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Noninvasive assisted ventilation has become increasing-
ly popular recently and has been used successfully in a
variety of clinical situations, including weaning from me-
chanical ventilation and ventilatory support in patients with
chronic obstructive pulmonary disease (COPD) [1–8]. Sev-
eral modalities are now available for noninvasive assisted
ventilation including positive pressure assisted ventilation
(PPAV) and negative pressure assisted ventilation (NPAV),
although PPAV in the form of pressure support (PS) is
more popular than NPAV.

Severe dyspnoea is a devastating symptom in bedrid-
den, terminally ill patients with both malignant and non-
malignant disease and is often difficult to palliate despite
the availability of various modalities for patients with in-
tractable dyspnoea [9].

Several studies [10–13] suggest that noninvasive PPAV
is effective in relief of respiratory discomfort or dyspnoea
while increasing alveolar ventilation. However, noninva-
sive PPAV has several drawbacks such as intolerance of
the mask or poor adaptation to the mask, nasal dryness,
ocular irritation, and gastric distention secondary to in-
ability to maintain an open glottis [14]. For those patients
with severe dyspnoea in whom PPAV is not the treatment
of choice, NPAV may be an alternative technique.

Although NPAV may have a potential therapeutic role
in the treatment of terminally ill patients with severe dys-
pnoea, several previous studies [3, 4, 6] failed to demon-
strate any clinical benefit with the use of NPAV. In these

studies, NPAV was applied with the mode of controlled
ventilation (control mode) in which tidal volume (VT) and
respiratory frequency (fR) were fixed. Such modes of ven-
tilation may cause dysynchrony of the patients to ventila-
tory support, producing discomfort rather than comfort of
the patients. Therefore, ventilatory support with the con-
trol mode may be one interpretation of unfavourable re-
sults.

In this study, we investigated, using a self-controlled de-
sign, the effects of NPAV with an assist-control mode on
the relief of severe dyspnoea produced by hypercapnia
and resistive loading in normal subjects. We also evalu-
ated the effects of NPAV on the control of breathing by
assessing changes in breathing patterns during NPAV since
breathing pattern has been reported to affect the respira-
tory sensations [15].

Methods

This study protocol was approved by the Ethics Com-
mittee of Chiba University School of Medicine and in-
formed consent was obtained from all subjects. Nine
healthy volunteer subjects 25–50 yrs of age were studied.
None of the subjects had clinical evidence of respiratory,
cardiovascular, or neuromuscular disorders. The research
was carried out in accordance with the Declaration of Hel-
sinki (1989) of the World Medical Association.
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We examined the effects of negative pressure assisted ventilation with the assist-
control mode on dyspnoea and breathing patterns produced by a combination of
resistive loading and hypercapnia in nine healthy subjects breathing spontaneously.
Subjects were asked to rate their sensation of respiratory discomfort using a visual
analogue scale.

Negative pressure assisted ventilation caused a significant reduction in sensation
of respiratory discomfort from a visual analogue scale score of 74 (55–91) (median
(range)) before negative pressure assisted ventilation to 34 (15–53) during negative
pressure assisted ventilation (p<0.01). During negative pressure assisted ventilation,
there were significant changes in breathing patterns characterized by an increase in
tidal volume and a decrease in respiratory frequency, while neither minute ventilation
nor end-tidal carbon dioxide tension changed.

