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Conflits d’intérêts

• Néant



• Insuffisance cardiaque aiguë et chronique

• Œdème pulmonaire cardiogénique

• Hypertension artérielle

• Insuffisance rénale aiguë et chronique

• Divers: hyperkaliémie, hypercalcémie

Indications



Cardiologie - HTAcombinations most widely used are indicated in the scheme
shown in Figure 4.

5.2.2.3 Fixed-dose or single-pill combinations
As in previous guidelines, the 2013 ESH/ESC Guidelines favour the
use of combinations of two antihypertensive drugs at fixed doses in
a single tablet, because reducing the number of pills to be taken
daily improves adherence, which is unfortunately low in hyperten-
sion, and increases the rate of BP control.465,466 This approach is
now facilitated by the availability of different fixed-dose combina-
tions of the same two drugs, which minimizes one of its inconve-
niences, namely the inability to increase the dose of one drug
independently of the other. This holds also for fixed-dose combina-
tions of three drugs (usually a blocker of the RAS, a calcium antag-
onist and a diuretic), which are increasingly becoming available.
Availability extends to the so-called polypill (i.e. a fixed-dose com-
bination of several antihypertensive drugs with a statin and a
low-dose aspirin), with the rationale that hypertensive patients
often present with dyslipidaemia and not infrequently have a high
CV risk.12,13 One study has shown that, when combined into the
polypill, different agents maintain all or most their expected
effects.467 The treatment simplification associated with this ap-
proach may only be considered, however, if the need for each poly-
pill component has been previously established.141

5.2.3 Summary of recommendations on treatment
strategies and choice of drugs

Treatment strategies and choice of drugs

Recommendations Class a Level b Ref. C

Diuretics (thiazides,
chlorthalidone and
indapamide), beta-blockers,
calcium antagonists, ACE
inhibitors, and angiotensin
receptor blockers are all
suitable and recommended
for the initiation and
maintenance of
antihypertensive treatment, 
either as monotherapy or in
some combinations with
each other. 

Some agents should be
considered as the
preferential choice in
specific conditions
because used in trials
in those conditions or because
of greater effectiveness in
specific types of OD.

I A 284, 332

IIa C -

Initiation of antihypertensive
therapy with a two-drug
combination may be
considered in patients with
markedly high baseline BP or
at high CV risk. 

IIb C -

Thiazide diuretics

ACE inhibitors

Beta-blockers Angiotensin-receptor
blockers

Other
Antihypertensives

Calcium
antagonists

ACE = angiotensin-converting enzyme.

Figure 4 Possible combinations of classes of antihypertensive drugs. Green continuous lines: preferred combinations; green dashed line: useful
combination (with some limitations); black dashed lines: possible but less well-tested combinations; red continuous line: not recommended com-
bination. Although verapamil and diltiazem are sometimes used with a beta-blocker to improve ventricular rate control in permanent atrial fibril-
lation, only dihydropyridine calcium antagonists should normally be combined with beta-blockers.
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Autres contextes?

7.5 Diuretics
The effects of diuretics on mortality and morbidity have not
been studied in patients with HF, unlike ACE inhibitors, beta-
blockers, and MRAs (and other treatments). However, diuretics
relieve dyspnoea and oedema and are recommended for this
reason in patients with signs and symptoms of congestion, irre-
spective of EF.

Loop diuretics produce a more intense and shorter diuresis
than thiazides, which cause a more gentle and prolonged diur-
esis. Thiazides may be less effective in patients with reduced
kidney function. Loop diuretics are usually preferred to thiazides
in HF-REF although they act synergistically and the combination
may be used (usually on a temporary basis) to treat resistant
oedema.

