Inhaled Furosemide Greatly Alleviates the Sensation
of Experimentally Induced Dyspnea
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Furosemide is known to influence the activity of vagally mediated
mechanoreceptors in the airways. Because vagal afferent fibers
may play an important role in modulation of the sensation of dys-
pnea, it is possible that inhaled furosemide may modify the sensa-
tion of dyspnea. In a double-blind, randomized, crossover study,
we compared the effect of inhaled furosemide on dyspneic sensa-
tion with that of placebo. Severe dyspneic sensation was induced
in 12 healthy subjects in two ways: (1) breathholding and (2)
loaded breathing with a combination of inspiratory resistive load
(240 cm H,0O/L/s) and hypercapnia induced by extra mechanical
dead space (0.26 L). Subjects were asked to rate their sensation of
respiratory discomfort using a visual analogue scale (dyspneic
VAS). Breathholding times and changes in dyspneic VAS score dur-
ing a 5-min period of loaded breathing were measured after inha-
lation of placebo and furosemide (40 mg). Total breathholding time
after inhalation of furosemide (median, 93 [interquartile range, 78
to 112]s) was prolonged compared with the total breathholding
time after placebo inhalation (67 [47-74]s). We also found that
respiratory discomfort during loaded breathing after inhalation of
furosemide develops more slowly and is less than that observed
after inhalation of placebo. Our findings indicate that inhaled fu-
rosemide greatly alleviates the sensation of dyspnea induced ex-
perimentally by breathholding and by a combination of resistive
loading and hypercapnia.

Severe dyspnea is a frequent and devastating symptom ob-
served in patients with pulmonary disease and advanced can-
cer. Although several treatments have been recommended,
there is no single cure for dyspnea (1-3).

Inhalation of furosemide has been shown to have an inhibi-
tory effect on the cough response induced by low chloride con-
tent solutions in normal volunteers (4) and to prevent bron-
choconstriction in patients with asthma (5-7). Although the
mechanism of action of inhaled furosemide has not been fully
elucidated, it has been suggested that inhaled furosemide may
indirectly act on vagally mediated sensory nerve endings in air-
way epithelium, and thereby inhibits the cough response and
bronchoconstriction (8). Because vagal afferent fibers may also
play an important role in modulation of the sensation of dysp-
nea (9), it is possible that inhaled furosemide may modify the
sensation of dyspnea. Although there is an anecdotal report
(10) suggesting the beneficial effect of inhaled furosemide in
patients with intractable dyspnea, the effects of inhaled furo-
semide on dyspneic sensation have not been fully evaluated.

In the present study, we performed a double-blinded, ran-
domized, crossover study to investigate the effect of inhaled
furosemide on dyspneic sensation produced by breathholding
and by a combination of resistive loading and hypercapnia in
healthy subjects.
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METHODS

We studied 12 healthy subjects (six male and six female volunteers) 25
to 40 yr of age. All were in good health and were free of respiratory,
cardiovascular, or neuromuscular disorders. The research was carried
out in accordance with the Declaration of Helsinki (1989) of the
World Medical Association. The study was approved by the Institu-
tional Ethical Committee of Chiba University, and each subject gave
informed consent to the methodology of the study. However, none of
the subjects was aware of the purpose of the study.

Each subject breathed through an experimental apparatus con-
taining a face mask, pneumotachograph (CP-100; Allied Health Care
Product Inc., St. Louis, MO) and a one-way valve system during the
experiment. The experimental apparatus had a resistance of 5 cm
H,O/L/s at a flow of 0.5 L/s, and the total apparatus dead space was
0.14 L. Ventilatory airflow was measured with the pneumotachograph,
and tidal volume (V1) was obtained by electrical integration of the in-
spired flow signal. Mask pressure (Pmask) was measured with a pres-
sure transducer (Transpac 1V; Abbott Critical Care Systems, Chicago,
IL). End-tidal carbon dioxide tension (PeTco,) was measured with an
infrared CO, analyzer (MEL RAS-41; Aika, Tokyo, Japan) through a
port in the face mask. The distal limb of the experimental apparatus
was connected to a T-piece system supplied with 100% fresh oxygen.

