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ABSTRACT: Two previous uncontrolled studies have suggested that noninvasive
mechanical ventilation (NIMV) in patients with hypercapnic chronic obstructive
pulmonary disease (COPD) improves arterial blood gas tensions by decreasing lung
hyperinflation with the consequent reduction in inspiratory loads and changes in
ventilatory pattern. The aim of this randomised placebo-controlled study was to
determine whether these mechanisms play a pivotal role in the effects of NIMV on
arterial blood gases.

Thirty-six stable hypercapnic COPD patients were randomly allocated to NIMV or
sham NIMYV. A 2-week run-in period was followed by a 3-week study period, during
which ventilation was applied 3 h-day”, 5 days a week. Arterial blood gases,
spirometry, lung volumes, and respiratory mechanics were measured before and after
application of NIMYV.

Patients submitted to NIMV showed changes (mean (95% confidence interval)) in
daytime arterial carbon dioxide tension (Pa,CO,) and arterial oxygen tension of -1.12
(-1.52—0.73) kPa (-8.4 (-11.4—5.5) mmHg) and 1.14 (0.70-1.50) kPa (8.6 (5.3-11.9)
mmHg), respectively. Total lung capacity, functional residual capacity (FRC) and
residual volume were found to be reduced by 10 (7-13), 25 (18-31), and 36 (27-45)% of
their predicted value, respectively, whereas forced expiratory volume in one second and
forced vital capacity increased by 4 (1.5-6.9) and 9 (5-13)% pred, respectively. Tidal
volume (7'T) increased by 181 (110-252) mL. All of the above changes were significant
compared with sham NIMYV. Changes in Pa,CO, were significantly related to changes in
dynamic intrinsic positive end-expiratory pressure, inspiratory lung impedance, V'T and
FRC.

It was concluded that the beneficial effects of noninvasive mechanical ventilation
could be explained by a reduction in lung hyperinflation and inspiratory loads.
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Noninvasive mechanical ventilation (NIMYV) has
been consistently shown to reduce hypercapnia and
hypoxaemia in patients with a variety of chronic
hypoventilatory disorders [1]. By contrast, studies
with intermittent NIMV in chronic obstructive
pulmonary disease (COPD) patients have yielded
conflicting results, but patients with severe COPD
and hypercapnia appear most likely to benefit [1, 2].

The mechanisms underlying changes in arterial
blood gas tensions induced by NIMV in COPD
are not completely understood. It has been suggested
that NIMV may reduce work of breathing, facilitating
recovery from inspiratory muscle fatigue [1, 2].
However, this hypothesis was not supported by
the study of Erriort et al [3], who suggested that
hypercapnia is reduced due to a combination of lower
loads, lung deflation and decreased central respiratory
drive.

In a previous uncontrolled study, the present
authors found that NIMV improved arterial blood
gas tensions in chronic hypercapnic COPD subjects
[4]. They postulated that the main effect of NIMV was

a reduction in inspiratory load, possibly secondary to
a decrease of lung hyperinflation. In order to assess
the above hypothesis, the authors conducted a rando-
mised, placebo-controlled study of the physiological
effects of NIMV in COPD patients with stable hyper-
capnic respiratory failure.

Methods
Patients

Fifty-six consecutive patients receiving chronic care
at the Universidad Catolica de Chile (Santiago, Chile)
outpatient clinic for COPD [5] with moderate-to-
severe chronic respiratory failure (resting daytime
arterial carbon dioxide tension (Pa,CO,) >6.65 kPa
(50 mmHg), an arterial oxygen tension <7.98 kPa
(60 mmHg)), and in a clinical and functional stable
state were evaluated. Sixteen patients were excluded:
four patients with clinical exacerbations during the
preceding 4 weeks, four with a 10% increase in forced



NONINVASIVE VENTILATION IN STABLE COPD 1491

expiratory volume in one second (FEV1) after the
administration of an inhaled bronchodilator, three
with a body mass index of >30 kg:m™, one with a
history of asthma, two with obstructive sleep apnoeas,
and two with other concomitant lung or cardiovascular
disorders (bronchiectasis, left ventricular failure).

Forty patients agreed to participate in the study,
which was approved by the Ethics Committee of the
Universidad Catolica de Chile, Chile. Informed consent
was obtained from the patients before enrolment into
the study. All patients were using inhaled B-agonists,
10 subjects in each group were also taking ipratro-
pium bromide, and all but two subjects in each group
were using theophylline. Three patients in each group
were using inhaled steroids, and three controls and
two NIMV patients were takmg systemic steroids
(prednisone: 5-7.5 mg-day™"). No patient was on diure-
tics. All patients had stopped smoking for >1 yr before
the study and were on long-term oxygen therapy. None
were participating in a respiratory training programme
nor were receiving home mechanical ventilation. No
patient had previous exposure to NIMV.