Our results indicate that negative pressure assisted ventilation with the assist-con-
trol mode is effective in relief of dyspnoea and that negative pressure assisted ventila-
tion influences the control of breathing to minimize respiratory discomfort.
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Each subject was seated during the experiment and a
plastic chest shell of appropriate size (Hayek Oscillator,
No. 7 or No. 8) was positioned over the chest (fig. 1).
Each subject breathed through a tightly fitting face mask
connected to a pneumotachograph (CP-100; Allied Health
Care Product, St. Louis, MO, USA), and then to a T-piece
system. The mask was tested for air leaks by pressurizing
to ±20 cmH2O and ensuring that the pressure held for 10 s.
Ventilatory airflow was measured with the pneumotacho-
graph, and VT was obtained by electrical integration of the
inspired flow signal. Mask pressure (Pmask) was measured
with a pressure transducer (Transpac® IV; Abbott Critical
Care Systems, Chicago, IL, USA). End-tidal carbon diox-
ide tension (PET,CO2) was monitored with an infrared CO2
analyser (Aika® MEL RAS-41, Aika, Tokyo, Japan) through
a port in the face mask. The sensation of dyspnoea in sub-
jects was induced by a combination of resistive loading
and hypercapnia: a plastic tube resistor (4 mm in diameter
and 200 mm in length) and a plastic tube (50 mm in diam-
eter and 150 mm in length: 295 mL in capacity) were
placed between the face mask and the pneumotachograph.
The experimental apparatus had a resistance of 45 cmH2O·
L-1·s-1 at a flow rate of 0.5 L·s-1 and the total instrumental
dead space was 500 mL when the resistive loading and the
external dead space were added.

Negative pressure ventilation was provided by a home-
made ventilator consisting of three solenoid valves, a vacuum
cleaner as a negative pressure generator, and a solenoid
control unit (fig. 1). Closing and opening of the solenoid
valves were triggered by the inspiratory flow signal at a
threshold flow of 30 mL·s-1. The delay to reach the nega-
tive pressure for opening airways after triggering the solen-
oid valves was <75 ms in the absence of air leaks. The
delivered (extrathoracic) negative pressure (Pext) was mea-
sured with a pressure transducer (Uniflow, Baxter, Japan)
and the negative pressure setting of the ventilator was ad-
justed to maintain a pressure between -45 and -50 cmH2O.
When air leakage occurred through the chest shell, the
chest shell was repositioned so that Pext remained con-
stant. Airflow, VT, Pmask, PET,CO2, Pext, and visual anal-

ogue scale (VAS) score all were recorded on a thermal
array recorder (Omniace RT3424; NEC, Tokyo, Japan).

During the experiment, the subject was asked to rate the
intensity of the sensation of respiratory discomfort using a
VAS. The analogue scale consisted of a horizontal 20 cm
line with 10 equally spaced markers. Subjects could con-
trol the position of the knob of the linear potentiometer
along this line ranging 0–100. The numerical value of 0
was given for the sensation of "not at all unpleasant" and
100 for the sensation of "intolerable." Respiratory discom-
fort was defined as "an unpleasant urge to breathe". No fur-
ther clarification or definitions were given, and the subjects
were not asked to distinguish different qualities or dimen-
sions of the respiratory sensation.

Before the start of the main study, a preliminary experi-
ment was performed to familiarize the subject with the
apparatus, the sensation of breathing against the added
load, and the use of the VAS. Subjects then had two 20-
min trials of loaded breathing. A 10-min rest period sepa-
rated the two trials. In each of the trials, after application
of the resistive load and respiratory dead space, 10 min
were allowed for the establishment of a steady respiratory
state and respiratory sensation while the subject breathed
spontaneously without assisted ventilation (baseline period).
The subject was instructed to continue the loaded breath-
ing for 5 min through assisted ventilation (test period) while
rating the magnitude of respiratory discomfort by VAS
score, after which the loaded breathing continued for an-
other 5 min without assisted ventilation (recovery period).
At the end of the experiment, subjects were questioned
about their breathlessness and other sensations. During the
experiments, hyperoxia was maintained by passing 100%
oxygen, with a total gas flow of 16 L·min-1, through the T-
piece.

The effect of assisted ventilation on respiratory sensa-
tion and breathing patterns were evaluated by comparing
the values of ventilatory variable and VAS scores obtained
from measurements at the last 1 min during the baseline,
test, and recovery periods. Statistical analysis was per-
formed by using the Wilcoxon signed-rank test and Fried-
man repeated measures of analysis of variance (ANOVA)
on ranks, followed by Dunnet's test. Data are expressed as
median (range). A p-value <0.05 was taken as the level of
statistical significance.

