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ORIGINAL

Differential cardiovascular responses
during weaning failure: effects on tissue
oxygenation and lactate

Abstract Objective: To test the fol-
lowing two hypotheses during wean-
ing failure: (a) mixed venous oxygen
saturation (SvO,) does not decrease
in patients whose oxygen consump-
tion does not increase, and (b) blood
lactate may increase in patients who
demonstrate substantial decreases in
SvO,. Design and setting: A
prospective observational and physi-
ological study in a 30-bed university
intensive care unit. Patients and
participants: 18 patients who failed
weaning and 12 patients who suc-
ceeded weaning (controls). Measure-
ments and results: Hemodynamics,
global tissue oxygenation, cardiovas-
cular response (cardiac index/oxygen
extraction diagram), and blood lac-
tate were measured in ventilator-
supported patients undergoing a
spontaneous breathing trial. In pa-
tients who failed without having in-
creased their oxygen consumption
(n=9) the increase in oxygen delivery
was accompanied by a decrease in

oxygen extraction (by 15+4%). In
patients who failed (n=9) having in-
creased their oxygen consumption
(by >10%) this increase was met
mainly by an increase in oxygen ex-
traction (by 30+7%). SvO, increased
by 2+1% in the former patients,
whereas it decreased by 20+5% in the
latter. Arterial lactate increased
(range 2.3-3.1 mM/1) in only three
patients who failed to have increased
oxygen consumption and exhibited
heart failure and the highest de-
creases in SvO, (by 12-39%). Con-
clusions: Patients whose SvO, does
not decrease during weaning failure
do not have increased oxygen con-
sumption probably due to respiratory
center depression in some of them.
Patients whose SvO, decreases have
increased oxygen consumption.

Keywords Ventilation -
Hemodynamics - Heart failure -
Cardiac output - Mechanical
ventilation

Introduction

Discontinuation of ventilator support is difficult in about
20% of ventilated patients, presenting a great challenge
for clinicians largely because the pathophysiological de-
terminants of weaning failure are multiple, complex, and
inadequately understood [1, 2]. To define the importance
of hemodynamic performance and global tissue oxygen-
ation in determining weaning outcome, mixed venous
oxygen saturation (SvO,) was continuously recorded in
ventilator-supported patients during a trial of spontaneous

breathing [2]. On discontinuation from the ventilator
SvO, fell progressively in the patients who failed the trial
(due to a combination of a relative decrease in oxygen
delivery and an increase in oxygen extraction by the tis-
sues) whereas it did not change in those patients who
succeeded [2].

However, we have observed during monitoring of
weaning trials that some patients fail to wean without
having decreased SvO,. Although hemodynamics and
tissue oxygenation of these patients have never been re-
ported, one should expect that oxygen extraction does not
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increase. Theoretically this may occur with or without an
increase in oxygen consumption during the failing
weaning trial compared to the previous state of ventilator
support. If oxygen consumption were increased, the only
way that oxygen extraction would not increase would be a
substantial and proportional increase in cardiac output and
oxygen delivery. Nevertheless, it is well known that
weaning can potentially place an excessive cardiovascular
burden on the heart [1, 2, 3], but such a proportional
increase in cardiac output is not expected. Moreover,
based on exercise physiology and on the consideration of
weaning as a kind of exercise [3], such a response is
unlikely. This is because patients with overt heart failure
have increased oxygen consumption during exercise by
predominant increases in oxygen extraction, but healthy
volunteers by combined increases in cardiac output and
oxygen extraction [4, 5, 6]. Since increased oxygen ex-
traction is always observed when oxygen consumption
increases, we hypothesized that during weaning failure
SvO, does not decrease (i.e., oxygen extraction does not
increase) in patients whose oxygen consumption does not
increase.

During weaning failure the oxygen cost of breathing
may increase to such an extent that the strenuously
working respiratory muscles may ‘“steal” oxygen and
blood from other tissues [1, 7]. If cardiac output is lim-
ited, and the increase in oxygen consumption during
weaning is not met by an increase in cardiac output and
oxygen delivery, blood flow to regional tissue beds may
be compromised [1], inducing severe tissue hypoperfu-
sion and lactate production. Studies in animals [8] and
humans during either acute respiratory failure [9] or
weaning failure [10, 11] provide support in favor of this
mechanism. However, to our knowledge, blood lactate
levels have not been assessed during weaning. We hy-
pothesized that during weaning failure blood lactate in-
creases in patients who demonstrate substantial decreases
in SvO,.