Study design

A two-arm, single-blinded, randomised study of
active NIMV versus sham NIMV (s-NIMV) was
designed. The study was blinded for patients and
physicians responsible for their clinical care. Based on
the authors’ pilot work [4] and in previous reports [1],
it was estimated that a sample size of > 18 subjects for
each arm was required to detect a difference of
>0.67 kPa (5 mmHg) in Pa,CO,, with a power of 80%
and an alpha level of 5%, using an unpaired two-tailed
test of statistical significance.

Patients first entered a 2-week run-in period, using
their current medication, during which they were
familiarised with measurements. Spirometry, arterial
blood gases and clinical status were assessed at the
time of recruitment and at the end of the second week.
This was followed by a 3-week study period, during
which they were randomly allocated to NIMV or
s-NIMYV using a table of random numbers. To assure
a correct application of the treatment regimen,
ventilation was applied under direct supervision at
the pulmonary function laboratory, on an outpatient
basis.

NIMYV was delivered through a silicone face mask
(Hans-Rudolph, Kansas City, MO, USA) via a bilevel
positive airways pressure (BiPAP) ventilator system in
spontanecous mode (model S/T-D; Respironics Inc.,
Murrysville, Pennsylvania, USA) and s-NIMV via a
Siemens Servo ventilator 900C (Siemens, Solna,
Sweden) in continuous positive airways pressure
(CPAP) mode. NIMV and s-NIMV were applied
3 h-day™, 5 days a week, during 3 weeks, as previously
descrlbed [4]. In the NIMV group, the level of
inspiratory positive airways pressure (IPAP) was
gradually increased from 8 cmH,O, by 2 cmH,O
steps during the first hour of ventilation, to obtain
the highest tolerated level that was subsequently held
constant for the rest of the study. The mean level of
IPAP used was 18+2 cmH,0, whereas the expiratory

positive airway pressure was set at minimum
(2 cmH»0). A similar approach has been used in
previous studies [6, 7].

In the present study, the main objective of high
inspiratory pressures was to induce major changes in
the pattern of breathing during the ventilation
sessions [8]. It has been reported that changes in the
pattern of breathing could reduce lung hyperinflation
both in mechanically ventilated patients [9] and in
COPD patients during exercise [10]. In the s-NIMV
group, a low level CPAP of 2 cmH,O was used in
order to reduce the imposed work of breathing of
ventilator circuits [11]. The protocol allowed admin-
istration of supplemental oxygen in variable concen-
trations for both groups in order to maintain an
arterial oxygen saturation (Sa,0,) of ~94% during
sessions. No patient in the NIMV group needed supple-
mental oxygen to achieve the target Sa,0,, whereas all
controls were supplemented with a mean inspiratory
oxygen fraction of 0.25+0.02. All other therapies were
maintained unchanged throughout the study.

Measurements

Baseline measurements, including arterial blood gas
tensions, spirometry, lung volumes, and respiratory
mechanics were evaluated at the end of the run-in
period, and reassessed 24 h after the last session of
mechanical ventilation.

Spirometry, lung volumes and arterial blood gases

Subjects were studied sitting upright in a comfor-
table chair, breathing room air, ~2 h after inhalation
of their bronchodilating medications. Spirometry was
performed with a calibrated dry spirometer (Vitalo-
graph®, London, UK) according to American
Thoracic Society standards [12]. Absolute lung
volumes were measured with the nitrogen-washout
method (SensorMedics Corp., Yorba Linda, CA,
USA). Maximal expiratory flow/volume curves were
constructed by plotting maximal expiratory flows
against their respective lung volumes: total lung
capacity (TLC), peak expiratory flow rate, 75%, 50%
and 25% of forced vital capacity (FVC) and residual
volume (RV). Reference values from KNUDSON ef al.
[13] for spirometry and from the European Commu-
nity for Steel and Coal for lung volumes [14] were
used. Resting daytime arterial blood gases were
measured with a Ciba Corning 238 gas analyser
(Ciba Corning Diagnostic Corp., Massachusetts, USA).