Results

All subjects tolerated two 20-min trials of loaded breath-
ing and completed the experimental protocol. Because there
was no discernible difference in the responses to assisted
ventilation between the two trials in any subject (table 1),
the changes in respiratory variables during baseline, test
and recovery periods obtained from these two trials were
averaged and the mean values were used for comparison
with different periods.

Immediately after the addition of the respiratory load,
VT and PET,CO2 increased with a concomitant increase in
VAS score. However, these changes gradually stabilized
within 5 min, and thereafter, breathing patterns as well as
VAS scores remained nearly steady. Although there was
an intersubject variability in breathing patterns, a combi-
nation of resistive loading and hypercapnia usually caused
an increase in VT without a change in inspiration time (tI)
and expiratory time (tE) (table 2).
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Fig. 1.  –  Schematic illustration of the experimental apparatus and ven-
tilator. Pmask: mask pressure; Pext: extrathoracic pressure, i.e. the deliv-
ered negative pressure; DS: dead space; PN: pneumotachograph; V :
solenoid valve;        : airflow during inspiration;        : airflow during
expiration.
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Figure 2 shows an experimental record illustrating chang-
es in breathing pattern and VAS score in response to ap-
plication of assisted ventilation. At initiation of assisted
ventilation, there was an increase in VT with a concomi-
tant decrease in VAS score. The increase in VT always
accompanied a decrease in fR, and these changes gradually
stabilized within 4 min. Immediately after the cessation of
assisted ventilation, there was a decrease in VT with a con-
comitant increase in fR along with a gradual increment in
VAS score that returned to the baseline level within 3 min.
Despite the changes in VT and fR there was no remarkable
change in PET,CO2 during assisted ventilation.

Changes in respiratory variables obtained in all subjects
are summarized in table 2. Although there was a signific-
ant increase in VT (p<0.05) as well as a significant decrease
in fR (p<0.05) during assisted ventilation (test period), nei-
ther minute ventilation nor PET,CO2 changed significantly
throughout the course of loaded breathing.

Changes in VAS scores during assisted ventilation are
summarized in figure 3. The values of VAS scores during
baseline, test, and recovery periods were 74 (55–91) (me-
dian (range)), 34 (15–53), and 74 (58–93), respectively. The
values during the test period were significantly smaller (p<
0.01) than those during the baseline and recovery periods.

Discussion

This study demonstrated that noninvasive NPAV with
the assist-control mode is effective in relief of dyspnoeic
sensation produced experimentally by a combination of
resistive loading and hypercapnia in healthy subjects. In
our study, hypercapnia and resistive loading are used in
healthy subjects to model dyspnoea. This model may mi-
mic the pathological conditions observed occasionally
in patients with acute exacerbations of COPD or in pa-
tients with incurable cancer whose airway is obstructed by
tumour. However, the dyspnoea experienced by these pa-
tients may result from the interaction of many factors
including not only increased airway resistance and hyper-
capnia but also muscle fatigue, hypoxaemia, and bron-
chial inflammation. Thus, a simple extrapolation of this
model to certain pathological conditions may not be en-
tirely valid.

There is increasing evidence to suggest that noninvasive
assisted ventilation has a role in managing patients with
dyspnoea [2, 5, 8, 10–12], although many of the reports
have been anecdotal in nature. Our results are compatible
with these reports. By contrast, several other studies re-
ported problems with patient acceptance and comfort during
NPAV and showed no benefit for patients with dyspnoea

Table 1.  –  Individual data on respiratory variables and visual analogue scale (VAS) score during the two trials of loaded
breathing in all subjects

Baseline Test Recovery
Subject
No.

Trial
No.