The aim of this study was to test the previous two
hypotheses during weaning failure, i.e., (a) SvO, does not
decrease in patients whose oxygen consumption does not
increase, and (b) blood lactate may increase in patients
who demonstrate substantial decreases in SvO,. Therefore
we evaluated weaning failure patients with variable SvO,
and oxygen consumption and assessed their cardiovas-
cular responses and blood lactate. The results of this study
have been presented in part in abstract form [12].

Methods

Patients

Thirty clinically stable patients who were intubated and mechani-
cally ventilated for at least 48 h were prospectively studied (Ta-
ble 1). Inclusion criteria for study entry were: (a) the underlying
cause of acute respiratory failure had resolved and the primary

physician had considered the patients ready to wean, and (b)
presence of systemic and pulmonary artery (PA) catheters inserted
as part of patient management. Patients with cardiac pacemakers
were excluded. All consecutive patients fulfilling these criteria
were included in the study. Fewer than 5% of patients in our in-
tensive care unit have a PA catheter in place during weaning. This
is due partly to the fact that our intensive care unit is a general one,
and that patients in whom a PA catheter is an almost standard part
of patient management (e.g., after cardiac surgery) are not usually
admitted. Nearly all patients included in the present study had been
several days on mechanical ventilation (MV) and had difficult
weaning with repeatedly failing weaning trials (Table 1). The
systemic and PA catheters were inserted by the patients’ physicians
to support the weaning process. The appropriate institutional ethics
committee approved the study, and informed written consent was
obtained (see also ESM, part 1a).

Measurements

To obtain hemodynamic measurements the proximal and distal
ports of the PA catheter and the systemic artery catheter were
connected to strain-gauge manometers that provided continuous
measurements of right atrial pressure, and pulmonary and systemic
arterial pressures, respectively. The PA occlusion pressure (Ppao)
and thermodilution cardiac output were determined. For gas ex-
change measurements blood samples were drawn from the arterial
line and the distal port of the PA catheter. SvO, was continuously
recorded (Oximetrix 3). Calculations of hemodynamic [e.g., sys-
temic vascular resistance (SVR)] and oxygenation [e.g., oxygen
delivery (TO,)] variables were performed (see also ESM, parts 1b
and 1c). Arterial blood lactate concentration was measured by the
end-point enzymatic technique (normal values <2 mmol/l [13]; see
also ESM, part 1b).

Protocol

Patients were placed in semirecumbent position and were ventilated
in the assist-control mode. Patients then underwent a spontaneous
breathing trial (subsequently called trial) via a T-piece circuit.
Trials lasted for 2 h unless the patient met the a priori defined
criteria of weaning failure at an earlier point of time [2, 14, 15] (see
ESM for the criteria, part 1d). Patients who met these criteria
during the 2-h trial were returned to MV and were designated as the
weaning failure group. Patients successfully completing the trials
were extubated; patients who sustained spontaneous breathing for
more than 24 h were designated the weaning success group [16] and
served as controls. During the trial 18 patients met the criteria of
weaning failure after 59+6 min and were returned to MV; 12 pa-
tients successfully completed the trial and were extubated after
115+2 min, without presenting signs of respiratory distress during
the next 24 h.

Measurements were performed during MV, immediately before
disconnection from the ventilator (MV), and at 5 min (Start), 1 h,
and 2 h (End) after the beginning of the trial; if the patient met the
criteria of weaning failure before the end of the 2-h trial, mea-
surements were made during the last minute of the trial (End).
Arterial lactate was also measured 2 h after extubation or re-
sumption of MV in patients who succeeded or failed weaning, re-
spectively.