Breathing pattern, respiratory mechanics and central
drive

Airflow was measured with a heated Fleisch
number 2 pneumotachograph (Fleisch, Lausanne,
Switzerland) and a differential pressure transducer
(MP45, +2 cmH,0; Validyne Corp., Northridge, CA,
USA). Volume was obtained by numerical integration
of the flow signal. Tidal volume (V'T), inspiratory (1)
and expiratory time (ZE), total breath duration and the
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mean inspiratory flow (VT/tI) were obtained as
average values from 1-min records of flow and
volume. Pressure at airway opening (Pao) was
measured through a side port of the mouthpiece
using a differential pressure transducer (MP45,
+100 cmH»0). Oesophageal (Poes) and gastric (Pga)
pressures were measured using two balloon-tipped
catheters connected to two differential pressure
transducers (MP45, +100 cmH>0), located in the
middle third of the oesophagus and in the stomach,
respectively. Transpulmonary (PL) and transdiaph-
ragmatic (Pdi) pressures were obtained by subtracting
Poes from Pao and Pga, respectively. Dynamic intrinsic
positive end-expiratory pressure (PEEPi,dyn) was
measured from the transpulmonary signal [15],
corrected for expiratory muscle activity [16]. The
inspiratory PL profile was divided into elastic and
resistive components as previously described, to allow
calculation of dynamic lung elastance (EL.dyn=dyna-
mic lung compliance™') and inspiratory lung resistance
(RL) [15]. Mean inspiratory pressure swings (PI) were
measured from PL (PI) and Pdi signals, respectively.
Maximal inspiratory pressure (PLmax) was measured
at the mouth from functional residual capacity (FRC).
Maximal Pdi (Pdi,max) was measured during Mueller
manoeuvres against an occluded airway at FRC. Air-
way occlusion pressure was measured using a one-way
valve (Hans-Rudolph) connected to an electrically driven
occlusion valve attached to the inspiratory line [17].

Derived variables

Effective lung impedance was determined as the PI/
VT/t1 ratio. Effective respiratory system impedance
(Po.1/V'T/t1) was calculated as previously described [18].
The pressure/time product of the diaphragm (PTPdi)
was obtained by measuring the area under the Pdi/time
relationship [19]. The tension/time index of the
inspiratory muscles (TTI) and of the diaphragm
(TTdi) was calculated as reported [15, 20].

Ventilation studies

In a subset of 16 patients (eight per group), the
pattern of breathing and respiratory mechanics were
measured during mechanical ventilation on the first
day of the study. The patients were studied in a
semirecumbent position once they were accustomed to
the experimental setting and appeared to be relaxed
(~1 h after institution of mechanical ventilation).
During NIMYV, the pneumotachograph was inserted
between the face mask and the nonrebreathing valve
of the ventilator circuit and during s-NIMV, between
the Y-piece of the ventilator and the face mask. Pao
was sampled via a side port inserted between the face
mask and the pneumotachograph. All other variables
were obtained as previously stated.

Signal processing

Pressure and flow signals were amplified (AC
Bridge amplifier-ACB module; Raytech Instruments,

Vancouver, BC, Canada) and sampled simultaneously
at a rate of 100 Hz by a 16-bit analogue-to-digital
converter (Direc Physiologic Recording System; Ray-
tech Instruments).

Statistical analysis

The results are expressed as meantsp. Baseline
values of experimental groups were compared using
an unpaired t-test. Changes in experimental groups
were compared using a two-way analysis of covar-
iance controlling for baseline values. Changes within
each group were reported as mean and 95% con-
fidence interval. Relationships between the changes in
Pa,co,, PEEPi,dyn and those in spirometry, lung
volumes, respiratory mechanics, and inspiratory
muscle function, were assessed using Pearson correla-
tions and linear regression analyses. Statistical sig-
nificance was defined as a two tailed p-value of <0.05.

Results
Run-in period and baseline measurements

Two patients were excluded because their Pa,CO, fell
below 6.65 kPa (50 mmHg) during the run-in period
and two because of a clinical exacerbation. Among the
36 randomised patients, mean FEV1 and Pa,CO, were
7554203 mL and 7.45+0.67 kPa (56+5 mmHg) at the
time of recruitment, and the mean changes during
run-in period were not significant: 11 (-4.5-26) mL
and 0.06 (-0.01-0.12) kPa (0.42 (-0.07-0.90) mmHg)
respectively. Baseline characteristics of the 18 treated
and 18 control subjects are shown in table 1.

Ventilation studies

Figure 1 shows the changes in the pattern of
breathing from spontaneous breathing to s-NIMV

Table 1.—Baseline demographic and respiratory function
data

s-NIMV NIMV
Age yrs 67+7 6718
Sex F:-M 3:15 5:13
BMI kg-m? 25.144 24.9+4
pH 7.39+0.02 7.39+0.02
Pa,co, kPa 7.36£0.67 7.57+0.80
P20, kPa 6.5620.80 6.0240.93
HCO; mEq-L’! 31.941.9 31.3%1.7
FEVI L 0.81440.21 0.719£0.20
FVCL 2.2440.7 2.1140.8
FEF25-75% L-s™! 0.2520.08 0.21+0.8

NIMV: noninvasive mechanical ventilation; s-NIMV: sham
NIMYV; F: female; M: male; BMI: body mass index; Pa,CO,:
arterial carbon dioxide tension; Pa0,: arterial oxygen
tension; HCOj3™: serum bicarbonate; FEV1: forced expira-
tory volume in one second; FVC: forced vital capacity;
FEF25-75%: forced mid-expiratory flow. None of the
differences were statistically significant.
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Fig. 1.—Spirograms comparing the breathing pattern during spon-
taneous breathing (@) with the breathing pattern during a) sham
noninvasive mechanical ventilation (continuous positive airway
pressure, O) and b) noninasive mechanical ventilation (bilevel
positive airway pressure, O) in eight patients from each group.
Values are presented as meant+SEM. VT: tidal volume.

or NIMYV in the eight patients of each group measured
during the first day of the study. As expected, using a
high-level inspiratory pressure setting led to significant
increases in VT and ¢E (p<0.01) during NIMV. By
contrast, no changes in the pattern of breathing were
found in controls.