VT
L

fR
breaths·min-1

PET,CO2
mmHg

VAS VT
L

fR
breaths·min-1

PET,CO2
mmHg

VAS VT
L

fR
breaths·min-1

PET,CO2
mmHg

VAS

1

2

3

4

5

6

7

8

9

1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

0.86
0.84
0.60
0.72
0.85
0.84
0.57
0.61
0.91
0.94
0.77
0.83
0.88
0.82
0.68
0.74
0.73
0.79

17.8
17.4
19.0
18.6
21.0
19.0
22.4
20.4
16.7
16.7
15.0
15.0
17.6
16.6
20.5
19.5
18.2
18.2

47.4
47.8
52.0
50.0
53.4
55.3
49.1
49.5
45.9
45.8
57.1
56.7
54.0
54.6
48.8
52.6
58.8
57.0

60
60
83
87
90
90
66
60
60
60
58
52
82
88
91
90
74
74

0.96
0.99
0.77
0.85
0.95
0.91
0.71
0.79
1.28
1.15
0.98
0.92
0.94
0.82
0.92
0.88
0.95
0.91

15.2
15.6
15.3
14.7
16.7
16.7
18.8
18.8
12.5
13.5
12.4
12.6
13.9
16.1
15.5
14.5
13.8
14.2

47.7
47.5
51.5
50.5
54.4
54.4
49.5
49.0
45.0
46.8
56.0
56.0
56.1
56.0
47.5
57.5
58.2
57.6

14
16
28
32
39
41
35
31
25
21
34
26
42
41
44
40
51
55

0.77
0.79
0.75
0.79
0.78
0.70
0.50
0.54
0.85
0.89
0.70
0.66
0.78
0.77
0.68
0.79
0.77
0.79

21.2
21.6
17.6
17.4
21.4
21.5
25.2
24.8
17.6
17.6
18.2
17.0
17.4
16.8
21.0
21.8
18.1
16.1

46.3
45.4
52.0
50.0
54.3
55.2
49.3
49.2
48.2
45.4
56.8
58.8
54.4
54.7
47.5
57.5
54.6
57.6

60
59
83
83
90
86
63
62
65
61
60
55
83
82
90
95
74
73

VT: tidal volume; fR: respiratory frequency; PET,CO2: end-tidal carbon dioxide tension. (0.133 kPa=1 mmHg.)

Table 2.  –  Changes in breathing patterns during unloaded and loaded breathing with or without negative pressure
assisted ventilation

Unloaded Loaded
(baseline)

Loaded
(test)

Loaded
(recovery)

VT  L
tI  s
tE  s
fR  breaths·min-1

V 'E  L·min-1

PET,CO2  mmHg

0.61 (0.46–0.74)
1.5 (1.2–2.2)
1.8 (1.2–2.4)

18.8 (13.0–25.0)
11.1 (7.9–13.9)
39.8 (35.0–44.2)

0.80 (0.59–0.93)**
1.5 (1.4–2.0)
1.7 (1.4–2.2)

18.2 (15.0–21.4)
13.8 (12.0–17.0)**
51.0 (45.9–57.9)**

0.93 (0.75–1.22)*
1.8 (1.5–2.4)
2.2 (1.6–2.8)*

15 (12.0–18.8)*
13.5 (11.9–15.4)
52.5 (45.9–57.9)

0.77 (0.52–0.87)
1.4 (1.2–1.7)
1.8 (1.2–2.2)

17.6 (17.1–25.0)
13.6 (12.0–16.7)
52.5 (45.9–57.8)

Values are median (range). VT: tidal volume; tI: inspiratory time; tE: expiratory time; fR: respiratory frequency; V 'E: minute ventila-
tion; PET,CO2: end-tidal carbon dioxide tension. *: p<0.05, compared with the values during baseline; **: p<0.01, compared with the
values during unloaded breathing. (0.133 kPa=1 mmHg.)
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[3, 4, 6]. However, in these studies, negative pressure ven-
tilation was applied in the control mode while fixing tI, tE,
and fR to closely approximate the patient's spontaneous
timing components. Such settings of the ventilator may
cause asynchrony between patient and ventilator since per-
sistence of active breathing during NPAV has been ob-
served in patients with chronic obstructive lung disease
[16]. In our study, we used a demand-type negative pres-
sure ventilator with which the subjects had control of the
ventilatory rate and inspiratory assist time. Similarly to
noninvasive PS ventilation, this mode of ventilatory sup-
port is able to interact better with the mechanism that reg-
ulates the breathing pattern than the control mode, and
thereby produce a better acceptance and comfort of the
subject.