The aim of using diuretics is to achieve and maintain euvolae-
mia (the patient’s ‘dry weight’) with the lowest achievable dose.
This means that the dose must be adjusted, particularly after
restoration of dry body weight, to avoid the risk of dehydration
leading to hypotension and renal dysfunction. This may reduce
cardiac output in patients with HF-PEF and often needlessly
prevents the use of (or achievement of the target dose of)
other disease-modifying therapies such as ACE inhibitors
(or ARBs) and MRAs in patients with HF-REF. Many patients

can be trained to self-adjust their diuretic dose, based on
monitoring of symptoms/signs of congestion and daily weight
measurements.

Practical guidance on the use of diuretics is given in Web
Table 15 and the doses of commonly used diuretics are shown
in Table 16.

Use of potassium-sparing diuretics and potassium supplements

† If a potassium-losing diuretic is used with the combination of an
ACE inhibitor and an MRA (or ARB), potassium replacement is
usually not required.

† Serious hyperkalaemia may occur if potassium-sparing diuretics
or supplements are taken in addition to the combination of an
ACE inhibitor (or ARB) and MRA.

† The use of all three of an ACE inhibitor, MRA and ARB is not
recommended.

8. Pharmacological treatment of
heart failure with ‘preserved’
ejection fraction (diastolic heart
failure)
No treatment has yet been shown, convincingly, to reduce morbid-
ity and mortality in patients with HF-PEF. Diuretics are used to
control sodium and water retention and relieve breathlessness
and oedema as in HF-REF. Adequate treatment of hypertension
and myocardial ischaemia is also considered to be important, as
is control of the ventricular rate in patients with AF (see Section
11). Two very small studies (,30 patients each) have shown
that the heart rate-limiting calcium-channel blocker (CCB) verap-
amil may improve exercise capacity and symptoms in these
patients.137,138 Rate-limiting CCBs may also be useful for ventricu-
lar rate control in patients with AF and in the treatment of hyper-
tension and myocardial ischaemia (which is not the case in patients
with HF-REF where their negative inotropic action can be danger-
ous). Beta-blockers may also be used to control the ventricular
rate in patients with HF-PEF and AF.

The drugs that should be avoided in HF-REF (see Section 7.4)
should also be avoided in HF-PEF, with the exception of CCBs.

The key mortality–morbidity trials to date are:

† The 3023-patient Candesartan in Heart Failure: Assessment of
Reduction in Mortality and Morbidity (CHARM)-Preserved
trial, which showed no reduction in the primary composite end-
point (cardiovascular death or HF hospitalization).139

† The 850-patient Perindopril for Elderly People with Chronic
Heart failure trial (PEP-CHF), which showed no reduction in
the primary composite endpoint of death or HF
hospitalization.140

† The 4128 patient Irbesartan in heart failure with preserved sys-
tolic function trial (I-Preserve) which showed no reduction in
the primary composite outcome of death or cardiovascular

Table 16 Doses of diuretics commonly used to treat
heart failure (with and without a preserved ejection
fraction, chronic and acute)

Diuretics Initial dose (mg) Usual daily dose (mg)