In the eight controls, changes in PTPdi were not
significant (from 408+113 to 438+113 cm H,O-min™),
indicating that sham ventilation with the Siemens
Servo ventilator was not associated with a significant
increase in the inspiratory load. In contrast, in the
eight patients studied, a significant reduction in PTPdi
compared with spontanecous breathing, was found
after institution of NIMV (from 394499 to 203+
79 emH,O-min™'; p<0.001), indicating a 48% reduc-
tion in diaphragmatic load during assisted ventilation.

Persistent physiological effects of noninvasive mechanical
ventilation

At the end of the NIMV treatment period, a slow
and deep pattern of breathing was spontaneously
maintained and significant improvements in arterial
blood gases were found (table 2). Changes in Pa,CO,

Table 2.—Arterial blood gases, spirometry and lung
volumes before and after 3 weeks of noninvasive
mechanical ventilation (NIMV)

Baseline Final Mean (95% CI)
change from

baseline after NIMV

Pa,co, kPa

s-NIMV 7.3620.67 7.25+0.80

NIMV 7.5740.80 6.45+0.53 -1.12 (-1.52--0.73)
Pa,0, kPa

s-NIMV 6.56+0.80 6.7320.80

NIMV 6.02+0.93 7.17£1.06* 1.14 (0.70-1.50)
V'E L-min’!

s-NIMV 10.10£3  10.28+2

NIMV 10.86+4 12.0143* 1.16 (0.05-2.28)
VT, mL

s-NIMV 5524147 5434133

NIMV 514+173 6941937 181 (110-252)
ftot S

s-NIMV 3.36+0.8 3.25+0.8

NIMV 2.95+0.8 3.62E1.1%  0.67 (0.29-1.06)
FEV1 % pred

s-NIMV 37.6+11 36.7+11

NIMV 31.749  358+11% 4.1 (1.5-6.9)
FVC % pred

s-NIMV 80121 78420

NIMV 71+17  80+18" 9 (5-13)
FEVI/FVC %

s-NIMV 37949 38319

NIMV 36.6£10 37.1£12 0.5 (-1.7-2.8)
FEF25-75% L-s™!

s-NIMV 0.2520.08 0.2440.08

NIMV 0.20+0.08 0.25£0.09% 0.05 (0.015-0.076)
TLC % pred

s-NIMV 133£24 136425

NIMV 127424 1174237 10 (-13--7)
FRC % pred

s-NIMV 171441  175+42

NIMV 173+£36 1484357 225 (-31--18)
RV % pred

s-NIMV 201455 209451

NIMV 201448 1654497  -36 (-45--27)

CI: confidence interval; Pa,CO,: arterial carbon dioxide
tension; s-NIMV: sham NIMV; Pa0, arterial oxygen
tension; V’E: minute ventilation; VT: tidal volume; ttot:
total breathing cycle time; FEV1: forced expiratory volume
in one second; % pred: % predicted; FVC: forced vital
capacity; FEF25-75%: forced mid-expiratory flow; TLC: total
lung capacity; FRC: functional residual capacity; RV:
residual volume. Analysis of covariance: *: p<0.05; *
p<0.01; T: p<0.001.

were of variable magnitude, with six patients exhibit-
ing a reduction between 1.06-3.06 kPa (8-23 mmHg),
whereas in the other 12 subjects it ranged only from
0.53-0.80 kPa (4-6 mmHg). Those patients with
greater changes showed higher baseline values of
Pa,CO, (p<0.05) and higher but nonsignificant values
of PEEPi,dyn, P1, PI/VT/t, Pl/Plmax, suggesting that
they had a more advanced disease. Subsequently, all
comparisons were performed with and without those
six patients, but no differences were found.

The NIMV group also exhibited significant reduc-
tions in FRC and RV, and a mild decrease in TLC,
whereas FEV1, FVC, and forced mid-expiratory flow
increased. Changes in FEV1 and FVC were found to
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be proportional, as the FEV1/FVC ratio did not vary.
A reduction in mechanical loads and respiratory
centre drive was also observed (table 3), in terms of
EL.dyn, RL, PEEPi,dyn, P1, TTI, and Po.1. Although
PlLmax and Pdimax increased after NIMV in compar-
ison to baseline values, the change was not significant
when compared to control subjects (table 3).