Data analysis
Cardiovascular response to weaning was evaluated by interpreting

the relationship between cardiac index (CI) and oxygen extraction
ratio (O,ER) during the spontaneous breathing trials. In patients
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Table 1 Patients’ characteristics (MV mechanical ventilation, ET
endotracheal tube, ID internal diameter, MIP maximum inspiratory
pressure, S survived, D died, COPD chronic obstructive pulmonary
disease, CABG coronary artery bypass graft, Ca cancer, MVR mitral
valve replacement, AVR aortic valve replacement, 7B tuberculosis,
MOF multiple organ failure, CHF congestive heart failure, MI
myocardial ischemia, DM diabetes mellitus, GI gastrointestinal, a

tracheostomy tube; noVO, increase patients who failed and in
whom VO, increased by 10% or less, remained unchanged, or
decreased at the end of the spontaneous breathing trial compared
with MV;VO, increase patients who failed and in whom the VO,
increased by more than 10% at the end of the spontaneous breathing
trial compared with MV)

Patient Age, Sex  Days ET,ID MIP Previous Spontaneous ~ Diagnosis ICU
no. (years) of MV (mm) (cmH,0)  failed breathing out-
weaning trial duration come
trials (min)
Patients who
succeeded
1 74 M 9 8.5 40 2 120 COPD, operated lung Ca S
2 49 M 32 8.5a 25 1 110 Trauma, head injury S
3 72 M 7 8.5 50 2 100 COPD, stroke S
4 52 M 8 8.5 70 2 120 MVR S
5 68 M 4 8.5 50 1 116 AVR S
6 75 M 20 9a 40 3 115 CABG S
7 62 M 25 9a 50 4 120 Pneumonia, MOF S
8 58 F 7 8 55 2 105 COPD, CABG S
9 63 F 4 8 39 1 115 MVR S
10 52 F 5 8 50 1 120 CABG S
11 74 M 10 9 44 2 120 COPD, CHF S
12 68 F 9 8 47 3 120 COPD, GI bleeding S
Patients
who failed
noVO,
increase
13 73 M 6 9 25 2 80 COPD, CHF D
14 68 M 6 9 38 2 90 COPD S
15 84 M 14 8.5 30 4 35 COPD, GI bleeding D
16 77 F 7 8 30 1 60 Pneumonia, stroke S
17 65 F 40 8a 20 3 100 Tetraparesis S
18 86 F 4 8 20 1 36 Renal failure, pneumonia D
19 65 M 4 7 60 1 50 COPD, TB S
20 73 F 14 8 22 4 75 COPD, CABG D
21 58 M 5 8.5 60 2 40 COPD, operated lung Ca D
VO, increase
22 75 F 21 7.5 28 5 18 COPD, CHF D
23 64 M 18 8.5 20 5 30 CABG, MOF D
24 64 M 5 7.5 25 2 60 COPD, MI S
25 72 M 9 8 30 3 60 Operated lung Ca, MI D
26 62 F 20 8a 50 2 80 DM, CHEF, stroke D
27 42 F 6 8.5 50 1 72 COPD, operated lung Ca D
28 65 M 13 8.5 35 4 80 COPD S
29 62 F 4 8 25 2 30 COPD, CHF D
30 65 M 13 8.5 35 3 65 COPD, CABG S
whose oxygen consumption (VO,) increased a higher relative in-  Results

crease in O,ER than in CI on a CI/O,ER diagram was considered as
indicative of the presence of heart failure, whereas an equal or a
lower relative increase in O,ER than in CI was considered as re-
sponse indicative of sufficiently preserved cardiac function [5, 17].
Since the errors in calculating VO, from Fick’s equation (which
was used in this study) are between 5% and 10% [18], we con-
sidered that increases in VO, greater than 10% at the end of the trial
compared with MV would represent true increases in VO, [19].

Continuous SvO, measurements were analyzed [2]. Two-way
analysis of variance followed by Tukey’s “honestly significantly
different” test for post-hoc comparisons, ¢ test, Fisher’s exact test,
and Pearson’s test were used as needed. Values are means +SE (see
also ESM, part le).

The results of patients who succeeded weaning and their
comparison with the results of patients who failed are
included in the ESM, part 2. Patients who failed were
divided into two groups according to VO, responses
during the trial: those in whom VO, increased by 10% or
less, remained unchanged, or decreased at the end of the
trial compared to MV (“failure-noVO, increase group”),
and those patients in whom VO, increased by more than
10% at the end of the trial compared to MV (“failure-VO,
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increase group”). Nine patients were included in each
group (Table 1).