In our study we observed an increase in VT and a de-
crease in fR during NPAV. This observation is in agreement
with the findings of MACINTYRE [17], VAN DE GRAAF et al. [18],
and VIAL et al. [19] who demonstrated that PS ventilation

causes an increase in VT and a decrease in fR in intubated
patients with or without pre-existing pulmonary disease.
These findings suggest that different methods of ventila-
tory support (PS versus NPAV) may not be a crucial factor
in the determination of breathing patterns during assisted
ventilation. MACINTYRE [17] and VAN DE GRAAFF et al. [18] also
observed that increasing the PS level did not change
minute ventilation, carbon dioxide tension, or pH despite
large changes in both rate and depth of breathing. Their
observations are analogous to our findings that neither
minute ventilation nor PET,CO2 changed during NPAV with
assist-control mode. Although mechanisms that cause the
characteristic breathing patterns consisting of increased
VT and decreased fR while maintaining minute ventilation
and carbon dioxide tension at a constant level during
assisted ventilation are not clear, these changes in breath-
ing patterns may be partly associated with changes in sen-
sation of respiratory discomfort. In this regard, it has been
postulated that breathing pattern is partly behaviourally
controlled in an effort to minimize the sensation of respi-
ratory discomfort. For example, CHONAN et al. [15] demon-
strated that the spontaneously adopted pattern of breathing
gives the minimum intensity of dyspnoea and that dysp-
noea intensifies when ventilation is either voluntarily
raised or lowered from the spontaneously adopted level.
This concept of optimization of breathing patterns during
addition of respiratory loading is also compatible with the
hypothesis proposed by MEAD [20] that breathing patterns
are adjusted to the level at which the work of breathing is
minimal. In this regard, POON and GREENE [21] suggested that
changes in the work of breathing may be sensed as
changes in the sense of effort. TACK et al. [22] also showed
that respiratory sensation changes as a function of both
pressure and volume changes so that it is related to respi-
ratory work.

In this study the oesophageal pressure was not meas-
ured so to what extent the work of breathing performed by
the subjects decreased during NPAV could not be deter-
mined. Nevertheless, it is likely that assisted ventilation
reduces the subject's inspiratory effort and work of breath-
ing due to mechanical unloading of the respiratory mus-
cles. Such reductions may establish a new spontaneously
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Fig. 2.  –  Experimental records illustrating changes in breathing pattern and visual analogue scale (VAS) score in response to assisted ventilation dur-
ing loaded breathing. Assisted ventilation was initiated and terminated at the points indicated. Pext: extrathoracic pressure; I: inspiration; E: expiration;
VT: tidal volume; Pmask: mask pressure; PET,CO2: end-tidal carbon dioxide tension. 
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Fig. 3.  –  Changes in visual analogue scale (VAS) score in response to
assisted ventilation. The box plot data shows the median, interquartile
range and 10th and 90th percentiles. ❍: data outside the 10–90th percen-
tile intervals. *: p<0.01, significantly different from the value during
baseline.
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adopted pattern of breathing that gives the minimum in-
tensity of dyspnoea. The resulting breathing pattern is
thought to be the one which supplies the necessary alveo-
lar ventilation for the minimum amount of muscle work. It
may be possible that minute ventilation during assisted
ventilation could be higher than the observed value so that
the increased minute ventilation could considerably red-
uce arterial carbon dioxide tension or PET,CO2. However,
this never occurred in this or other studies [17–19], indi-
cating that behavioural control of breathing may prevail
over chemical control of breathing in the presence of dys-
pnoea. Thus, although chemical control of breathing plays
an important role in maintaining blood gas homeostasis,
there may be certain circumstances where the body is able
to tolerate hypercapnia while minimizing respiratory dis-
comfort rather than maintain a very high level of respira-
tory muscle force output.