Dyspneic sensation was induced by two ways: (1) breathholding
and (2) a combination of inspiratory resistive loading and hypercap-
nia induced by extra dead space. In the latter condition, a plastic tube
resistor (2.5 mm in diameter and 100 mm in length) was placed in the
distal inspiratory limb of the experimental apparatus and a plastic
tube (50 mm in diameter and 130 mm in length; 0.26 L in capacity)
was placed between the face mask and the pneumotachograph. The
experimental apparatus had a resistance of 240 cm H,O/L/s at a flow
of 0.25 L/s, and the total instrumental dead space was 0.4 L when the
resistive loading and the external dead space were added. Each sub-
ject was asked to rate the intensity of sensation of dyspnea using a vi-
sual analogue scale (dyspneic VAS). The analogue scale consisted of a
horizontal 20 cm on which there were 10 equally spaced markers. Sub-
jects could control the position of the knob of the linear potentiome-
ter along this line ranging from zero to 100. The numerical value of
zero indicated no sensation at all and 100 indicated a sensation that
was intolerable. Dyspnea was defined as an unpleasant urge to breathe
with no further clarification or definition given.

During the experiments, airflow, VT, Pmask, PeTco, and VAS
score all were recorded on a thermal array recorder (Omniace RT
3424; NEC, Tokyo, Japan) and stored on a Magneto Optical disk for
later analysis of the data using a computer program (OmniWin RT34-
704; NEC).

The study was conducted on two consecutive days in a double-
blind, randomized, crossover design. In each of 2 d, a set of two trials
was conducted in each subject. The initial trial was always performed
without any pretreatment (baseline trial period), and the second trial
was performed after inhalation of furosemide or placebo (test trial pe-
riod). Each trial consisted of two tests: (1) breathholding test and (2)
loaded-breathing test. Four milliliters of furosemide (Lasix; Hoechst,
Tokyo, Japan), as a 10 mg/ml solution containing NaCl 7.0 mg plus
NaOH at pH 9 and water to make up 1 ml, and 4 ml of placebo (the
diluent solution without furosemide) were given by means of an ultra-
sonic nebulizer (NE-U03; Omron, Tokyo, Japan) over a period of 15
min with an output of 0.27 ml/min.

The experimental protocol is described below. At the same time
on each of the 2 d, each subject was seated in a comfortable chair and
was given a short training period to accustom him or her to the appa-
ratus, the sensation of breathing against an added load, and the use of
the VAS. The main study was conducted 10 min after this. The subject
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breathed 100% oxygen through the face mask and pneumotachograph
for at least 5 min. The preoxygen technique was used to exclude any
possible interaction of carbon dioxide and oxygen on respiratory con-
trol and respiratory sensation.

When the breathing pattern and the PeTco, were stable, the sub-
ject was asked to stop breathing at end-expiration and to hold his or
her breath for as long as possible while rating continuously the sensa-
tion of the desire to breathe using the VAS. No encouragement was
given during the breathholding maneuver. Five minutes after comple-
tion of the breathholding study, the subject had a 7-min loaded breath-
ing test. During the first 2-min, the subject breathed through the ex-
perimental apparatus without the load in place. Then the additional
respiratory load was applied and maintained continuously for another
5 min while the subject rated the VAS score. After completion of the
loaded-breathing study, a rest period of 15 min or more was given and
the subject was asked to inhale furosemide or placebo, in a random
order, during this rest period. Randomization was performed with a
random-number table. Immediately afterward, the breathholding test
and loaded-breathing test described above were repeated.

Data Analysis

We analyzed the data obtained before placebo inhalation, after pla-
cebo inhalation, and after furosemide inhalation. The results from the
breathholding test were analyzed in terms of the period of no respira-
tory sensation and the total breathholding time. The period of no res-
piratory sensation was defined as the time from the command of breath-
holding to the onset of unpleasant sensation, and the total breathholding
time was defined as the time from the command of breathholding to
the breaking point (11). Values of respiratory variables during loaded
breathing were obtained every 1 min after the start of the loaded
breathing from measurements of at least three consecutive breaths.
Dyspneic VAS scores were also obtained every 1 min after the start of
the loaded breathing. Data were expressed as median[interquartile
range]. Statistical analysis was performed using Friedman'’s repeated
measures of ANOVA followed by the Student-Newman-Keuls test. A
p value less than 0.05 was considered to indicate statistical signifi-
cance.