Respiratory variables

Maximum inspiratory pressure was similar in the failure-
noVO, increase group and the failure-VO, increase group
(33.9+5.3 vs. 33.1+3.6, p=0.9). During the trial breath
components were similar in the two groups except minute
ventilation, which was lower in the failure-noVO, in-
crease group than in the failure-VO, increase group
(Table 2; see also ESM, part 2a).

Mixed venous oxygen saturation

Whereas SvO, was not significantly different between the
failure-noVO, increase group and the failure-VO, increase
group during MV, during the trial SvO, did not change in
the failure-noVO, increase group whereas it decreased in
the failure-VO, increase group (Table 2). At the end of the
trial SvO, had increased by 2+1% in the failure-noVO,
increase group but decreased by 20+5% in the failure-VO,
increase group (p=0.001). In every patient of the failure-
noVO, increase group SvO, had either increased, re-
mained unchanged, or decreased more than 5% at the end
of the trial compared to MV, whereas in every patient of
the failure-VO, increase group SvO, decreased by at least
5% (see ESM, part 2b, for data on gas exchange).

Cardiovascular response and tissue oxygenation

The interrelationships between VO,, TO,, and O,ER are
demonstrated in Fig. 1. Cardiovascular response and tis-
sue oxygenation during weaning in patients who failed
(all patients lumped together) and those who succeeded
were similar, i.e., the increase in VO, was met by (in-
significant) increases in both TO, and O,ER (Fig. 1A).

Cardiovascular and tissue oxygenation responses in the
subgroups of patients who failed were different (Fig. 1B,
Table 2). In the failure-noVO, increase group the increase
in TO, was accompanied by a decrease in O,ER (by
15+4%), whereas in the failure-VO, increase group the
increase in VO, was met mainly by an increase in O,ER
(by 30+7%; p<0.0001 vs. failure-noVO, increase group).
The CI/O,ER ratio, an index of adequate compensation
by both central and peripheral compensatory mechanisms
[20], increased in the failure-noVO, increase group dur-
ing the trial but did not change in the failure-VO, increase
group (p=0.01; two-way analysis of variance).

In all patients of the failure-noVO, increase group the
cardiovascular response to weaning should be considered
as compatible with adequately preserved cardiac function
(Fig. 2A). In the failure-VO, increase group four patients
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Fig. 1 Relationships between oxygen delivery and oxygen con-
sumption in patients who failed (all patients combined; open cir-
cles) and patients who succeeded weaning (closed circles, A), and
in the subgroups of patients who failed, i.e., the failure-noVO,
increase group (open squares) and the failure-VO, increase group
(open triangles, B). Beginning and end of arrows Mean values
during mechanical ventilation and at the end of the spontaneous
breathing trial, respectively. The linear relationships represent
isopleths of oxygen extraction ratio. See text for interpretation

(nos. 22, 23, 25, 29) with a history of heart disease had
cardiovascular response indicative of the presence of
heart failure, i.e., a higher relative increase in O,ER than
in CI (Fig. 2B). The other patients had cardiovascular
response compatible with sufficiently preserved cardiac
function (see also ESM, part 2d).

Arterial blood lactate

Lactate levels did not change in the failure-noVO, in-
crease group during the trial compared to MV, whereas
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Table 2 Breath components, oxygenation, and hemodynamics in patients who failed weaning with different VO, responses during the
spontaneous breathing trial (noVO, increase patients who failed and in whom the VO, increased by 10% or less, remained unchanged, or
decreased at the end of the spontaneous breathing trial compared with MV, VO, increase patients who failed and in whom the VO,
increased by more than 10% at the end of the spontaneous breathing trial compared with MV, V7 tidal volume, V; minute ventilation, f/Vr
index of rapid shallow breathing, SaO, arterial oxygen saturation, SvO, mixed venous oxygen saturation, pHa arterial pH, PaCO, arterial
carbon dioxide tension, Qy,/Qr venous admixture, VO, oxygen consumption, 70, oxygen delivery, O,ER oxygen extraction, lactate
arterial lactate, CI cardiac index, mBP mean systemic blood pressure, mPAP mean pulmonary arterial pressure, Ppao pulmonary artery
occlusion pressure, Pra right atrial pressure, SVR systemic vascular resistance, PVR pulmonary vascular resistance)