Loop diureticsa

Furosemide 20–40 40–240

Bumetanide 0.5–1.0 1–5

Torasemide 5–10 10–20

Thiazidesb

Bendroflumethiazide 2.5 2.5–10

Hydrochlorothiazide 25 12.5–100

Metolazone 2.5 2.5–10

Indapamidec 2.5 2.5–5

Potassium-sparing diuretics d

+ACEi/
ARB

−ACEi/
ARB

+ACEi/
ARB

−ACEi/
ARB

Spironolactone/
eplerenone 12.5–25 50 50 100–200

Amiloride 2.5 5 5–10 10–20

Triamterene 25 50 100 200

ACEi ¼ angiontensin-converting enzyme inhibitor; ARB ¼ angiotensin receptor
blocker.
aOral or intravenous; dose might need to be adjusted according to volume status/
weight; excessive doses may cause renal impairment and ototoxicity.
bDo not use thiazides if estimated glomerular filtration rate ,30 mL/min, except
when prescribed synergistically with loop diuretics.
cIndapamide is a non-thiazide sulfonamide.
dA mineralocorticoid antagonist (MRA) i.e. spironolactone/eplerenone is always
preferred. Amiloride and triamterene should not be combined with an MRA.
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Diabetes may be prevented by treatment with ARBs and possibly
ACE inhibitors.197 Beta-blockers are not contraindicated in dia-
betes and are as effective in improving outcome in diabetic patients
as in non-diabetic individuals, although different beta-blockers may
have different effects on glycaemic indices.198 Thiazolidinediones
(glitazones) cause sodium and water retention and increased risk
of worsening HF and hospitalization, and should be avoided (see
recommendations, Section 7.4).131 –133 Metformin is not recom-
mended in patients with severe renal or hepatic impairment
because of the risk of lactic acidosis, but is widely (and apparently
safely) used in other patients with HF.199 The safety of newer anti-
diabetic drugs in HF is unknown.

11.10 Erectile dysfunction
Erectile dysfunction should be treated in the usual way; phospho-
diesterase V inhibitors are not contraindicated other than in
patients taking nitrates. Indeed short-term studies have shown
that these agents have favourable haemodynamic and other
effects in patients with HF-REF.200 There are, however, reports
of phosphodiesterase V inhibitors causing worsening LV outflow
tract obstruction in patients with hypertrophic cardiomyopathy,
which may be a concern in some patients with HF-PEF.

11.12 Gout
Hyperuricaemia and gout are common in HF and may be caused or
aggravated by diuretic treatment. Hyperuricaemia is associated
with a worse prognosis in HF-REF.80 Xanthine oxidase inhibitors

(allopurinol, oxypurinol) may be used to prevent gout, although
their safety in HF-REF is uncertain.201 Gout attacks are better
treated by colchicine than with NSAIDs (although colchicine
should not be used in patients with very severe renal dysfunction
and may cause diarrhoea). Intra-articular corticosteroids are an
alternative for monoarticular gout, but systemic corticosteroids
cause sodium and water retention.

11.13 Hyperlipidaemia
Elevated low-density lipoprotein cholesterol is uncommon in
HF-REF; patients with advanced HF-REF often have low concentra-
tions of low-density lipoprotein, which is associated with a worse
prognosis. Rosuvastatin did not reduce the primary composite
mortality–morbidity endpoints in two large RCTs in HF.127,128

11.14 Hypertension
Hypertension is associated with an increased risk of developing HF;
antihypertensive therapy markedly reduces the incidence of HF
(with an exception of alpha-adrenoceptor blockers, which are
less effective than other antihypertensives in preventing HF).202

Negatively inotropic CCBs (i.e. diltiazem and verapamil) should
not be used to treat hypertension in patients with HF-REF (but
are believed to be safe in HF-PEF), and moxonidine should also
be avoided in patients with HF-REF as it increased mortality in
patients in one RCT.203 If blood pressure is not controlled with
an ACE inhibitor (or ARB), a beta-blocker, MRA, and diuretic,
hydralazine and amlodipine (or felodipine204), are additional

Recommendations for the treatment of hypertension in patients with symptomatic HF (NYHA functional class II–IV)
and LV systolic dysfunction

Recommendations Classa Levelb Ref C

Step 1

One or more of an ACE inhibitor (or ARB), beta-blocker, and MRA is recommended as first-, second-, and third-line 
therapy, respectively, because of their associated benefits (reducing the risk of HF hospitalization and reducing the risk 
of premature death).

I A 87, 108–111

Step 2

A thiazide diuretic (or if the patient is treated with a thiazide diuretic, switching to a loop diuretic) is recommended 
when hypertension persists despite treatment with a combination of as many as possible of an ACE inhibitor (or ARB), 
beta-blocker, and MRA.