RESULTS

Eleven of the 12 subjects tolerated and completed all the ex-
perimental protocols performed on 2 consecutive days. How-
ever, one subject could not tolerate the 5 min of loaded
breathing during the control trial and the test trial periods af-
ter inhalation of placebo. In this subject, the data for respira-
tory variables after the breaking point were not obtainable
and were treated as missing data, as estimated by Shearer’s
methods (12), whereas the VVAS value after the breaking point
was marked as 100.

TABLE 1

RESPIRATORY VARIABLES DURING CONTROL
TRIALS AND TEST TRIALS*

Before Placebo After Placebo After Furosemide

v, L 0.63[0.57-0.69]  0.65[0.56-0.77]  0.61 [0.54-0.69]
T, 1.9 [1.5-2.0] 2.0 [1.7-2.4] 2.0 [1.9-2.4]

Te, s 2.7 [2.4-3.0] 2.8 [2.5-3.0] 2.4[2.3-2.8]

f, breaths/min  13.3[12.4-14.0] 12.5[11.2-13.7]  13.0 [11.9-15.0]
Vi, L/min 8.6 [8.3-9.0] 8.1 [7.6-8.6] 8.0 [6.8-9.2]
PeTco,, MM Hg  37.8[35.2-39.6]  37.4[35.2-38.7]  37.5[35.2-38.6]
NRSP, s 15.4[11.3-19.8] 15.8[13.4-20.3]  21.0[17.5-28.0]"
Total BHT, s 59.0 [41.3-65.1]  66.0 [47.6-76.3]  92.3 [81.3-109.0]'

Definition of abbreviations: NRSP = no respiratory sensation period; Total BHT = total
breathholding time.

* Values are median [interquartile range].

Tp < 0.05, compared with the values after placebo.

*p < 0.05, compared with the values before placebo.
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Breathholding Tests

The mean values of VT, respiratory frequency (f), minute ven-
tilation (V1), and Pet¢o, oObtained before the start of breath-
holding during the baseline and test trials are listed in Table 1.
There was no significant difference in the values of Vi and
PeTco, among different conditions. Experimental recordings
illustrating changes in dyspneic VAS score during the baseline
and test trial periods in one subject are shown in Figure 1. In
all trial periods, dyspneic VAS score started to rise shortly af-
ter the period of no respiratory sensation and progressively in-
creased until the breaking point. The total breathholding time
in the test trial after inhalation of placebo was slightly longer
than that in the baseline trial, although there was no remark-
able change in the period of no respiratory sensation between
the two trials. In contrast, the total breathholding time and the
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Figure 1. Experimental recordings illustrating changes in dyspneic VAS
score during breathholding. (A) Before inhalation of placebo. (B) After
inhalation of placebo. (C) After inhalation of furosemide. The arrows of
the three different shapes indicate the start of breathholding, the onset
of unpleasant sensation, and the end of breathholding, respectively.
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period of no respiratory sensation after inhalation of furo-
semide were remarkably longer than those observed in the
trial after placebo inhalation. Similar results were obtained
from all subjects and these results are summarized in Table 1.
The period of no respiratory sensation and total breathholding
time after furosemide inhalation were significantly longer than
those after placebo inhalation. Also, the total breathholding
time after placebo inhalation was significantly longer than that
before placebo inhalation.

Loaded-breathing Test

The experimental runs shown in Figure 2 illustrate changes in
respiratory variables and the dyspneic VAS score during
loaded breathing after inhalation of placebo (Figure 2A) and
after inhalation of furosemide (Figure 2B) in a single subject.
In both runs, after the start of loaded breathing, similar changes
in breathing patterns, characterized by slowing of respiratory
rate and increases in VT, were observed, with a gradual in-
crease in dyspneic VAS score. However, the change in dysp-
neic VAS score after inhalation of furosemide proceeded more
slowly and was quantitatively less than that after inhalation of
placebo. Similar results were obtained from all subjects, and
the results were summarized in Table 2. After furosemide in-
halation, the values of dyspneic VAS score during loaded
breathing were significantly lower than those after placebo in-
halation at all time points. The values of Vi after furosemide
inhalation were also significantly lower than those after pla-
cebo inhalation at Times 2, 3, 4, and 5 min during loaded
breathing.