Oxygen Mechanical Spontaneous breathing trial p*
consumption change ventilation
Start End

Vr (ml) noVO, increase 565+36 202428%* 313£31%* <0.0001
VO, increase 585+36 381+52%* 364+47%*

Frequency (b/min) noVO, increase 18+1 28+4%* 31£3%* <0.0001
VO, increase 172 31x3%* 34+3%*

Vg (I/min) noVO, increase 10.2+0.8 8.0+1.0 9.3+0.7 0.52
VO, increase 9.8+0.9 11.6+2.1%* 11.8+1.8%

f/Vr (b/min per liter) noVO, increase 33+2 106£22%* 114+23%3* <0.0001
VO, increase 31+4 97+19%* 113£22%*

Sa0, (%) noVO, increase 98+1 961 961 0.002
VO, increase 97+1 924 1% ** 87£2% **

SvO, (%) noVO, increase T2+2 742 7443 0.002
VO, increase 73+3 63£2% ** 59+3% H*

pHa noVO, increase 7.45+0.02 7.36+0.02%* 7.32+0.03%* <0.0001
VO, increase 7.44+0.02 7.38+0.02 7.39+0.02*

PaCO, (mmHg) noVO, increase 45+4 57+4%* 60£5%* <0.0001
VO, increase 47+3 52+3 54+3%%*

Qva/Qt (%) noVO, increase 111 24x4%* 25+3%* <0.0001
VO, increase 16+2 34+6%* 33+6%*

VO,, (ml/min per m?) noVO, increase 11511 11010 111+10 0.005
VO, increase 109+5 1334% ** 144+4% **

TO,, (ml/min per m?) noVO, increase 424+49 510+73 502+75 0.08
VO, increase 448+47 46769 478+64

O,ER (%) noVO, increase 20+2 23+3%* 24+3%% 0.21
VO, increase 26+3 34+3% ** 34£3% **

CI/O,ER ratio noVO, increase 12.7£2.8 19.3+3.9%* 18.1£3.8%* 0.04
VO, increase 13.8+2.1 12.8+2.3% 12.6+1.9*

Lactate (mmol/l) noVO, increase 1.20+0.19 1.17£0.15 1.31+0.15 0.003
VO, increase 1.20+0.16 1.55+0.22 1.76+0.26% **

CI (I/min per m?) noVO, increase 3.1£0.3 3.8+0.3%* 3.7+0.3%* <0.0001
VO, increase 3.2+0.3 3.7+0.3 3.8+0.3%*

mBP (mmHg) noVO, increase 91+6 98+5 96+8 0.09
VO, increase 86+5 917 92+6

mPAP (mmHg) noVO, increase 26x1 3343%* 34+3%* <0.0001
VO, increase 30+3 30+44%* 40+4%*

Ppao (mmHg) noVO, increase 12+1 16x1** 18+1** <0.0001
VO, increase 132 21 2% ** 23 %* *

Pra (mmHg) noVO, increase 12+2 13x1 132 0.17
VO, increase 11x1 13£2 132

SVR (dyne/s per cm®) noVO, increase 1140+123 999+92 1011118 0.05
VO, increase 1044+77 948+81 933+89

PVR (dyne/s per cm’ ) noVO, increase 211+30 185+21 175+29 0.14
VO, increase 230+33 21640 197+41

#*p<0.05 vs. noVO, increase patients, **p<0.05 vs. mechanical ventilation * Repeated-measures two-way analysis of variance comparison
of values during mechanical ventilation with those of the fifth (Starf) and the last minute (End) of the spontaneous breathing trial

