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A B S T R A C T Acute exposures to hemp dust, in healthy
subjects as well as hemp workers with byssinosis, re-
sulted in two different responses. Men with symptoms
(chest tightness, coughing, and wheezing) after ex-
posure showed decreases of forced expiratory volumes
(FEV1.o), flow rates on maximum expiratory flow-vol-
ume (MEFV) curves, and of vital capacity (VC),
while airway conductance (Gaw: TGV ratio) did not
decrease significantly ("flow rate response"). Men
without symptoms after exposure showed no changes of
VC, FEV.o, and MEFVcurves, but had a significantly
decreased airway conductance ("conductance response").
The flow rate response is attributed to a pharmacological
bronchoconstrictor effect of hemp dust on small airways,
the conductance response to a mechanical or reflex ef-
fect of hemp dust on large airways. Both responses were
abolished by a bronchodilator drug. The type of response
reflects a difference between individuals and is not re-
lated to age, smoking habits, or prior exposure history.
Men with normal control function data had either a flow
rate or a conductance response. All men with abnormal
control data had a flow rate response.

Long-term hemp dust exposure causes irreversible
obstructive lung disease, in particular among men who
respond to acute dust exposure with symptoms and flow
rate decreases. The detection of this response, with
FEV1.o measurements and MEFVcurves, is essential in
the study of byssinosis. Decreases of airway conductance
after dust exposure have no consistent relation to the
development of clinical symptoms. The relative value of
measurements of maximum expiratory flow rates and of
airway conductance in other lung diseases needs to be
reassessed.
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INTRODUCTION
Many workers exposed to dust of soft hemp (Cannabis
sativa) in industry develop byssinosis (1, 2). The symp-
toms of this occupational lung disease resemble those
of bronchial asthma but occur under predictable con-
ditions, i.e. chiefly during a first exposure to dust after
absence from the dusty environment for more than a day,
i.e., usually on Monday. They are accompanied by lung
function changes which suggest obstructive ventilatory
impairment (3, 4). These changes can be reversed within
1/2 hr, at least in part, by inhalation of isoproterenol
(5, 6). Since production of sputum is absent or minimal,
contraction of bronchial smooth muscle is probably the
main cause of the acute effects of the dust.

These effects of dust exposure in man afford an op-
portunity to study the acute development of changes in
lung mechanics caused by an environmental agent which
is known to cause chronic lung disease after many years
of exposure (2). However, most previous studies in the
industry have been limited to relatively simple tests (1, 3,
6). Weused a body plethysmograph to obtain additional
information and were thus able to correlate the results of
several different tests which reflect the mechanical prop-
erties of the lungs. The results suggest that two different
acute responses to hemp dust exposure can be distin-
guished; only one of these appears to be associated with
the development of chronic obstructive lung disease, a
common sequel to the acute stages of byssinosis.

METHODS
Working conditions. The study was performed in Cal-

losa de Segura, Spain. Conditions in the hemp industry in
that town and the high prevalence of byssinosis and chronic
obstructive lung disease among certain categories of hemp
workers have been described in previous papers (1, 2). The
subjects for the present study were chiefly recruited among
those who participated in the previous studies. The pulmonary
function studies were performed in a field laboratory with
facilities for physical examinations, spirometry, and body
plethysmography.
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Subjects. 33 hemp workers and 6 healthy subjects (staff
members) participated in the experiments. All were studied
after at least 2 days absence from the dusty work rooms, to
avoid the tachyphylaxis induced by recent dust exposure.
Since we anticipated sizable reductions of ventilatory ca-
pacity during dust exposure in at least some subjects, we
did not include anyone with a control forced expiratory vol-
ume (FEVy.o) of less than 1.50 liters in the present study.
Also, only men whose forced expiratory maneuvers were
sufficiently reproducible were included.

Methods. FEVy.o and forced expiratory vital capacity
(FVC) were measured with portable spirometers with
transistorized timers.' The average of the two highest values
among five blows was taken as the result for both FEVy.o
and FVC. All vital capacities (VC) in this paper are FVC's.

Thoracic gas volume (TGV) and airway resistance (Raw)
were measured with DuBois' techniques, using a volume
displacement body plethysmograph, as described in previous
papers from this laboratory (7, 8). Total lung capacity
(TLC) was calculated (average of 3-6 measurements) from
the measurements of TGV and the simultaneous recording
of lung volume events. This value of TLC was also used
to determine the lung volume level at which Raw determina-
tions were performed. All measurements of Raw were done
after the subject had first inspired to TLC and then ex-
pired to the desired lung volume level. Determinations of
Raw were done at different lung volume levels in each sub-
ject and under each condition. At the end of each Raw mea-
surement, the subj ect inspired to TLC to check for changes
in lung volume during panting. Technically inadequate mea-
surements were rej ected at the time of the experiments;
all other data are included in the analysis. All TGV and Raw
readings were made by the same observer. The calibrations
of volume, flow, and pressure signals were checked daily
before and after each series of experiments. In healthy sub-
jects, serial determinations of TLC yielded values which
varied 0.2 liter or less; the same was true in most hemp
workers. This provided a further check on the accuracy of
the TGVmeasurements. For statistical purposes, the airway
resistance values were expressed as the ratio of condustance
over thoracic gas volume (Gaw: TGV ratio). All airway
conductance values were corrected for the resistance of the
breathing circuit.

Maximum expiratory flow-volume (MEFV) curves were
recorded with two methods. The first uses the body plethys-
mograph; lung volume changes, from the plethysmograph,
were plotted vs. maximum expiratory flow rates (from a
flowmeter at the mouth) during maximally rapid expirations
starting at TLC. Volume and flow signals were displayed
on a storage oscilloscope,2 and the resulting curve was
photographed. The second method uses a new flow-volume
spirometer (9), designed for field studies. It writes an XY
recording of the MEFVcurve on a 3 X 5 inch index card.
Its pen excursions along the flow axis are linear with flow
rate up to about 8 liters/sec. Calibrations (with a calibrated
orifice and pump) were stable on any given day but varied
about 10%o from day-to-day. These variations were taken
into account in the calculations. To compare the two methods,
we-connected the flow-volume spirometer to the flow meter
on the body plethysmograph. With a subject in the plethys-
mograph, we could thus record MEFV curves with both
methods during the same expiration. After correction for
the curvilinear recording of the spirometer (Fig. 1 B and
C), the curves in a healthy subject were nearly superim-

1 Poulton & Son, Barry, Glamorgan, U. K.
2 Model 564, Tektronix, Inc., Beaverton, Ore.

posable with forced as well as submaximal expirations. We
used either one or both methods in all experiments. To evalu-
ate effects of dust we only used sets of two or three nearly
superimposable curves with the same method in each sub-
ject, and from those, we analyzed the curve with the highest
flow rates.