Figure 2 shows the baseline and final composite
maximal expiratory flow/volume curves in absolute

Table 3.—Respiratory mechanics and inspiratory muscle
function before and after 3 weeks of noninvasive
mechanical ventilation (NIMV)

Baseline Final Mean (95%

CI) change
from baseline
after NIMV

Po.1 cmH>O

s-NIMV  4.0+2.1 4.1+2.4

NIMV 42+1.9 3.1£1.37 -1.1 (-1.6--0.6)

Po./VTit

cmH,O-L!-s!

s-NIMV  7.6%4.0 7.313.6

NIMV 7.8+2.8 4.941.47 -2.9 (-3.8--2.0)

EL.dyn

cmH,O-L!

s-NIMV  7.61+4.2  7.63%4.1

NIMV  898+3.7 4.79+1.77  -4.18 (-5.6--2.7)

RL

emH,O-L s

s-NIMV  11.0+4.1 10.9+3.8

NIMV 8.9+49  64x3.11  -2.5(-4.0—1.1)

PEEPi,dyn

cmH,O

s-NIMV  2.55+1.1  2.69%1.2

NIMV 2.56%1.5 1.71£0.97  -0.85 (-1.2—-0.5)

P1 cmH>O

s-NIMV  11.94+3.3 12.4+3.4

NIMV  114+3.0  87+22"  -2.7(-3.8—1.5)

PImax

c¢cmH>0

s-NIMV 59+11 63£12

NIMV 55+15 63£16 8 (4-12)

P1/P1,max

s-NIMV  0.20+0.06 0.20£0.06

NIMV  0.22+0.07 0.14+0.04" -0.08 (-0.10—-0.04)

TTI

s-NIMV 0.065£0.02 0.064£0.02

NIMV  0.07240.03 0.048+0.02" -0.024 (-0.03—0.02)
Pdi,max
c¢cmH,0
s-NIMV 79123 82421
NIMV 6617 77%18 11 (5-17)
TTdi

s-NIMV 0.044£0.01 0.040+0.01

NIMV  0.050+0.02 0.040£0.02  -0.01 (-0.018—-0.001)

CI: confidence interval; Po.1: mouth occlusion pressure
100 ms after onset of inspiratory effort; s-NIMV: sham
NIMYV; Po.l/V1/t: effective respiratory impedance; EL.dyn:
dynamic lung elastance; RL: inspiratory lung resistance;
PEEPi,dyn: intrinsic positive end-expiratory pressure; PI:
mean inspiratory pressure swing; PLmax: maximal inspira-
tory pressure; TTI: tension/time index of the inspiratory
muscles; Pdi,max: maximal transdiaphragmatic pressure;
TTdi: tension/time index of the diaphragm. Analysis of
covariance: : p<0.001.
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Fig. 2. - Baseline (M) and final (O) maximal expiratory composite
flow/volume curves in noninvasive mechanical ventilation patients.
Curves were constructed by plotting maximal expiratory flows
against their respective lung volumes: total lung capacity, peak
expiratory flow rate, 75, 50 and 25% of forced vital capacity and
residual volume. Values are presented as mean+SEM.

values for the NIMV group. After NIMV, RV was
reduced more than TLC, resulting in a mean increase
in FVC of 259 (145 to 372) mL, isovolume expiratory
flows increased, and the convexity of the flow/volume
loop remained unchanged. FRC was also found to be
reduced more than TLC, resulting in an increase in
inspiratory capacity of 235 (177-292) mL.

Correlates for changes in arterial carbon dioxide
tension and dynamic lung hyperinflation

Changes in Pa,CO, were most strongly related to
APEEPi,dyn (r=0.72; p<0.0001), as shown in figure 3.
The changes in both parameters were closely related
to changes in several lung function parameters,
including changes in lung volumes, such as FRC and

1-
0-
g
5
<
<
2
-3

R IR
APEEPi,dyn ¢cmH20

Fig. 3.—Relationship between changes (A) in the carbon dioxide
tension in arterial blood (Pa,c0,) and dynamic intrinsic positive
end-expiratory pressure (PEEPi,dyn). @: noninvasive mechanical
ventilation patients; O: control subjects. Regression line: APa,co,:
-2.94+4.9xAPEEPi,dyn (r*=0.52; p<0.0001).
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Table 4.—Correlation coefficients of linear regression
between changes (A) in arterial carbon dioxide tension
(Pa,c0,) and in dynamic intrinsic positive end-expiratory
pressure (PEEPI) with changes in various lung function
tests