DISCUSSION

We demonstrated in this study that there are remarkable pro-
longations of both the total breathholding time and the period
of no respiratory sensation after inhalation of furosemide. We
also found that the development of respiratory discomfort
during loaded breathing after inhalation of furosemide is much
slower and less than that observed after inhalation of placebo.
These findings indicate that inhaled furosemide greatly allevi-
ates the sensation of dyspnea induced experimentally by
breathholding and by a combination of resistive loading and
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hypercapnia. Our findings are in agreement with the clinical
observations of Stone and colleagues (10) who reported that
inhaled furosemide caused a remarkable improvement of se-
vere dyspnea in a patient with end-stage pulmonary Kaposi’s
sarcoma.

The finding that the total breathholding time after inhala-
tion of placebo was slightly but significantly longer than that
before placebo inhalation suggests that there might be some
placebo effect and/or training effect with successive runs.
However, when it comes to the change in dyspneic VAS score
during loaded breathing, the influence of these effects was less
clear since the changes in dyspneic VAS score before and after
inhalation of placebo were essentially similar. Furthermore,
compared with the change in the total breathholding time af-
ter placebo inhalation, the observed change in the total breath-
holding time after inhalation of furosemide was too large to be
explained solely by placebo effect and/or training effect. Thus,
the role of placebo and/or training effects in relief of experi-
mentally induced dyspnea appears to be very small.

Although underlying mechanisms of furosemide-induced al-
leviation of respiratory discomfort are not entirely clear, the al-
leviation of respiratory discomfort may be associated with a lo-
cal effect of inhaled furosemide on the airway mucosa. It is also
possible that the effects of furosemide upon dyspnea might be
mediated via systemic effects rather than the local airway ef-
fect. Assuming that only about one third of the breathing cycle
is spent in inspiration, probably only a third of the nebulized
dose of furosemide was retained because the subjects were
breathing via an open face mask during the continuous nebuli-
zation in our study. In addition, only a small portion (no more
than 10%) of nebulized furosemide can be predicted to reach
the airways, the remainder being exhaled or ingested (7). Thus,
it is unlikely that such a small amount of inhaled furosemide
causes any systemic effect. Alternatively, some portions of the
ingested furosemide would be absorbed from the gastrointesti-
nal tract and would enter the systemic circulation. However,
none of the subjects had a desire to urinate during the experi-
ments, suggesting that the systemic effects of furosemide might
be minimal. Moreover, in the study of Bianco and colleagues
(5), who tested the possibility of prevention of exercise-in-
duced bronchocontriction by inhaled furosemide, it was shown
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Figure 2. Experimental record-
ings illustrating changes in re-
spiratory variables and dys-
pneic VAS score during loaded
breathing after placebo inhala-
tion (A) and furosemide inha-
lation (B).
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TABLE 2

CHANGES IN RESPIRATORY VARIABLES AND DYSPNEIC VISUAL
ANALOGUE SCALE (VAS) DURING LOADED BREATHING*

VOL 161 2000

Time

0 min

1 min

2 min

3 min

4 min

5 min

Before placebo
VT, L
f, breaths/min
Vi, L/min
PETco, MM Hg
Dyspneic VAS
After placebo
VT, L
f, breaths/min
Vi, L/min
PETco, MM Hg
Dyspneic VAS
After furosemide
VT, L
f, breaths/min
Vi, L/min
PETco, MM Hg
Dyspneic VAS

0.63 [0.56-0.77]
12.7 [12.0-14.5]

8.5[7.9-9.2]
37.3[35.2-40.8]
0

0.67 [0.54-0.76]
12.3[11.7-17.1]

8.5[7.8-9.7]
35.2 [33.6-39.6]
0

0.72 [0.52-0.76]
12.3 [10.4-17.1]

8.4 [7.7-9.1]
36.9 [35.2-39.6]
0

0.85 [0.63-1.18]
6.0 [5.4-8.8]
6.1 [5.2-7.4]

44.0 [43.1-48.4]

29.2 [17.6-46.2]