Bronchoconstrictor aerosols affect maximum flow rates at
defined and constant levels of lung inflation more than other
measurements on MEFVcurves, such as that of the slope
of the effort-independent portion (7). Since we obtained
TLC in all subjects, we could compare MEFVcurves, e.g.
before and after dust, on a thoracic gas volume scale. We
could thus read flow rates at equal lung volumes under all
conditions; a convenient volume for this purpose is that which
equals 60% of the control TLC. We have called this flow
rate Vm.. at 60% TLC. In the present study, changes of
TLC after dust or bronchodilator were small and, on the
average, not significant. Therefore, we also compared the
MEFV curves by superimposing them at the TLC point
(Fig. 1). Since TLC is constant, readings of maximum flow
at TLC minus a constant volume (e.g. 50% of the control
VC, Vmax at 50% VC) also represent flow rates at con-
stant lung inflation. Both Vmax at 60% TLC and Vmax at
50%o VC have been used in this study. In additioii to these
two flow rates on the effort-independent portion of the
MEFVcurve, we measured the peak expiratory flow rate
(PEFR), from the same curves.

Static lung recoil curves were obtained before and after
dust in two subjects, using a method previously described
(10).

Dust exposure. Dust concentrations in hemp factories
where men are affected by byssinosis varied from 1.2 to 6.4
mg/m3 in a previous study (1); there was no clear relation
between dust levels and prevalence of symptoms or changes
of FEVy.o. The factory rooms used for the present ex-
posures were visually very dusty, and since we were only
interested in studying man's response, we did not repeat
the dust measurements. On each day, we studied several
men exposed at the same time and in the same room. On all
days one or more men reacted to dust exposure with symp-
toms and lung function changes; this was taken as evi-
dence that the exposures were effective.

Procedures. The subjects came to the laboratory early
in the morning. After appropriate instructions, we first mea-
sured TLC and Gaw in the body plethysmograph; next we
recorded MEFVcurves, and finally FEVy.o and VC with
the portable spirometer. This sequence was used for mea-
surements after dust and bronchodilator as well. Thus,
each subject had made several maximum inspirations before
his MEFVcurves were recorded, but only a few at the time
that conductance was measured. After the control mea-
surements, the subjects were taken to a hemp factory and
were requested to spend, if possible, 2 or more hr in a dusty
room. They were told to leave the area at any time if they
experienced severe symptoms. All hemp workers who reac-
ted to dust were familiar with these symptoms from previ-
ous experience. Postexposure measurements were per-
formed within 30 min after the termination of exposure.
In most subjects, further measurements were made at least
20 min after administration of an isoproterenol-phenylephrine
mixture by hand nebulizer (two doses, Medihaler-Duo),
which was given when the post-dust data were completed.
Three men who did not react subjectively to dust while at
rest were exposed again on another day, while they exer-
cised on a bicycle ergometer during periods of 15 min (300-
450 kpm/min) alternating with 15 min rest. All dust ex-
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TABLE I

Average Control Lung Function Data in Hemp Workers

Men < 45 yr Men > 45 yr P

n 14 14
Age, yr 34.6 55.1
Height, cm 167.9 167.3 NS
Time in industry, yr 18.1 35.0 <0.01
FEVi.o, liters 3.30 2.32k
FEVi.o, %of predicted 90.4 78.5 < 0.05
VC, liters 4.49 3.55*
VC, %of predicted 100.9 90.8 NS
TLC, liters 6.21 6.69+
TLC, %of predicted 107.5 116.4 NS
RV, liters 1.72 3.15+
RV, %of predicted 120.3 185.2 < 0.01
RV:TLC, %, actual 27.7 45.4+ < 0.01
PEFR, liters/sec 6.81 (13) 5.29 < 0.05
Vmax at 50% VC, liters/sec 3.78 (13) 2.08 < 0.01
Vrnas at 60% TLC, liters/sec 3.00 (13) 0.94 < 0.01
Gaw:TGV, 1/cm X sec 0.136 (12) 0.117 (13) NS
FEVi.o/VC, % 73.1 65.4 NS

Abbreviations used: FEVio, forced expiratory volume; MEFV, maximum
expiratory flow-volume; VC, vital capacity; TLC, total lung capacity; RV,
residual volume; PEFR, peak expiratory flow rate; Gaw, airway conduct-
ance; TGV, thoracic gas volume; Raw, airway resistance. n = number of
men (exceptions in parentheses). %of predicted = in %of values expected
for age and height (11). Significance of difference between average values in
younger and older men is shown in column four, using percentages of pre-
dicted values where available (NS = not significant).
* Values for FEVi.o, VC, TLC, RV, and RV: TLC that differ significantly
from predicted values, P < 0.05; plus sign (+) denotes P < 0.01.

posures were supervised by team members and by super-
visors in the factories. Incomplete data were obtained in
some subjects; this is reflected in the numbers of subjects
shown in each Table.

RESULTS
Control lung function data (Table I). Among the

younger hemp workers (<45 yr), FEVL.o and lung
volumes did not differ significantly from the values ex-
pected for their age and body height from the data of the
Veterans Administration cooperative study (11). The
older men, however, had a significantly smaller than
predicted FEVi.o and VC and a larger than predicted
TLC, residual volume (RV), and RV: TLC ratio.
As a percentage of the predicted values, FEVi.o was
significantly lower and RV higher among the older
men than among the younger group. PEFR, Vma. at
50%, and Vma. at 60% TLC were all significantly lower
among the older men; these differences reflect, at least
partially, the physiological decrease of maximum flow
rates with age. No suitable prediction data are available
to take the effect of age into account. The Gaw: TGV
and FEVi.o: VC ratios were slightly, but not signifi-
cantly, lower among the older men. Only four of the
older and none of the younger men could be classified as

having at least moderately severe chronic obstructive
lung disease, with a FEVi.o less than 70% of predicted
and an RV: TLC ratio of more than 50%. Randomly
selected groups of hemp workers include more severely
disabled men than the present group (2).