APa,co, mmHg  APEEPi,dyn cmH,0

r p r p
APYVTIN 0.69 <0.0001 0.77 <0.0001
cmH,O-L st
AVT L -0.69 <0.0001 -0.53 <0.005
ATTI 0.69 <0.0001 0.69 <0.0001
AFEV1 L -0.62 <0.0001 -0.39 <0.05
APUPLmax 0.62  <0.0001 0.64 <0.0001
AEL dyn 0.62 <0.0001 0.40 <0.05
emH,0-L™!
AP1, cmH,O 0.59  <0.0001 0.72 <0.0001
AFEF2575% L-s! -0.57 <0.0001  -0.31 NS
AFRC L 0.56  <0.001 0.46 <0.01
AIC L -0.55  <0.001 -0.43 <0.02
ARL 0.54  <0.005 0.65 <0.0001
emH,O-L!-s™!
AP0/ VTN 0.53  <0.005 0.38 <0.05
cmH,O-L!-s7!

PEEPi,dyn: dynamic intrinsic positive end-expiratory pres-
sure; PI: mean inspiratory pressure swing; PI/VT/t: effective
inspiratory impedance of the lung; F'T: tidal volume; TTI:
tension/time index of the inspiratory muscles; FEV1: forced
expiratory volume in one second; PlLmax: maximal inspira-
tory pressure; EL.dyn: dynamic lung elastance; FEF25-75%:
forced mid-expiratory flow; FRC: functional residual
capacity; IC: inspiratory capacity; RL: inspiratory lung
resistance; P0.1/VT/t1: effective impedance of the respiratory
system; NS: nonsignificant.

inspiratory capacity (table 4). In addition, the changes
in PEEPi,dyn after NIMV were highly related to
baseline values (r=-0.88) and the regression line was
significantly different compared with after s-NIMV
(p<0.001), as shown in figure 4.

3-
2 o}
o
=
1<
&)
h’_f-
L
L
o
<
-3 [ J
'4’ r T T T T T 1

0 1 2 3 4 5 6
Baseline PEEPi,dyn ¢cmH20

Fig. 4. —Relationship between changes in dynamic intrinsic posi-
tive end-expiratory pressure (APEEPi,dyn) and baseline values.
Closed circles and the full regression line apply to noninvasive
mechanical ventilation patients, where APEEPi,dyn=0.26-0.43x
baseline PEEPi,dyn (1’=0.77; p<0.0001). Open circles and dashed
regression line represent control subjects, where APEEPi,dyn=
0.38-0.09xbaseline PEEPi,dyn (r’=0.02).

Discussion

The main findings of the present study are: 1)
short-term application of intermittent NIMV to stable
hypercapnic COPD patients decreases lung hyper-
inflation, thus reducing inspiratory loads; and 2) the
concomitant reduction of hypercapnia was related to
the decrease in lung hyperinflation.

The results are in agreement with those of ELLioTT
et al. [3], who found that the decrease of hypercapnia
after NIMV was related to a reduction in inspiratory
loads, gas trapping, and central breathing drive.
Indeed, an inverse relationship was found between
the increase in VT and the reduction in mecha-
nical loads, such as EL.dyn, (r=-0.70; p<0.0001) and
PEEPi,dyn (r=-0.52; p<0.01). In addition, the close
relationship between the changes in Pa,CO, and
APEEPi,dyn (fig. 3) suggests that reduction of dynamic
lung hyperinflation is an important mechanism under-
lying changes in arterial blood gas tensions. It must
be stressed that PEEPi,dyn, as measured in the pre-
sent study, reflects the lowest regional end-expiratory
alveolar pressure and most probably underestimates
the threshold load resulting from dynamic hyperinfla-
tion. Interestingly, a reduction in PEEPi,dyn that
closely resembles that found in these patients was
present in the study of Nava et al. [21] after 4 weeks of
NIMV. Although the changes (from 2.4+1.4 to
1.9£1.8 cmH,0) were not significant, the number of
patients studied was small and beta error could have
influenced their results. Indirect evidence for changes
in inspiratory loads were also described by FERNANDEZ
et al. [22], who found a sustained decrease in mean
oxygen consumption after only two sessions of NIMV,
suggesting a reduction in the work of breathing.

Conversely, recovery from respiratory muscle fati-
gue appears to be an unlikely explanation for the
present findings. Although a reduction of the dia-
phragm load was found during NIMYV, in line with
previous reports [8, 23], the TTdi found in the patients
during spontaneous breathing was far below the
critical value associated with diaphragmatic fatigue
[20]. In addition, neither PlI,max nor Pdi,max increased
significantly after NIMV. These results are in agree-
ment with StMiLowsK1 et al. [24] and LEVINE et al. [25],
who have shown that diaphragmatic muscle function
is preserved, whereas tolerance to fatigue increased in
advanced COPD. In addition, GARROD et al. [7] have
found favourable results using NIMV in nonhyper-
capnic COPD patients, where the presence of chronic
inspiratory muscle fatigue is not expected. However, a
note of caution is necessary, since the first two studies
were apparently performed in nonhypercapnic COPD
patients and in the study of GARROD et al. [7] the
simultaneous application of exercise training makes
it difficult to identify the isolated effects of NIMV.
Accordingly, although improbable, a primary improve-
ment of inspiratory muscle function after NIMV, with
subsequent changes in shallow breathing pattern and
lung hyperinflation cannot be totally discarded. For
simplicity’s sake, in the following discussion it is
assumed that muscle fatigue did not play a role in the
present study’s results.