0.87 [0.71-0.98]
7.3[5.3-9.3]
5.6 [5.0-7.6]

44.0 [41.8-46.2]

27.5[17.6-31.7]

0.81 [0.72-1.14]
6.4 [4.6-8.1]
5.0 [4.4-6.4]

44.0 [41.8-46.7]

15.4 [5.5-23.1]"

1.01 [0.89-1.41]
6.4 [4.7-8.6]
6.8 [5.9-8.1]

48.0 [46.2-49.5]

40.9 [35.2-58.3]

1.09 [0.92-1.25]
6.2 [5.0-8.9]
6.3 [5.6-8.3]*

47.4 [45.1-48.4]

39.0 [35.2-50.1]

0.99 [0.80-1.31]
5.8 [4.5-8.3]
5.2 [4.8-6.5]"

46.2 [46.2-48.4]

24.2 [12.1-38.2]"

1.22 [1.02-1.45]
6.0 [4.5-7.4]
7.7 [6.4-8.7]

48.4 [47.7-50.6]

55.0 [45.7-68.2]

1.08 [0.86-1.25]
6.2 [5.6-10.1]
7.0 [6.3-9.2]*

48.5 [48.1-50.5]

57.2 [38.2-69.3]

1.12 [0.94-1.29]
5.5 [4.9-7.5]
6.2 [5.5-6.8]"

48.4 [48.2-49.6]

27.5[19.8-44.8]"

1.17 [1.02-1.43]
6.3 [4.4-7.4]
7.1[6.7-8.2]

49.5 [48.4-50.6]

66.1 [53.1-82.5]

1.04 [0.94-1.34]
6.7 [5.3-9.1]
7.4[6.2-8.5]

49.5 [48.9-50.6]

64.0 [44.8-79.9]*

1.08 [0.96-1.30]
5.9 [4.6-7.8]
6.7 [5.4-7.1]"

49.5[48.5-51.2]

33.8[22.0-52.8]"

1.37 [1.10-1.71]
6.0 [4.3-6.9]
8.1[6.6-9.1]

50.6 [48.7-51.4]

73.7 [54.7-83.6]

1.25[0.92-1.43]
6.7 [5.6-8.0]
7.2 [6.7-9.5]

49.5 [48.4-52.3]

66.0 [52.5-79.9]

1.14 [1.00-1.28]
6.0 [4.5-7.5]
6.5 [5.4-7.3]"

50.6 [50.1-52.3]

38.2 [29.7-65.5]"

* Values are median [interquartile range].
Tp < 0.05, compared with the corresponding values after placebo inhalation.
*p < 0.05, compared with the corresponding values before placebo inhalation.

that furosemide has no effect when given orally (20 mg) but is
effective only when given by inhalation, supporting a local ef-
fect on the bronchial mucosa. Also, furosemide has a protec-
tive action against various indirect bronchoconstrictive chal-
lenges but has no direct effect on the airway smooth muscle
(13, 14). Therefore, it is unlikely that inhaled furosemide
caused bronchodilation and thereby improved the sensation of
dyspnea in our experimental models. It has been postulated
that inhaled furosemide has a primary effect on the airway epi-
thelium, which in turn may influence the responsiveness of sen-
sory nerve endings or affect the activation of inflammatory
cells while inhibiting mediator release from these cells (5, 6, 8).

Because there is a possibility that inhaled furosemide can
modulate sensory receptor function, the observed alleviation
of dyspnea after inhalation of furosemide may be associated
with the altered activity of sensory receptors. The airways and
lungs contain a variety of sensory receptors such as vagal irri-
tant receptors, pulmonary stretch receptors, and C-fiber re-
ceptors that transmit information to the central nervous sys-
tem (9). These receptors can respond to both irritants and
stretching the airways, and they play an important role in
modulation of respiratory sensations. For example, informa-
tion from vagal irritant receptors and C-fiber receptors may
increase the intensity of dyspnea and alter its quality as well
(9, 15, 16). In contrast, when information from pulmonary
stretch receptors is reduced, dyspnea at a given chemical drive
to breathe increases (17), and relief of dyspnea with rebreath-
ing after maximal breathhold lessens (18), suggesting an inhib-
itory effect of pulmonary stretch receptors on the sensation of
dyspnea. Thus, the effect on dyspnea of vagally transmitted af-
ferent information from the airways and lungs probably de-
pends on which receptors are stimulated. In order to explain
the observed great alleviation of dyspneic sensation after inha-
lation of furosemide, we presently hypothesize that inhaled fu-
rosemide causes a decrease in the activity of vagal irritant and
C-fiber receptors while increasing the activity of pulmonary
stretch receptors.