,Effects of dust exposure. Complete data before and
after dust exposure were obtained in 30 experiments
with 25 subjects. Three representative examples of re-

sponses to dust are shown in Fig. 1. The average data
from all experiments are summarized in Table II.

TABLE I I
Lung Function Changes

Group n AFEVi.o AVC ATLC ARV

liters liters liters liters

(A) All experiments 30 -0.21 -0.20 (29) +0.04 +0.24 (29)
(-7.2%) (-4.8%) (+0.5%) (+11.3%)

P <0.01 <0.01 NS <0.01

(B) Men with 24 -0.26 -0.26 0 +0.26
chest tightness (-9.1%) (-6.0%) (0%) (+11.8%)

P <0.01 <0.01 NS <0.01

(C) Men without 6 +0.01 +0.06 (5) +0.18 +0.17 (5)
chest tightness (+0.3%) (+1.1%) (+2.5%) (+8.9%)

P NS NS NS NS

n = No. of experiments (exceptions in parentheses). Values shown are average differences
between measurements before and after dust exposures; negative sign denotes decrease
after dust exposure, in absolute values and as a percentage of value before dust (in paren-
theses). P = probability that changes are due to chance (t test for paired variates);
NS = not significant (P > 0.05).
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Two different responses to dust could be distinguished.
In several subjects, flow rates throughout a forced ex-
piration (i.e. peak flow rate as well as flows at smaller
lung volumes) decreased markedly after dust, while air-
way conductance decreased relatively little or not at all.
For instance in subject A (Fig. 1 A), PEFR and Vma.
at 50% VC decreased 37% while in dust. At the same
time, airway conductance at TGV= 5.2 liters decreased
16%, as did the Gaw: TGV ratio. In subject B, peak
flow did not decrease after dust, but expiratory flow rates
at lower lung volumes did. Airway conductance did not
decrease. Both subjects complained of chest tightness at
the end of dust exposure, and both showed a decrease of
flow rates on MEFVcurves and of FEV1.o. Subject A
was more severely affected than subject B, and this was
also reflected in a larger decrease of FEV1.o in subject
A. A qualitatively different response occurred in sub-
ject C. Here, maximum flow rates as well as FEV1.o in-
creased after dust, while airway conductance decreased
(Gaw at TGV= 5.5 liters: -24%; Gaw: TGV, -

20%). This subject had no subjective symptoms at any
time during or after exposure. A similar response, i.e.
no decrease or increase of flow rates and FEVy.o and a

decrease. of conductance, was found in all six subjects
who had no symptoms during or after exposure. Four
subjects complained of chest tightness at the end of ex-
posure but showed little or no change in any one mea-

surement. The remaining 15 subjects complained of
chest tightness and showed decreases of flow rates and
FEV1.W, with relatively less or no decrease of conduc-

tance. In all subj ects, the changes of FEVL.o, which were
assessed independently, corresponded to those of Vmax
at 50% VC (from the MEFV curve), i.e., large de-
creases of this flow rate were accompanied by relatively
large decreases of FEV1.o and vice versa. Two different
techniques of obtaining MEFVcurves (see Methods)
showed similar flow rate changes in subjects where both
were used.

We will refer to the two types of response as the
"flow rate response" (Fig. 1 A and B) and the "con-
ductance response" (Fig. 1 C). The qualitative differ-
ence between the two responses in the total material is
evident when all experiments (Table II A) are sub-
divided according to a criterium which is independent
of any test result, i.e., the presence (Table II B) or ab-
sence (Table II C) of chest tightness at the end of dust
exposure. In the total material, all changes of lung vol-
umes (except TLC), FEV1.O, flow rates, and airway
conductance were significant at probability levels vary-
ing from 1 to 5%. The same was true for the men with
chest tightness (Table II B) except for the airway con-
ductance decrease, which did not reach significant levels.
On the other hand, the men without chest tightness (Ta-
ble II C) had no significant changes of any one of the
measurements, except for a decrease of the Gaw: TGV
ratio which was significant at the 1% level.

Both responses occurred in hemp workers as well as
in healthy subjects exposed to dust for the first time in
their lives. The type of response was not related to par-
ticular conditions which might have existed on certain

After HempDust Exposure

Time
AVmzat AV, at FEVi.o in

APEFR 50% VC 60% TLC AGaw:TGV VC dust

liters/sec liters/sec liters/sec 1/cm X sec % hr:min

-0.41 -0.47 -0.36 -0.014 -2.1 (29) 2:21
(-7.0%) (- 16.4%) (-22.5%) (-7.6%)

<0.02 <0.01 <0.01 <0.02 <0.05

-0.53 -0.61 -0.38 -0.010 -2.4 2:16
(-9.2%) (-21.5%) (-26.8%) (-4.7%)
<0.01 <0.01 <0.01 NS <0.05

+0.10 +0.10 -0.25 -0.031 -0.8 (5) 2:40
(+2.0%) (+3.9%) (-6.0%) (-20.1%)

NS NS NS <0.01 NS
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FIGURE 1 MEFVcurves and Gaw-TG\
after dust in three subjects, A, B, and C
MEFV curves superimposed at TLC.
airway conductance (Gaw) (liters/sec
thoracic gas volume (TGV). The curve
the MEFV curves of B and C reflect
excursions of the flow-volume spiron
curves in A were made with the bo(
Bars under MEFVcurves indicate FEV
dust; refer to TGV scale for volume
vertical lines indicate volume level for me
at 50% VC. These flow values are indicz
circle on the MEFV curves. The FEV
individual expirations illustrate the con

sponses (in liters):

A, before dust: 2.00-2.06-2.11-2.
A, after dust: 1.66-1.47-1.59-1.5
B, before dust: 2.97-3.13-3.06-3.
B, after dust: 2.76-2.74-2.71-2.8!
C, before dust: 4.51-4.53-4.604.
C, after dust:4.81-4.76-4.70-4.66
In A and B, FEV1.o decreased
creased, and the changes are b
all three subjects (P < 0.001).

days. On each of 4 days, we observ
response in one man and a flow rat(
or two others exposed in the same root
time. Duration of employment in the 1
not a major factor either. Three me'
tance response had worked 1-35 yr in
function changes in dust listed in Tab
nificantly when 13 men with less tha

'ow were compared with 13 others who had worked more
than 20 yr in the industry. Other factors which may re-

0 late to the type and degree of response to hemp dust are0
considered in the following paragraphs.