A possible explanation for the significant reduction
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in lung volumes after NIMV was the marked increase
in expiratory time during NIMV (fig. 1), which could
favour the emptying of slow lung units. It is possible
that a lower end-expiratory volume may be reached at
the end of each ventilation session and, thereafter, be
maintained by a newly adopted spontaneous pattern
of breathing. Indeed, APEEPi,dyn was found to be
inversely related to changes in VT (r=-0.52; p<0.01)
and ¢E (r=-0.36; p<0.05).

It could be argued that lung deflation was merely
the result of a reduction in airway obstruction,
revealed by the significant increase in FEV1 and
maximal expiratory flows observed after NIMV in
these cases. Although some lung deflation may occur
in response to bronchodilator treatment in severe
COPD patients [26], this is an unlikely explanation for
the results of the present study considering the
magnitude of deflation and the absence of significant
change in lung volumes in the control group, despite
of the similar medication used in both groups.
An increase in FEV1 (p=0.051 calculated from the
published data) was also found by ELLIOTT et al. [3].

Changes in FEV1 were proportional to those of
FVC, and consequently the FEVI/FVC ratio did not
change, indicating that the improved maximal expira-
tory flow rates reflected increased volume recruitment,
i.,e. RV was reduced more than TLC with a resultant
increase in vital capacity (VC; fig. 2). Interestingly, the
increase in maximal expiratory flows associated with
lung deflation, mimics the functional effects of lung
volume reduction surgery [27, 28]. Indeed, a flow/
volume curve similar to that shown in figure 2, ie.
exhibiting selective reduction of RV relative to TLC
with higher isovolume maximal expiratory flows and
no significant effect on the expiratory time constant,
has been recently described in COPD patients submitted
to lung volume reduction surgery [28]. In such patients,
this type of response was explained by an increased
lung elastic recoil at TLC [27, 28]. Changes in VC
after NIMV have been previously reported by BRAUN
and MariNo [29], AMBROsINO et al. [30], and PERRIN
et al. [31], although in the latter study did not reach
statistical significance.

Another possible explanation for the decrease in
lung hyperinflation is an improvement in airway
resistance. This hypothesis is consistent with the
close relationship found between APEEPi,dyn and
ARL (table 4), but the reasons why airway resistance
should change following NIMYV are not clear and were
not addressed in the present study. It could be
speculated that it was secondary to persistent correc-
tion of hypoxia, considering that a primary effect of
hypoxaemia is an increase of airway resistance and
its correction can reduce postinspiratory inspiratory
activity and dynamic lung hyperinflation [32]. In
addition, the improvement of alveolar ventilation
might cancel out hypercapnia-induced salt and water
retention [33], thus reducing airway narrowing.
Recently, Burns and GissoN [34] suggested that
applying positive intrathoracic pressure by NIMV
could have the effect of reducing airway wall oedema.
This hypothesis might also help to explain the
improvement in airway resistance in these subjects
and the resulting lung deflation. However, it is also

possible that changes in resistance merely reflect
recruitment of normal lung, previously collapsed by
hyperinflated emphysematous areas, with a conse-
quent increase in airway tethering. If the latter is true,
changes in resistance should be considered more a
result than a cause of lung deflation.

A pattern of slow and deep breathing was also
found after NIMV in this study and the reduction in
Pa,co, was closely related to the increased VT, in line
with NAvA et al. [21]. Similar changes in the pattern of
breathing have been previously reported by several
authors using negative [35-37] or positive pressure
ventilation [3, 21], which were attributed to an
improvement in inspiratory muscle strength [21,
35-37] or in chemosensitivity to carbon dioxide [3].
Conversely, in the present study, the increase in
V'T was significantly related to APEEPi,dyn (table 4),
AFRC (r=-0.50; p<0.005) and ARV (r=-0.47; p<0.005),
even in the presence of a decreased drive to breathe
(Po.1) and a small and nonsignificant increase in
PI,max.