There is some evidence to support the decrease in activity
of vagal irritant receptors after furosemide inhalation. For ex-

ample, Sant’Ambrogio and colleagues (19) showed that in-
haled furosemide inhibits the activity of laryngeal irritant re-
ceptors in anesthetized dogs. Also, Ventresca and colleagues
(4) showed that inhaled furosemide inhibits cough induced by
inhalation of low chloride content solution in healthy subjects,
presumably by preventing local ionic changes, particularly
those involving chloride within the vicinity of the vagal irritant
receptors. In contrast with the effect of inhaled furosemide on
vagal irritant receptors, the effect of inhaled furosemide on
C-fiber receptors is less clear since it has been shown that in-
haled furosemide is ineffective against capsaicin-induced cough
(4). These findings suggest that furosemide is not simply act-
ing as a local anesthetic but that inhaled furosemide may act
indirectly on vagal irritant receptors in airway epithelium.

Although there is no direct evidence to show the effects of
inhaled furosemide on pulmonary stretch receptors in human
studies, our recent study in anesthetized rats showed that in-
haled furosemide increases the activity of pulmonary stretch
receptors, whereas intravenous furosemide causes no effect
(Sudo, Hayashi, and Nishino, unpublished observation). Also,
there is evidence to suggest that an increase in influx of so-
dium ions in the receptive terminals of pulmonary stretch re-
ceptors may increase their activity (20). Thus, the possible ex-
citation of pulmonary stretch receptors after inhalation of
furosemide may be associated with a furosemide-induced inhi-
bition of Na*-K*-2 CI~ cotransporter (21) and a resultant in-
crease in sodium ions within the vicinity of the pulmonary
stretch receptors. Animal studies have shown that consider-
able proportions of pulmonary stretch receptors are active at
end-expiratory volume (22, 23). Assuming that these receptors
are active during breathholding in our subjects, the prolonga-
tion of no respiratory sensation period during breathholding
after furosemide inhalation is compatible with the hypothesis
that relief of the respiratory distress results from activation of
pulmonary stretch receptors. Whatever the mechanisms may
be, activation of pulmonary stretch receptors and inhibition of
vagal irritant receptors seem to be the most plausible explana-
tion for the observed improvement of dyspneic sensation dur-
ing experimentally-induced dyspnea.



Nishino, Ide, Sudo, et al.: Inhaled Furosemide and Dyspnea

It is possible that the modulation of sensory receptor func-
tion may change the ventilatory drive and CO, chemosensitiv-
ity, which are known to influence the respiratory effort, and
thereby the degree of respiratory discomfort. In our study, no
systematic examination of the effects of inhaled furosemide on
ventilatory drive and CO, chemosensitivity was performed.
However, the values of Vi1 at Times 2, 3, 4, and 5 min after fu-
rosemide inhalation during loaded breathing were signifi-
cantly less than those after placebo inhalation, whereas the
changes in PeTco, differed only minimally between the two
conditions. These findings suggest that the decrease in ventila-
tory drive may be partly responsible for the observed allevia-
tion of dyspneic sensation after inhalation of furosemide. In
this context, our findings are not incompatible with the hy-
pothesis that breathlessness arises from increased medullary
respiratory center activity projection to the forebrain (the re-
spiratory corollary discharge hypothesis) (24, 25).

Severe dyspnea is often difficult to palliate despite the avail-
ability of various modalities for patients with intractable dys-
pnea. Although our results suggest that inhaled furosemide
greatly alleviates the sensation of dyspnea in healthy subjects,
further investigation is required to determine if inhaled furo-
semide has a clinical benefit in the treatment of severe dyspnea.

Acknowledgment: The writers are grateful to Dr. R. Fitzgerald for construc-
tive criticism of the manuscript.
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