Control lung function data and response to dust (Ta-
5 6 ble III). The 19 men with chest tightness while in

-a adust (Table II B) were subdivided into a group whose
control FEV1.o was > 80% of the predicted value for
height, age, and sex (Table III A) and a group whose
control FEVy.o was considered abnormally low, i.e.,
< 80% of predicted (Table III B). The men with a low

oO FEV.o spent about 1 hr less in dust, but their flow rate
* responses were at least as severe as those in the men

4 I 6 with a normal control FEVy.o. These data suggest that
men with abnormal control function data have a more
severe flow rate response than those whose initial data
are within normal limits.

* Groups A and C (Table III) both have control FEV1.0
0 values and lung volumes close to the predicted values.

0 Yet, their responses to dust differ markedly: group A
@010 0 has a flow rate response and group C a conductance

0 response. Thus, both types of response occur in men
I . -1 with normal control function data.
5 6 7 Smoking habits and response to dust (Table IV).

Cigarette smokers and nonsmokers, matched for age and
f graphs before and duration of employment, had similar FEV.o changes in
,. Left-hand graphs, dust, but Vmax at 50% VC decreased more in the smokers
Right hand graphs, in spite of a shorter exposure to dust.

per cm H20) vs. Effect of exercise on response to dust (Table V).
d flow ordinates in Three men were exposed first at rest and again at least 1the curvilinear pen
neter (9). MEFV wk later, while they exercised on a bicycle ergometer
dy plethysmograph. (see Methods). The subjective responses to the exposure
To.o before and after did not differ; subjects A and B felt slight chest
calibration. Dashed tightness after both exposures; subject C had no symp-easurements of Vmax**~asuremeby tdo Van a toms on either occasion. During the exposure at rest,ated by a dot and a

r .o values from the conductance decreased in all three men (with 26, 15, and
sistency of the re- 9% of the control value, respectively). In contrast, the

exposure with exercise elicited a slight conductance in-
.22-2.17; crease. Flow rate and lung volume changes were mini-
6-1.58 mal on both occasions in subjects B and C. In subject A,
.00-2.98; however, a flow rate response developed during exercise;
5-2.75. his Vrax at 50% VC decreased 39%, VC decreased 8%,42-4.44;
-4.72. and RV increased 39%.
i, in C, FEy1.0 in- Correlation between function test results during dust
iighly significant in exposure. The internal consistency of the data was

checked by calculating linear correlation coefficients
red a conductance between the dust-induced function changes. Changes in
redsapconducancoe PEFR, V..ax at 50% VC, and FEVy.o correlated posi-

rPonse inoe tively and significantly with one another but not with themnand at the same
emp industry was changes of the Gaw: TGV ratio. Since this lack of cor-

n with a conduc- relation with AGaw: TGV might be due to the inclusion
hemp; none of the of six subjects (Table II C) whose Gaw: TGV de-
Ile II differed sig- creased without changes in flow rates, we also calculated
Ln 20 yr exposure these correlation coefficients in the group of 24 ex-

110 A. Bouhuys and K. P. van de Woestijne

0.8

. 0.6

0.4'
4



periments which resulted in chest tightness (Table II B).
In this group, there was a tendency for AGaw: TGVto
increase with increasing severity of the flow rate re-
sponse, but none of the positive correlations between
AGaw: TGV and AFEV1.o, APEFR, or A\vmax at 50%
VC approached the 5% significance level.

Static recoil pressures before and after dust exposure.
These were measured in one healthy investigator and in
one 54 yr old retired hemp worker; both had experi-
enced a flow rate response on previous exposures. In

the healthy subject, control data were obtained first
(day 1); data after dust exposure were recorded on days
2 and 5, after 2k and 3 hr exposure, respectively. On
each occasion at least two pressure-volume curves were
obtained during very slow expirations at constant flow
rates. Fig. 2 contains points read from all curves. TLC
was determined separately in the usual manner, but on
each occasion we also interrupted the pressure-volume
recording to obtain a separate measurement of TGV at
about 50% VC. The two independent measurements of

TABLE I II
Control Lung Function and Response to HempDust

Group A B C

n 11 8 6
Age, yr 40.2 49.6 31.3*
Time in industry, yr 17.1 30.4 13.3*
Time in dust, hr:min 2:44 1:51 2:40
Control data (in %of predicted

values; average 5SE)
FEV.o- 102 44.4 64 43.7 111 ±6.6t
VC 107 ±3.9 86 ±5.8§ 110 ±6.9*
RV 119 ±14.0 203 418.9§ 116 ±17.9*
TLC 111 ±4.4 118 i5.7 111 ±9.7

Average changes during dust
exposure:
A FEV1.o, liters -0.34 -0.27 +0.01*§
A FEVI.o, %of control -9.8 -12.8 +0.3
A VC, liters -0.15 -0.45|| +0.06 (5)
A VC, %of control -2.8 -12.1 +1.1
A RV, liters +0.16 +0.36 +0.17 (5)
A RV, %of control +11.7 +12.0 +8.9
A PEFR, liters/sec -0.44 -0.80 +0.10
A PEFR, %of control -5.0 -16.9 +2.0
A Vmax at 50% VC, liters/sec -0.91 -0.35 +0.1011
A Vmax at 50% VC, %of control -24.2 -21.4 +3.911
A Gaw/TGV, 1/cm X see -0.005 -0.011 -0.031*1
A Gaw/TGV, %of control -3.9 -8.5 -20.111

Group A, Men with chest tightness in dust; control FEVI.o > 80% of predicted.
Group B, men with chest tightness in dust; control FEV1.o < 80% of predicted.
Group C, identical with Group C in Table IV. Changes during dust are assessed in
absolute values as well as in per cent of control, since Group B has lower control values
than A and C. n = No. of subjects (exceptions in parentheses). The significance of the
changes during dust exposure is indicated by underlining (P < 0.05) and by italics
(P < 0.01) (paired t test). Group A includes three men, and group B two men in whom
duplicate experiments were done (included in Table II B). Here we used the experiment
with the most pronounced response for each of these men.
* P < 0.05, for significant differences between group averages of B and C (unpaired
t test).
I P < 0.01, for significant differences between group averages of B and C (unpaired
t test).
§ P < 0.01, for significant differences between group averages of B with A and of C
with A (unpaired t test).