lactate increased in the failure-VO, increase group at the

end of the trial (Table 2). Nevertheless, substantial lactate

Hemodynamics

increases (>2 mmol/l) at the end of the trial were detected Except for Ppao, which was higher in the failure-VO,
in only three patients of the failure-VO, increase group increase group than in the failure-noVO, increase group
(nos. 23, 25, 29; Fig. 3). Two hours after resumption of during the trial, hemodynamic variables were not signif-
MYV in patients who failed arterial lactate had decreased icantly different between the two groups (Table 2). The
(p=0.008) and had returned to levels similar to those four patients in the failure-VO, increase group (nos 22,
observed during MV (see also ESM, part 2e). 23, 25, 29), who exhibited the highest decreases in SvO,
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Fig. 2 Relationship between oxygen extraction ratio and cardiac
index in the subgroups of patients who failed, i.e., the failure-
noVO, increase group (open squares, A) and the failure-VO, in-
crease group (open triangles, B). Beginning and end of arrows
Individual data of each patient during mechanical ventilation and at
the end of the spontaneous breathing trial, respectively. Numbers
correspond to individual patient number in Table 1. Line starting
from the origin of the cardiac index/oxygen extraction diagram and
meeting the normal values of cardiac index and oxygen extraction
of 3 /min per m” and 25%, respectively, was extrapolated to re-
present a line of reference [17], i.e., the line where patients raising
their oxygen consumption by equal increases in both cardiac index
and oxygen extraction would fall. The curvilinear relationships
represent isopleths of constant oxygen consumption for a given
hemoglobin value. See text for interpretation

(range 12-39%) and increases in O,ER (range 6-16%) at
the end of the trial compared to MV, and also demon-
strated on the CI/O,ER diagram a cardiovascular response
indicative of the presence of heart failure, had a Ppao
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Fig. 3 Arterial lactate levels during mechanical ventilation, at the
end (last minute) of the spontaneous breathing trial, and 2 h after
the trial in patients who succeeded (A) and patients who failed
(altogether) weaning (B). Closed circles Measurements in patients
who succeeded; open squares measurements in patients of the
failure-noVO, increase group; open triangles measurements in
patients of the failure-VO, increase group; small horizontal solid
lines mean values; horizontal dotted lines arterial lactate upper
normal limit (2 mmol/l). See text for interpretation

amounting to 14—17 mmHg during MV that increased to
22-28 mmHg at the end of the trial.

In the failure-noVO, increase group the difference
between the values at the end of the trial with those during
MYV in PaCO, (APaCO,) was positively related to ATO,
(r=0.81, p<0.01; Fig. 4A) and ACI (r=0.83, p<0.01), and
inversely related to ASVR (r=-0.83, p<0.01). On the
other hand, in the failure-VO, increase group, APaCO,
was inversely related to ATO, (r=—0.83, p<0.01; Fig. 4B).

Discussion

The principal findings of this study were: (a) in the fail-
ure-noVO, increase group the increase in TO, was ac-
companied by a decrease in O,ER, whereas in the failure-
VO, increase group the increase in VO, was met mainly
by an increase in O,ER, (b) SvO, did not decrease in the
failure-noVO; increase group, whereas SvO, decreased in
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Fig. 4 Relationships between the differences in the values at the
end of the trial with those during mechanical ventilation in PaCO,
and in oxygen delivery in patients of the failure-noVO, increase
group (A) and in patients of the failure-VO, increase group (B)

the failure-VO, increase group, and (c) lactate increases
were detected in a minority of the failure-VO, increase
group who exhibited the highest decreases in SvO, and
demonstrated on the CI/O,ER diagram a cardiovascular
response indicative of the presence of heart failure.

The present study emphasizes the variability in circu-
latory and global tissue oxygenation responses in weaning
failure, demonstrating for the first time that several pa-
tients (those who do not exhibit substantial increases in
VO,) fail to wean without having decreased SvO, or in-
creased O,ER while others (as previously reported [2])
have decreased SvO, and increased O,ER. This study
clarifies that among the latter some have cardiovascular
response to weaning indicative of the presence of heart
failure whereas others have a response compatible with
sufficiently preserved cardiac function. The present study
also shows for the first time that patients with a cardio-
vascular response compatible with heart failure and
demonstrating the highest SvO, decreases exhibit hyper-
lactatemia (blood lactate 2—5 mmol/l [13]).