I C –

Step 3

Amlodipine is recommended when hypertension persists despite treatment with a combination of as many as possible 
of an ACE inhibitor (or ARB), beta-blocker, MRA, and diuretic. I A 188, 189

Hydralazine is recommended when hypertension persists despite treatment with a combination of as many as possible 
of an ACE inhibitor (or ARB), beta-blocker, MRA, and diuretic. I A 114–116

Felodipine should be considered when hypertension persists despite treatment with a combination of as many as 
possible of an ACE inhibitor (or ARB), beta-blocker, MRA, and diuretic. IIa B 204

Moxonidine is NOT recommended because of safety concerns (increased mortality). III B 203

Alpha-adrenoceptor antagonists are NOT recommended because of safety concerns (neurohumoral activation, fluid 
retention, worsening HF). III A 202, 206, 

207

ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; HF ¼ heart failure; LV ¼ left ventricular; LVEF ¼ left ventricular ejection fraction; MRA ¼
mineralocorticoid receptor antagonist; NYHA ¼ New York Heart Association.
aClass of recommendation.
bLevel of evidence.
cReferences.

ESC Guidelines 1823

ESC Eur Heart Journal 2012
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prevents the use of (or achievement of the target dose of)
other disease-modifying therapies such as ACE inhibitors
(or ARBs) and MRAs in patients with HF-REF. Many patients

can be trained to self-adjust their diuretic dose, based on
monitoring of symptoms/signs of congestion and daily weight
measurements.

Practical guidance on the use of diuretics is given in Web
Table 15 and the doses of commonly used diuretics are shown
in Table 16.

Use of potassium-sparing diuretics and potassium supplements

† If a potassium-losing diuretic is used with the combination of an
ACE inhibitor and an MRA (or ARB), potassium replacement is
usually not required.

† Serious hyperkalaemia may occur if potassium-sparing diuretics
or supplements are taken in addition to the combination of an
ACE inhibitor (or ARB) and MRA.

† The use of all three of an ACE inhibitor, MRA and ARB is not
recommended.
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No treatment has yet been shown, convincingly, to reduce morbid-
ity and mortality in patients with HF-PEF. Diuretics are used to
control sodium and water retention and relieve breathlessness
and oedema as in HF-REF. Adequate treatment of hypertension
and myocardial ischaemia is also considered to be important, as
is control of the ventricular rate in patients with AF (see Section
11). Two very small studies (,30 patients each) have shown
that the heart rate-limiting calcium-channel blocker (CCB) verap-
amil may improve exercise capacity and symptoms in these
patients.137,138 Rate-limiting CCBs may also be useful for ventricu-
lar rate control in patients with AF and in the treatment of hyper-
tension and myocardial ischaemia (which is not the case in patients
with HF-REF where their negative inotropic action can be danger-
ous). Beta-blockers may also be used to control the ventricular
rate in patients with HF-PEF and AF.

The drugs that should be avoided in HF-REF (see Section 7.4)
should also be avoided in HF-PEF, with the exception of CCBs.

The key mortality–morbidity trials to date are:

† The 3023-patient Candesartan in Heart Failure: Assessment of
Reduction in Mortality and Morbidity (CHARM)-Preserved
trial, which showed no reduction in the primary composite end-
point (cardiovascular death or HF hospitalization).139

† The 850-patient Perindopril for Elderly People with Chronic
Heart failure trial (PEP-CHF), which showed no reduction in
the primary composite endpoint of death or HF
hospitalization.140

† The 4128 patient Irbesartan in heart failure with preserved sys-
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Amiloride 2.5 5 5–10 10–20

Triamterene 25 50 100 200

ACEi ¼ angiontensin-converting enzyme inhibitor; ARB ¼ angiotensin receptor
blocker.
aOral or intravenous; dose might need to be adjusted according to volume status/
weight; excessive doses may cause renal impairment and ototoxicity.
bDo not use thiazides if estimated glomerular filtration rate ,30 mL/min, except
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Potassium-sparing diuretics d