In this study, changes in the level of dyspnoea during
NPAV could not have been caused by changes in chemical
drive since PET,CO2 was maintained at a constant level and
the experiment was performed under hyperoxia. Although
the relief of dyspnoea observed during NPAV in this study
is probably owing mainly to the reduced inspiratory effort
and work of breathing, the possible influences from pul-
monary stretch receptors and/or chest wall mechanore-
ceptors in the relief of dyspnoea during NPAV with the
assist-control mode should also be considered. NPAV with
the assist-control mode may stimulate these receptors in-
phase with inspiration by compulsory expansion of the
chest wall. Since there is much evidence to suggest that
afferent information from the lung and/or chest wall mod-
ifies the intensity of dyspnoea by inhibitory feed back
[23–26], it is likely that the observed relief of dyspnoea
during NPAV with the assist-control mode is partly due to
stimulation of these receptors coinciding with inspiration.
In this regard, it has been postulated that there may be a
certain central gating mechanism that operates in relation
to the sensation of dyspnoea [27]. In accordance with this
postulation, sensation of dyspnoea may be alleviated when
afferent information from the lung and/or chest wall match-
es the central operating phase. Thus, the marked relief of
dyspnoea observed during NPAV with the assist-control
mode may be due to in-phase stimulation of the lung and/
or chest wall mechanoreceptors, whereas the lack of bene-
ficial effect of NPAV with the control mode may be asso-
ciated with out-of-phase stimulation of these receptors. It
is also noteworthy that stimulation of these receptors may
directly contribute to the observed changes in breathing
pattern during NPAV with assist-control mode through the
reflex mechanism [28].

In addition, the decrease in the sensation of dyspnoea
may be associated with the possible increase in end-expir-
atory lung volume during NPAV. However, the increase in
end-expiratory lung volume causes mechanical disadvan-
tage of the inspiratory muscles, and thereby increases in-
spiratory work, which may in turn intensify the dyspnoeic
sensation. In fact, the work of KIKUCHI et al. [29] showed
that the sensation of dyspnoea increases with an increase
in end-expiratory lung volume during severe inspiratory
loading in healthy subjects. Therefore, it is unlikely that
the observed decrease in the dyspnoeic sensation during
NPAV is due to the increase in end-expiratory lung vol-
ume.

The role of negative pressure assisted ventilation in clin-
ical situations, particularly when the treatment of sev-
ere dyspnoea is needed, remains to be explored. Although
negative pressure ventilation with control mode has been
shown to be of no value at all when used with the aim
of resting the respiratory muscles in patients with stable
chronic obstructive pulmonary disease [6], the efficacy of
negative pressure assisted ventilation with the assist-con-
trol mode in patients with pulmonary disease has not been
evaluated. Assuming that the effect of negative pressure
assisted ventilation with the assist-control mode on dyspnoea
is comparable with that achieved with pressure support
ventilation and that negative pressure assisted ventilation
has several advantages attributed to lack of wearing a nas-
al or facial mask over pressure support ventilation, negative
pressure assisted ventilation with the assist-control mode
may become the preferred technique in relief of severe dys-
pnoea in patients with pulmonary disease, particularly dur-
ing respiratory distress from acute exacerbations of chronic
pulmonary diseases. Further studies addressing the effi-
cacy of negative pressure assisted ventilation in terminally
ill patients with severe dyspnoea are definitely needed. If
the improvement in the intensity of dyspnoea could be
obtained with negative pressure assisted ventilation with
the assist-control mode even during a short period, there
would be a place for this treatment since the relief of suf-
fering should be the primary goal of therapy in these pa-
tients.
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