11 P < 0.05, for significant differences between group averages of B with A and of C
with A (unpaired t test). (Average control FEVI.o in A and B differ because of selection
criterium.)
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TABLE IV
Smoking Habits and Effects of HempDust Exposure

Time Time
in in A Vmax at Chest

Group n Age dust hemp A FE~l.o 50% VC tightness

yr hr:min yr liters liters/sec

Nonsmokers 13 41.3 2:29 23.4 -0.201 -0.35 9/13
Smokers 13 43.1 2:06 22.9 -0.272 -0.87 11/13

NS P <0.05 X2:NS

Paired comparison of results in 13 nonsmokers matched for age and duration of employment in
hemp with 13 cigarette smokers. A FEV,.o and A V..,S at 50% VC are average decreases during
exposure period. Chest tightness refers to symptoms at end of exposure.

TLC corresponded closely. Fig. 2 shows that, while
static recoil pressures remained unaltered after dust,
MEFVcurves obtained at the same times showed marked
decreases of flow rates after dust exposure. In the hemp
worker, static recoil pressures were, if anything, slightly
increased after dust exposure, when compared with
control data at equal thoracic gas volumes (Fig. 3 A).
This subject was given isoproterenol by inhalation after
the post-dust measurements were completed, and another
set of static recoil curves was obtained. These were su-
perimposable with those obtained after dust. Fig. 3 B
shows this subject's maximum expiratory flow rates un-
der each of the three conditions (control, after dust, and
after isoproterenol), plotted against static lung recoil
pressure. After dust, flow rates at equal static recoil
pressures are decreased, and after the dilator drug they
increase towards the control values.

Prevention and treatment of responses to dust with
bronchodilator drugs. Oral administration of 10 mg
orciprenaline (Alupent) before dust exposure on Mon-
day prevented the decrease of FEV1.o and VC which
occurred in four workers during dust exposure on an-
other Monday after administration of a placebo tablet
(Table VI). The difference in duration of exposure ap-
pears insufficient to explain the marked difference be-
tween the effects of exposures on the 2 days.

After completion of the measurements after dust ex-
posure, most subjects were given two or four inhalations
of a bronchodilator aerosol (Medihaler-Duo). This
usually resulted in marked subjective improvement
within 30 min in those who had symptoms. After iso-
proterenol, most measurements return to values close
to control data, in men with a flow rate response as well
as in those with a conductance response. Without treat-
ment, the flow rate response usually persists for several
hours (1, 12).

Changes of lung function on control days. Five men
were studied before and after a period of 3 hr without
dust exposure, at the same time of day that dust ex-
posures were usually performed. The average changes
of FEVi.o, VC, and CVmax at 50% TLC were minimal
during the control day (+ 0.03 liter, + 0.04 liter; and 0
liters/sec, respectively). For the same men, the average
changes during dust exposure on another day were:
FEV1.o, - 0.28 liter; VC, - 0.14 liter; Vm.X at 50%
VC, - 0.9 liters/sec.

DISCUSSION
Wefound two qualitatively different pulmonary function
responses to acute hemp dust exposure in hemp work-
ers with a prior history of many years exposure, as well
as in healthy subjects exposed for the first time to this
dust.' One, the flow rate response, consists of a decrease

TABLE V
Dust Exposure at Rest and during Exercise

At rest Bicycle exercise

Time Time
in AVmas in AVows

Subject dust A FEV.o A VC 50% VC A Gaw:TGV dust A FEVi.o A VC 50% VC A Gaw:TGV

hr liters liters liters/sec 1/cm X sec hr liters liters liters/sec 1/cm X sec

A 2 +0.01 +0.02 +0.4 -0.043 2 -0.13 -0.36 -2.1 +0.026
B 2 -0.06 0 -0.6 -0.035 2 +0.10 +0.10 -0.1 +0.009
C 4 +0.01 +0.02 +1.1 -0.031 3 -0.01 +0.08 0 +0.034

Values are changes of measurements after dust exposure, compared with control data (+:increase).
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of maximum flow rates on MEFVcurves and of FEV1.0,
with a decrease of VC and an increase of RV, while
airway conductance (panting) decreases less or not at
all. The other, the conductance response, consists of a
decrease of airway conductance in the absence of flow
rate, FEy1.o, or lung volume changes.

The subjective symptoms during dust exposure were
related to the type of response. Most (15/19) men with
chest tightness during exposure had a flow rate response;
the remaining four had little or no change in any one
measurement. In contrast, all six men without symptoms
during exposure had a conductance response.

Although our experience with repeated exposure in
single individuals is limited, the available data suggest
that the type of response is characteristic for the indi-
vidual and does not vary grossly with time. Duplicate
exposures in five men (in group B, Table II) showed a
flow rate response on both occasions. Nearly all men
with a flow rate response said that they regularly ex-
perienced chest tightness when working on Mondays,
and in several of them we had measured decreases of
FEV1.o during work on Monday in a previous study (1).
One man had a conductance response on two occasions
in the present study. On two previous occasions, his
FEV1.o was slightly increased immediately after ex-
posure on Monday. He had never had any symptoms in
dust. Symptoms during dust exposure had always been
absent or minimal in all hemp workers with a conduc-
tance response. However, controlled experiments on the
consistency of the response are difficult, since the dusti-
ness of work areas may vary from day-to-day, depending
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FIGURE 2 Static recoil pressure of the lungs vs. thoracic
gas volume before (0) and after (O) dust in a healthy
subject. Insert: MEFVcurves at the same occasions (-
before, after dust). Pes = esophageal pressure. v in
liters/sec.
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FIGuRE 3 (A) Static recoil curves of the lungs in a hemp
worker before (*) and after (0) dust and again after
isoproterenol (A). Curves extrapolated to the separately
measured value of RV. (B) Maximum flow-static recoil
curves in the same subject. Symbols as in part A.

on the quality of the hemp, the amount of natural ven-
tilation, and the number of men at work in a given room.