+ACEi/
ARB

−ACEi/
ARB

+ACEi/
ARB

−ACEi/
ARB

Spironolactone/
eplerenone 12.5–25 50 50 100–200

Amiloride 2.5 5 5–10 10–20

Triamterene 25 50 100 200

ACEi ¼ angiontensin-converting enzyme inhibitor; ARB ¼ angiotensin receptor
blocker.
aOral or intravenous; dose might need to be adjusted according to volume status/
weight; excessive doses may cause renal impairment and ototoxicity.
bDo not use thiazides if estimated glomerular filtration rate ,30 mL/min, except
when prescribed synergistically with loop diuretics.
cIndapamide is a non-thiazide sulfonamide.
dA mineralocorticoid antagonist (MRA) i.e. spironolactone/eplerenone is always
preferred. Amiloride and triamterene should not be combined with an MRA.
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Diabetes may be prevented by treatment with ARBs and possibly
ACE inhibitors.197 Beta-blockers are not contraindicated in dia-
betes and are as effective in improving outcome in diabetic patients
as in non-diabetic individuals, although different beta-blockers may
have different effects on glycaemic indices.198 Thiazolidinediones
(glitazones) cause sodium and water retention and increased risk
of worsening HF and hospitalization, and should be avoided (see
recommendations, Section 7.4).131 –133 Metformin is not recom-
mended in patients with severe renal or hepatic impairment
because of the risk of lactic acidosis, but is widely (and apparently
safely) used in other patients with HF.199 The safety of newer anti-
diabetic drugs in HF is unknown.

11.10 Erectile dysfunction
Erectile dysfunction should be treated in the usual way; phospho-
diesterase V inhibitors are not contraindicated other than in
patients taking nitrates. Indeed short-term studies have shown
that these agents have favourable haemodynamic and other
effects in patients with HF-REF.200 There are, however, reports
of phosphodiesterase V inhibitors causing worsening LV outflow
tract obstruction in patients with hypertrophic cardiomyopathy,
which may be a concern in some patients with HF-PEF.

11.12 Gout
Hyperuricaemia and gout are common in HF and may be caused or
aggravated by diuretic treatment. Hyperuricaemia is associated
with a worse prognosis in HF-REF.80 Xanthine oxidase inhibitors

(allopurinol, oxypurinol) may be used to prevent gout, although
their safety in HF-REF is uncertain.201 Gout attacks are better
treated by colchicine than with NSAIDs (although colchicine
should not be used in patients with very severe renal dysfunction
and may cause diarrhoea). Intra-articular corticosteroids are an
alternative for monoarticular gout, but systemic corticosteroids
cause sodium and water retention.

11.13 Hyperlipidaemia
Elevated low-density lipoprotein cholesterol is uncommon in
HF-REF; patients with advanced HF-REF often have low concentra-
tions of low-density lipoprotein, which is associated with a worse
prognosis. Rosuvastatin did not reduce the primary composite
mortality–morbidity endpoints in two large RCTs in HF.127,128

11.14 Hypertension
Hypertension is associated with an increased risk of developing HF;
antihypertensive therapy markedly reduces the incidence of HF
(with an exception of alpha-adrenoceptor blockers, which are
less effective than other antihypertensives in preventing HF).202

Negatively inotropic CCBs (i.e. diltiazem and verapamil) should
not be used to treat hypertension in patients with HF-REF (but
are believed to be safe in HF-PEF), and moxonidine should also
be avoided in patients with HF-REF as it increased mortality in
patients in one RCT.203 If blood pressure is not controlled with
an ACE inhibitor (or ARB), a beta-blocker, MRA, and diuretic,
hydralazine and amlodipine (or felodipine204), are additional

Recommendations for the treatment of hypertension in patients with symptomatic HF (NYHA functional class II–IV)
and LV systolic dysfunction

Recommendations Classa Levelb Ref C

Step 1

One or more of an ACE inhibitor (or ARB), beta-blocker, and MRA is recommended as first-, second-, and third-line 
therapy, respectively, because of their associated benefits (reducing the risk of HF hospitalization and reducing the risk 
of premature death).

