a systematic bias resulting from the
use of FEV1 to define response status. Since FEV1
and peak flow rate are both highly correlated and
influenced by subject effort, subjects with a decline
in peak flow or submaximal effort during postshift
spirometry were more likely to be classified as FEV1
responders (group A, table 3).

Dust exposure in the present study occurred at a
concentration (0-46 mg/M3) less than half that used
to select participants. At the higher dose, all the
study subjects showed decrements in forced expirat-
ory volumes and flows which were qualitatively simi-
lar to those found in group A (FEV1 responders) in
the current experiment. We did not measure total
respiratory impedance during the selection process,
but we suspect that at a higher dose of cotton dust
group B subjects (FEV1 non-responders) would
show a frequency dependent RH response similar to
that observed in group A at the lower dose. Studies
in hemp workers and in asthmatic patients suggest
that this hypothesis is plausible. In a group of hemp
workers'6 and in some asthmatic patients studied by
Stanescu and Brasseur,'8 decrements in maximal
expiratory flow rates without conductance responses
were observed after hemp dust and histamine chal-
lenge. Among hemp workers with larger decrements
in flow rate and after challenge with higher his-
tamine doses in the asthmatic patients, both flow
rates and conductance decreased. This suggests that
with early or mild bronchoconstriction, some sub-
jects may show a predominant effect on central air-
ways (decreased conductance) and others a principal
effect on peripheral airways (decreased flows at low
lung volumes).

Baseline Thevenin resistance was observed to dif-
fer in our FEV1 responders compared with non-
responders (fig 3). Subjects with the largest FEV1
decrements after dust exposure had higher pre-
exposure RTH and frequency dependent baseline
and dust induced increases in RTH. An association
between baseline lung function and site of airways
response has also been observed in hemp workers'6
and in some subjects with bronchial asthma.'9 20
The data in table 2 provide important information

regarding the magnitude of dust related changes and
measurement variability for impedance and
spirometric indices. In general, acute responses to

cotton dust exposure are seen to be larger for
Thevenin resistance than for maximal expiratory
volumes and flows. Nevertheless, measurement var-
iability for all spirometric indices except FEF75,
assessed by comparing the standard errors of meas-
urements for the no dust day (control exposure,
table 2), is between 50% to 75% less than for impe-
dance derived parameters. Thus whereas useful
information regarding the partitioning of airway
resistance may be obtained by this method, it may
be more useful in the evaluation of acute responses
in groups than in individuals.

Mention of product names does not constitute
endorsement by the US Government or its agencies.

Requests for reprints to: M-J Sepulveda, MD, Clini-
cal Investigations Branch, National Institute for
Occupational Safety and Health, 944 Chestnut
Ridge Road, Morgantown, WV 26505, USA.
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