The type of response was not demonstrably related
to age and duration of employment in the industry, nor
to possible variations in dust exposure conditions. Thus,
it seems likely that the flow rate and conductance re-
sponses reflect a difference in response between individu-
als. Before accepting this conclusion, however, we must
discuss whether the differences can be explained by er-
rors or artifacts in our procedures.

In healthy subjects, our conductance values are similar
to those of many other investigators who used DuBois'
technique (summarized in reference 13) (Gaw: TGV=
0.230 +0.070 (SD) in 31 men aged 20-29 yr). Curvi-
linearity of Gaw-TGV graphs and positive volume in-
tercepts on such graphs have only a minor influence on
Gaw: TGV ratios (13). This also appears from the
work of Guyatt, Alpers, Hill, and Bramley (14), who

TABLE VI
Drug Protection Against Response to Dust

Placebo Bronchodilator

Time Time
in in

Subject dust AFEVi.o AVC dust AFEVi.o AVC

hr:min liters liters hr:min liters liters

D 3:45 -0.15 -0.34 2:45 +0.24 +0.37
E 2:45 -0.49 -0.25 2:30 -0.18 -0.05
F 3:30 -0.63 -0.44 3:00 -0.11 -0.01
G 2:45 -0.20 -0.12 2:30 +0.04 +0.13

Average 3:11 -0.37 -0.29 - 2:41 0 +0.11

Bronchodilator drug, 10 mg orciprenaline orally, before start of dust expo-
sure period.
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furthermore showed that Gaw: TGV ratios do not vary
systematically over the work day nor over the work
week in a large number of men not exposed to dust.
Although panting frequency was not rigorously con-
trolled, the effects of relatively large variations, e.g. from
1 to 3 cps, should be minimal even if Raw is markedly
frequency dependent (15). The reliability of the V.ax
changes is strengthened by the fact that two different
methods for recording of MEFVcurves gave similar re-
sults. Maximum flow rates on MEFVcurves are sub-
ject to effects of volume and flow history during fast
expirations (16). We minimized this factor by using
only forced expirations starting at TLC, i.e., the
same maneuver which is used for the measurement of
FEV1.o. The dust-induced changes of FEV1.o are small
compared with those seen in severe obstructive lung dis-
ease, but they are consistent (see legend to Fig. 1) and
several times larger than variations of FEV1.o in the
absence of dust exposure in the same subjects. The
changes of Vmax at 50% VC and at 60% TLC are larger
than those of FEV1.o, when both are expressed as a per-
centage of control values. Similarly, in previous studies
Viax at 50% VC and at 60% TLC were more sensitive
indicators of the effects of bronchoconstrictor aerosols
than FEV1.o, PEFR, and the ratio FEV1.o: VC (7).
Thus, although changes of FEV1.o appear to reflect
flow rate responses consistently, the measurement of
flow rates on the effort-independent part of MEFV
curves is more sensitive in this respect.

Inspirations to TLC may decrease or abolish de-
creases of Gaw (17) as well as of Vrax (7), induced by
bronchoconstrictor agents. So far, this effect has been
demonstrated only for agents which cause brief effects
(lasting minutes), while the effects of hemp dust, with-
out treatment, may last hours. The changes of both Gaw
and Vmax might have been larger if we had avoided the
deep inspirations which preceded both measurements in
our study. If anything, this would probably have ac-
centuated the difference between the men who showed
the two different responses. Also, the changes might
have been larger if we had measured Gaw and Vmax
during or at the end of dust exposure rather than up to
30 min later. Again, this might have increased the dif-
ference between the two responses quantitatively.

One might suppose that the conductance response was
initially accompanied by flow rate decreases, but that
the latter had disappeared, possibly due to repeated deep
inspirations, by the time that the MEFVcurves were
recorded. However during other exposures, several of
these men never showed decreases of FEV.o, and usually
slight increases, even when this was measured during
or immediately after exposure. Thus, these men had no
demonstrable flow rate response even before they made
more than one maximum inspiration. It is unlikely that the

TABLE VII
Effect of Bronchodilator Drug on Acute Responses

to Dust Exposure

Flow rate response, Conductance response,
n = 12 n = 5

a b c a b c

FEVi.o, liters 2.99 2.60 2.94* 4.56 4.56 4.72

Vmax at 50%VC,
liters/sec 2.63 1.781 2.52* 4.84 4.84 5.66§

PEFR,
liters/sec 6.39 5.60t 6.61* 8.34 8.42 8.78

Gaw:TGV,
1/cm Xsec 0.130 0.113 0.160 0.176 0.143§ 0.176

abc, average values before (a) and after dust exposure (b), and after
bronchodilator (c). Subjects with flow rate response are those whose FEVise
decreased at least 0.20 liters while in dust.
* P < 0.01 for significance of difference with value after dust.

P < 0.01 for significance of difference with control value.
i P < 0.02 for significance of difference with control value.
Differences without symbols are not significant.

conductance response was caused by glottis narrowing or
changes in supraglottal airways. The glottis is usually
wide open during panting. Partial glottal closure some-
times occurs while the subject learns the panting ma-
neuver but is easily recognized by the extremely low
conductance which results. Also, this assumption does
not explain why the conductance response occurred
only in subjects without symptoms, nor does it explain
its disappearance after administration of a bronchial
smooth muscle relaxant (Table VII).