I A 87, 108–111

Step 2

A thiazide diuretic (or if the patient is treated with a thiazide diuretic, switching to a loop diuretic) is recommended 
when hypertension persists despite treatment with a combination of as many as possible of an ACE inhibitor (or ARB), 
beta-blocker, and MRA.

I C –

Step 3

Amlodipine is recommended when hypertension persists despite treatment with a combination of as many as possible 
of an ACE inhibitor (or ARB), beta-blocker, MRA, and diuretic. I A 188, 189

Hydralazine is recommended when hypertension persists despite treatment with a combination of as many as possible 
of an ACE inhibitor (or ARB), beta-blocker, MRA, and diuretic. I A 114–116

Felodipine should be considered when hypertension persists despite treatment with a combination of as many as 
possible of an ACE inhibitor (or ARB), beta-blocker, MRA, and diuretic. IIa B 204

Moxonidine is NOT recommended because of safety concerns (increased mortality). III B 203

Alpha-adrenoceptor antagonists are NOT recommended because of safety concerns (neurohumoral activation, fluid 
retention, worsening HF). III A 202, 206, 

207

ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; HF ¼ heart failure; LV ¼ left ventricular; LVEF ¼ left ventricular ejection fraction; MRA ¼
mineralocorticoid receptor antagonist; NYHA ¼ New York Heart Association.
aClass of recommendation.
bLevel of evidence.
cReferences.
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Autres contextes?7.5 Diuretics
The effects of diuretics on mortality and morbidity have not
been studied in patients with HF, unlike ACE inhibitors, beta-
blockers, and MRAs (and other treatments). However, diuretics
relieve dyspnoea and oedema and are recommended for this
reason in patients with signs and symptoms of congestion, irre-
spective of EF.

Loop diuretics produce a more intense and shorter diuresis
than thiazides, which cause a more gentle and prolonged diur-
esis. Thiazides may be less effective in patients with reduced
kidney function. Loop diuretics are usually preferred to thiazides
in HF-REF although they act synergistically and the combination
may be used (usually on a temporary basis) to treat resistant
oedema.

The aim of using diuretics is to achieve and maintain euvolae-
mia (the patient’s ‘dry weight’) with the lowest achievable dose.
This means that the dose must be adjusted, particularly after
restoration of dry body weight, to avoid the risk of dehydration
leading to hypotension and renal dysfunction. This may reduce
cardiac output in patients with HF-PEF and often needlessly
prevents the use of (or achievement of the target dose of)
other disease-modifying therapies such as ACE inhibitors
(or ARBs) and MRAs in patients with HF-REF. Many patients

can be trained to self-adjust their diuretic dose, based on
monitoring of symptoms/signs of congestion and daily weight
measurements.

Practical guidance on the use of diuretics is given in Web
Table 15 and the doses of commonly used diuretics are shown
in Table 16.

Use of potassium-sparing diuretics and potassium supplements

† If a potassium-losing diuretic is used with the combination of an
ACE inhibitor and an MRA (or ARB), potassium replacement is
usually not required.

† Serious hyperkalaemia may occur if potassium-sparing diuretics
or supplements are taken in addition to the combination of an
ACE inhibitor (or ARB) and MRA.

† The use of all three of an ACE inhibitor, MRA and ARB is not
recommended.

8. Pharmacological treatment of
heart failure with ‘preserved’
ejection fraction (diastolic heart
failure)
No treatment has yet been shown, convincingly, to reduce morbid-
ity and mortality in patients with HF-PEF. Diuretics are used to
control sodium and water retention and relieve breathlessness
and oedema as in HF-REF. Adequate treatment of hypertension
and myocardial ischaemia is also considered to be important, as
is control of the ventricular rate in patients with AF (see Section
11). Two very small studies (,30 patients each) have shown
that the heart rate-limiting calcium-channel blocker (CCB) verap-
amil may improve exercise capacity and symptoms in these
patients.137,138 Rate-limiting CCBs may also be useful for ventricu-
lar rate control in patients with AF and in the treatment of hyper-
tension and myocardial ischaemia (which is not the case in patients
with HF-REF where their negative inotropic action can be danger-
ous). Beta-blockers may also be used to control the ventricular
rate in patients with HF-PEF and AF.