Oxygen consumption

The increase in VO, during the trial in the failure-VO,
increase group, expressing the oxygen cost of transition
from assist-control MV to spontaneous breathing (oxygen
cost of breathing), represented 25% of the VO, at the end
of the trial and was due mainly to respiratory muscle
recruitment [21]. The hypercapnia observed was accom-
panied by strong respiratory muscle activation and res-
piratory distress during the failing trial. The inverse re-
lationship between the increase in PaCO, and TO,
(Fig. 4B) suggests that hypercapnia was probably the
result of inadequate oxygen delivery to the strenuously
working respiratory muscles leading to hypoventilation.
Similar results (i.e., increased oxygen cost of breathing,
averaging 24-27% of VO,), have been reported in pa-
tients who fail to wean [21, 22].

From a first consideration, unchanged VO, during the
spontaneous breathing trial in the failure-noVO, increase
group suggests that patients of this group failed to wean
without having significantly augmented respiratory mus-
cle activity. Similar results have been reported previously,
where patients failed to wean without having increased
VO, [2, 21, 23]. Indeed, a small percentage of patients fail
to wean without having increased inspiratory muscle load,
suggesting depression of the respiratory control system
[14, 24]. Another potential explanation of the lack of
increase in VO, is some stress or asynchrony related to
MV that is alleviated by weaning [19]. Moreover, cal-
culation of VO, from Fick’s equation is associated with
errors up to 10% [18]. Therefore although increases in the
measured VO, of more than 10% at the end of the
weaning trial should represent true increases in VO, [19],
increases of 10% or less or even small decreases in the
measured VO, may represent errors in measurement de-
spite small true increases in VO,. The change in the
measured VO, during the weaning trial is not sensitive
enough to detect small increases in respiratory muscle
activity, and some patients of the failure-noVO, increase
group may actually have had respiratory muscle recruit-
ment that could not be detected by VO,. Nevertheless,
investigation of the exact cause of weaning failure by
measuring respiratory muscle/center activity was beyond
the aim of the present study. It should be emphasized that
calculation of VO, from Fick’s equation during weaning
has notable advantages over the other two methods of
measuring VO, from respiratory gases. The first method,
collecting expired gas in a Douglas bag, is unreliable
when inspired oxygen fraction is equal to or higher than
0.4 [22], and in some of our patients this fraction is 0.4—
0.6; the second method, measuring inspired and expired
gases with a metabolic monitor (indirect calorimetry), is
quite inaccurate since changes in ventilation during
weaning alter CO, stores and prevent the maintenance of
a steady state [19].
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Cardiovascular response

In the failure-noVO, increase group the increase in CI
resulted in decreased O,ER. The increase in CI was
probably due in part to the increase in PaCO, through its
effect on reducing SVR, as suggested by the relationship
between the increase in CI (or TO,; Fig. 4A) and PaCO,,
and the inverse relationship between the increase in
PaCO, and SVR. Indeed, the main effect of acute hyper-
capnia on the cardiovascular system is an increment in
cardiac output because of vasodilation and tachycardia
[25, 26]. In addition to a theoretical, direct negative ino-
tropic effect of hypercapnia [26], the combined effects of
acute hypercapnia on heart rate, SVR, and contractility
result in a net increment in cardiac output in the absence of
significant cardiac disease [25, 26]. Therefore the ade-
quate increase in CI of the failure-noVO, increase group
in response to acute hypercapnia is indicative of suffi-
ciently preserved cardiac function during weaning failure
in this group. However, since VO, did not increase, the
presence of occult heart failure cannot be totally excluded.

Clinical implications

The various cardiovascular responses detected in patients
who fail to wean suggest different therapeutic approaches
to improve weaning outcome. In the failure-VO, increase
group patients (detected by SvO, decreases of 5% or
greater) who have increased work of breathing measures
to reduce it in a subsequent trial by treating reversible
causes [1] seem reasonable. In the subgroup of patients
exhibiting heart failure treatment with vasodilators or
inotropic agents could help by decreasing Ppao and/or
increasing cardiac output. This averts tissue hypoxia
during weaning. In contrast, among the failure-noVO,
increase group patients (detected by SvO,, which either
increases, remains unchanged, or decreases by less than
5%), some patients exhibit hypoventilation associated
with possible respiratory center depression; reasons po-
tentially responsible for this depression [1, 24] should be
sought and treated.
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