With regard to the flow rate response, one might as-
sume that the symptoms of chest tightness which accom-
pany this response lead to an altered breathing pattern,
including perhaps frequent deep inspirations, which
might abolish any conductance response before it could
be measured. However, there is another, more simple,
explanation why the flow rate response is usually not
accompanied by major decreases of airway conductance
(vide infra). Rigorous exclusion of these and yet other
possible assumptions to account for the two types of
response in terms of procedural artifacts is difficult, but
we consider them unlikely explanations for our results.
Webelieve that both responses are caused by contraction
of bronchial smooth muscle, since both are abolished by
isoproterenol, and that the difference between them
can be explained most logically by a difference in the
site of the dust effect in the airways.

We suggest that the conductance response reflects
dust-induced smooth muscle contraction in relatively
large airways, with decreased caliber as a result, while
the flow rate response reflects a similar constriction of
relatively small airways. This hypothesis agrees with
current concepts and data on the factors which deter-
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mine Gaw and Vmax, as well as with results of other
function tests during textile dust exposure.

Anatomical (18) as well as physiological (19) data
suggest that relatively large intrathoracic airways are
the main site of airway resistance in man. For instance,
at a flow rate of 2 liters/sec and a lung volume of 50%
VC, the pressure drop between a segmental bronchus
and a point just below the glottis is larger than the pres-
sure drop between the alveoli and a segmental bronchus
(see Fig. 7 of Macklem and Wilson [19]). We sug-
gest that hemp dust may constrict smooth muscle in the
walls of the larger airways, and that this leads to the
conductance response. Since the mechanical properties
of these larger airways are only a minor factor in de-
termining maximum flow rates during forced expira-
tions, the conductance decrease is not accompanied by
decreases of Vnmax. In fact, smooth muscle contraction
may stiffen the walls of these airways and protect them,
to some extent, against dynamic compression during
forced expirations (20). Thus, one expects Vmax to in-
crease rather than to decrease, and this was indeed ob-
served in some men with a conductance response (Fig.
1 C).

In our experiments, the conductance response did not
lead to subjective respiratory distress. It is of interest
that Simonsson, Jacobs, and Nadel (21), who observed
large conductance decreases in experiments with broncho-
constrictor aerosols, mention only coughing and tick-
ling in the throat as symptoms in their subjects. The
conductance response may be similar to the responses
to inert dust observed by DuBois and Dautrebande (22)
and to responses to various bronchoconstrictor aerosols
and dusts in asthmatic patients. For the latter, Simons-
son et al. (21) concluded that they were elicited re-
flexly by stimulation of cough receptors. This explana-
tion does not fit our results, since our subjects with a
conductance response did not cough.

The flow rate response is probably determ ned by a
constrictor effect of dust on small airways. In this con-
text, small airways are defined in functional rather
than anatomical terms; they are the airways in Mead's
"upstream segment," which remain uncompressed dur-
ing forced expirations. Maximum expiratory flow rates
are determined by the resistance of these airways and by
the driving pressure across them; the latter equals the
lung static recoil pressure (Pst(1) ) (23). Since Pst(l)
did not decrease after dust in two subjects with a flow
rate response, we conclude that increased resistance of
the small airways is probably the major cause of the
decreased flow rates. This increased resistance could be
caused either by a decrease of airway caliber or by an
increased length of the "upstream segment." The latter
could occur if the large intrathoracic airways would
become more collapsible. While such an effect may ac-

count for the decreased flow rates sometimes seen after
bronchodilation in healthy persons (24), it is unlikely
that a bronchoconstrictor agent causes large airway
smooth muscle to relax. Therefore, we conclude that the
flow rate response is caused by bronchoconstriction in
the small airways of the 'upstream segment." These
airways constitute only a small fraction of total airway
resistance (19), and this may -explain why conductance
only decreases when the flow rate response is very pro-
nounced. Previous studies have shown that decreases of
FEV1.o after exposure to cotton dust or its extracts are
accompanied by prolongation of nitrogen washout (4)
and by decreases of dynamic lung compliance (25).
Since these changes can be explained by regionally
different degrees of small airway obstruction, they sup-
port our concept of the flow rate response.

Textile dusts, including hemp dust from the rooms
where our subjects were exposed, release histamine in
human lung tissue in vitro (26) and probably in vivo
(1). Extracts of these dusts release histamine and cause
chest tightness and functional changes consistent with a
flow rate response when aerosolized and inhaled by
healthy subjects (25). Since histamine is presumably
released from mast cells in lung tissue, it is more likely
to affect small airways then larger ones. The flow rate
response correlates with the symptoms of chest tight-
ness during dust exposure; the conductance response
does not. Since acute symptoms of chest tightness during
dust exposure are significantly correlated with the
eventual development of irreversible chronic lung disease
in older hemp workers (2), it follows that, to assess the
eventual risk of chronic disease, the flow rate response
is more relevant than the conductance response. This
is supported by the fact that all men with abnormal
control lung function had a flow rate response to dust
(Table III B). Their responses were more severe (per
hour dust exposure) than those of the flow rate re-
sponders with normal control data (Table III A). Also,
the flow rate response appeared somewhat more pro-
nounced among those who usually smoked cigarettes
(Table IV). This is not related to acute effects of
smoking, since none of the men smoked during dust ex-
posure. The more severe flow rate response in men with
a low FEV1.o and in those who smoked may be related
to the existence of some degree of small airway obstruc-
tion before exposure. Similar degrees of smooth muscle
contraction would cause more pronounced decreases of
the caliber of such airways than of normal ones (27).

The subjects of Table III B have symptoms and func-
tion changes characteristic of obstructive lung disease.
If increased sensitivity of cough receptors (21) were
a general feature of such disease, we would expect a
pronounced conductance response in these men. In fact,
we found the opposite: conductance responses occurred
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in men without symptoms and with normal control data.
Also, the cough reflex induced short lasting responses in
the experiments of Simonsson et al. (21), whereas the
responses in our study were observed 20-30 min after
the end of exposure.

The pathogenesis of the chronic lung disease in bys-
sinotic hemp and cotton workers (28) is not known.
The fact that its development is associated with the flow
rate response suggests that both may be caused by the
same agent (s), i.e. those which release histamine in
human lung, although additional roles of other noxious
substances in the dust cannot be excluded. The present
data, together with epidemiological evidence (2), sug-
gest that bouts of small airway obstruction, recurring
every week, lead to chronic lung damage after many
years of exposure to a noxious environmental agent.
The mechanisms which lead to this lung damage re-
main to be elucidated.