Changes in Pa,CO, were striking and greater than
those reported in recent controlled studies [6, 21].
However, this was only true for a small fraction of
the patients in this study (six of 18), whereas in 12
of them, the changes were within a range of
0.53-0.67 kPa (4-5 mmHg; fig. 3). As pointed out by
Nava et al. [21], these findings could be explained by
the presence of subgroups of patients with different
levels of response to NIMYV application. However, the
current authors did not find nonresponders in terms of
Pa,CO, as reported by ELLIOTT ef al. [3] and by Nava
et al. [21], even though the severity of COPD was
very similar in the three studies, suggesting that there
may be another explanation for these findings. The
difference could be related to the manner in which
NIMYV is applied. In the above-mentioned studies [3,
6, 21], NIMV was applied during sleep and using a
nasal mask, and it is known that patients using this
interface may receive a lower than expected support
by simply opening their mouth [38]. Consequently,
V'Ts delivered during NIMV could have been variable
along the study period in those reports. It is note-
worthy that using negative pressure ventilators, where
the VT should be expected to be stable in well-adapted
patients, mean reductions in Pa,CO, of ~1.06 kPa
(8 mmHg) were found in the studies that closely
matched these results [1].

The present study suggests that COPD patients with
hypercapnia and dynamic lung hyperinflation may be
a particular subgroup that is likely to benefit from
NIMYV. Other recent studies in hypercapnic patients
have given conflicting results [6, 23, 36, 39], but only
two of these studies employed sham ventilation [23,
39] to rule out a placebo effect [40]. RENsTON et al. [23]
reported an improvement in exercise capacity and a
reduction in dyspnoea score after only 5 days of
NIMYV, without changes in blood gases. Longer
unsupervised studies using a mean IPAP of 12 cmH,O
were unable to show improvements in blood gases and
clinically relevant benefit of NIMV [39, 41]. In
contrast, the study of MEeecHAM JonEs et al [6]
which used an IPAP closer to that used in the present
study, showed positive results. As previously mentioned,
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the level of IPAP appears to be important, given
that higher levels are associated with significant
changes in the pattern of breathing (lower respiratory
rates and greater V'Ts) and reduction of Pa,CO, [8]. In
addition to all the previous possibilities, the consistent
changes observed in this study may be due to the close
supervision of ventilation at the laboratory and the
duration of treatment in a group of patients selected
for presenting hypercapnia.

Another difference from previous communications
is that the present study was performed in awake
patients, whereas home NIMV is usually prescribed
at night. As the goal was to study the physiological
effects of NIMV, a daytime setting was chosen, in
order to control the appropriate use of ventilators
and to be able to use invasive techniques to measure
respiratory system mechanics and inspiratory muscle
function as needed. Although previous reports using
negative pressure ventilators [22, 30, 35-37] have
shown favourable results with daytime application, it
should be stressed that this study was not designed to
define a schedule to administer NIMV. Interestingly,
daytime NIMYV appears to be as effective as nocturnal
NIMYV in improving arterial blood gases in patients
with restrictive thoracic disorders and neuromuscular
disease [42]. In addition, the daily time duration of
NIMYV in this study could be considered too short, but
again it should be noted that in three recent larger
studies [7, 31, 41] involving 51 patients, 17 used
ventilators for ~4 h or less due to poor tolerance.
Similarly, in the frequently quoted study of MEECHAM
JonEs et al. [6] the lower limit of use was 4 h. In fact,
the large variation in daily hours of use observed in
the published studies, including negative and positive
pressure ventilators [1], clearly reveal that an appro-
priate schedule is not known.

One important limitation of this study is that it was
not blinded for evaluators because the poor tolerance
to sham-BiPAP precluded its use. In the larger study
performed by CasaNova et al [41], sham-BIPAP
was also discarded due to intolerance. In spite of this
limitation, patients and physicians in charge of their
clinical care were blinded to randomisation, thus
avoiding a potential bias related to changes in their
current medication. Furthermore, spirometry and
lung volumes were measured by a trained nurse
unaware of the purposes of the study and the
randomisation of patients. Another problem is that
the sham group was assigned to CPAP using a Servo
Siemens ventilator, and it is known that these
ventilators can impose a significant amount of work
of breathing [11]. A low-level pressure was used to
deal with that problem, and measurements of the
PTPdi confirmed that the work of breathing during
ventilation sessions was not significantly increased
compared with spontaneous breathing in the sham
group. It was decided not to use higher levels of
CPAP, because values of ~5cmH,0O could signifi-
cantly reduce PEEPi,dyn and unload inspiratory muscles
[43], making results in the control group difficult to
compare with NIMV patients.

In summary, these results show that application of
noninvasive mechanical ventilation to severe stable
hypercapnic chronic obstructive pulmonary disease

patients can significantly improve daytime blood-gas
tensions in relation to a decrease in pulmonary
hyperinflation and inspiratory loads and to the
adoption of a slow deep pattern of breathing. These
data do not support the hypothesis that these
improvements are due to a relief in chronic inspiratory
muscle fatigue.
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