Since airborne textile dusts contain particles of many
different sizes, one may assume that particle deposition
occurs throughout the bronchial tree (29). Wewill now
discuss how the site of bronchial smooth muscle con-
traction could vary individually, even though small as
well as large airways may be exposed to similar amounts
of inhaled dust particles.

Experiments with unanesthetized guinea pigs in our
laboratory (30) suggest that the response to inhaled
histam ne in these animals depends largely on the bal-
ance between vagal and sympathetic tone. Individual
variations in sensitivity to histamine appeared to be
determined principally by variations of sympathetic
tone. Sympathetic nerve fibers have been demonstrated
in the airway walls of cats (31) and rabbits (32). Our
hypothesis assumes that (a) sympathetic tone affects
the response of human airways to hemp dust in a manner
similar to its effect on the histamine response in guinea
pigs, and (b) the distribution of sympathetic nerve fibers
in the walls of small and large human airways varies
individually. We suggest that men with a flow rate
response may have relatively few sympathetic fibers in
small airways; the norepinephrine output of these fibers
might be insufficient to protect these airways from con-
striction by locally released histamine. Their large air-
ways might be protected against the conductance re-
sponse by virtue of the presence of sympathetic nerve
fibers in sufficient numbers. In men with a conductance
response, the sympathetic fiber distribution might be
predominantly to small airways, and a similar argument
applies. Macklem (33) found that stimulation of the in-
tact vagosympathetic trunk in dogs caused primarily an
increase of peripheral airway resistance in some animals
and of large airway resistance in others. Since it is
likely that vagal as well as sympathetic efferent fibers
were being stimulated, his findings could be explained

along the lines of our hypothesis. That sufficient amounts
of bronchoconstrictor aerosols or dusts cause a re-
sponse in most subjects is not in conflict with our hy-
pothesis. The effect of the protection by sympathetic out-
flow would be to shift the dose-response curve to a
higher dose level rather than to abolish all response.
Suitable techniques are now available to determine the
distribution of sympathetic nerve fibers in airways (31),
and our hypothesis can therefore be tested. The present
observations may suggest that sympathetic fibers are
predominantly distributed to relatively large airways
in about 75% of human males.

Since flow rate responses occurred in men who pro-
cessed hemp or performed bicycle exercise during ex-
posure, the increased sympathetic outflow during exer-
cise may be insufficient to overcome the effects of locally
released histamine, although it may prevent the con-
ductance response (Table V). A relatively long acting
sympathomimetic drug, orciprenaline (34), prevented
or decreased the flow rate response; its effect on the
conductance response was not studied. Isoproterenol in-
halation after dust exposure reversed both the flow rate
and the conductance response; reversal of the flow rate
response was incomplete in several subjects.

In a previous study (1), we described hemp workers
who had symptoms and an FEV1.o decrease while in
dust as "reactors;" we called men without such a re-
sponse "nonreactors." This view must now be modified.
The men previously described as "reactors" are those
with a flow rate response, while the previous "non-
reactors" do in fact respond, albeit with a conductance
response rather than with, a flow rate response and wth
symptoms.

Several previous investigators have used bronchocon-
strictor aerosols or chemically inert dusts to elicit bron-
choconstriction in human subjects. Since the effects of
these bronchoconstrictors are usually short-lived, few
data are available where more than one kind of mea-
surement was performed after each exposure. Thus,
most studies on airway conductance do not yield ade-
quate information on flow rates, and vice versa. In our
study, the measurement of maximum expiratory flow
rates and of FEV1.o proved to be essential for the de-
tection of the effects of an industrial dust which is
known to cause lung disease. This conclusion disagrees
with currently accepted views on the relative value of
flow rate and airway conductance measurements in the
assessment of acute bronchoconstrictor responses. Du-
Bois (35) summarized previous studies which showed
that Raw may increase twofold during induced broncho-
constriction, without changes of PEFR or FEV,.o, and
that slight dyspnea occurs when Raw has increased
threefold. These statements are consistent with our
findings in the men with a conductance response, and
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they may well be generally valid for bronchoconstric-
tor responses in large airways. However, there is so far
no evidence that such responses lead to chronic lung
disease, while, at least in byssinosis, the flow rate re-
sponse is associated with chronic lung damage.

There is considerable confusion in the. literature with
regard to the relative merits of airway conductance and
maximum flow rate measurements. For instance, Payne,
Chester, and Hsi (36) found that intravenous theophyl-
lin improved flow rates in patients with obstructive lung
disease, but the drug did not alter Gaw: TGV ratios.
Since these authors felt that any effect of the drug on
airways would lead to a change of conductance, they
suggested a central effect of theophyllin to account for
the improved flow rates. However, their finding can be
readily explained if this drug, given parenterally, af-
fects mainly small airways and thus increase V.na., while
large airway conductance (and thus total Gaw) changes
little.

Wedo not wish to suggest that measurements of air-
way conductance are of minor significance in the study
of lung disease. Rather, we believe that the present re-
sults contribute to a better perspective on all methods
used to determine airway caliber and its alterations.
The control data in our subjects (healthy and diseased)
show significant correlations between all measurements
of flow rates and conductance, with correlation coeffi-
cients ranging from + 0.440 (P < 0.05) for Gaw: TGV
vs. FEV.o to 0.816 (P < 0.01) for FEV1.o vs. Vmax at
50% VC. This demonstrates merely that, in patients
with obstructive lung disease, FEV,.o, Vmax, and airway
conductance all tend to deviate from the normal. To de-
tect gross deviations from normal in a group of sub-
jects, any one of these measurements may give a valid
answer. Since all of them reflect aspects of airway ob-
struction, the significant correlations are not surprising.
However, when studying more subtle changes in pul-
monary function, such as those induced by hemp dust and
other bronchoactive agents, the different physiological
significance of changes in maximum expiratory flow
rates and changes in airway conductance should be
taken into account.
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