The drugs that should be avoided in HF-REF (see Section 7.4)
should also be avoided in HF-PEF, with the exception of CCBs.

The key mortality–morbidity trials to date are:

† The 3023-patient Candesartan in Heart Failure: Assessment of
Reduction in Mortality and Morbidity (CHARM)-Preserved
trial, which showed no reduction in the primary composite end-
point (cardiovascular death or HF hospitalization).139

† The 850-patient Perindopril for Elderly People with Chronic
Heart failure trial (PEP-CHF), which showed no reduction in
the primary composite endpoint of death or HF
hospitalization.140

† The 4128 patient Irbesartan in heart failure with preserved sys-
tolic function trial (I-Preserve) which showed no reduction in
the primary composite outcome of death or cardiovascular

Table 16 Doses of diuretics commonly used to treat
heart failure (with and without a preserved ejection
fraction, chronic and acute)

Diuretics Initial dose (mg) Usual daily dose (mg)

Loop diureticsa

Furosemide 20–40 40–240

Bumetanide 0.5–1.0 1–5

Torasemide 5–10 10–20

Thiazidesb

Bendroflumethiazide 2.5 2.5–10

Hydrochlorothiazide 25 12.5–100

Metolazone 2.5 2.5–10

Indapamidec 2.5 2.5–5

Potassium-sparing diuretics d

+ACEi/
ARB

−ACEi/
ARB

+ACEi/
ARB

−ACEi/
ARB

Spironolactone/
eplerenone 12.5–25 50 50 100–200

Amiloride 2.5 5 5–10 10–20

Triamterene 25 50 100 200

ACEi ¼ angiontensin-converting enzyme inhibitor; ARB ¼ angiotensin receptor
blocker.
aOral or intravenous; dose might need to be adjusted according to volume status/
weight; excessive doses may cause renal impairment and ototoxicity.
bDo not use thiazides if estimated glomerular filtration rate ,30 mL/min, except
when prescribed synergistically with loop diuretics.
cIndapamide is a non-thiazide sulfonamide.
dA mineralocorticoid antagonist (MRA) i.e. spironolactone/eplerenone is always
preferred. Amiloride and triamterene should not be combined with an MRA.
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been studied in patients with HF, unlike ACE inhibitors, beta-
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spective of EF.
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than thiazides, which cause a more gentle and prolonged diur-
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The aim of using diuretics is to achieve and maintain euvolae-
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This means that the dose must be adjusted, particularly after
restoration of dry body weight, to avoid the risk of dehydration
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monitoring of symptoms/signs of congestion and daily weight
measurements.

Practical guidance on the use of diuretics is given in Web
Table 15 and the doses of commonly used diuretics are shown
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Use of potassium-sparing diuretics and potassium supplements

† If a potassium-losing diuretic is used with the combination of an
ACE inhibitor and an MRA (or ARB), potassium replacement is
usually not required.

† Serious hyperkalaemia may occur if potassium-sparing diuretics
or supplements are taken in addition to the combination of an
ACE inhibitor (or ARB) and MRA.

† The use of all three of an ACE inhibitor, MRA and ARB is not
recommended.

8. Pharmacological treatment of
heart failure with ‘preserved’
ejection fraction (diastolic heart
failure)
No treatment has yet been shown, convincingly, to reduce morbid-
ity and mortality in patients with HF-PEF. Diuretics are used to
control sodium and water retention and relieve breathlessness
and oedema as in HF-REF. Adequate treatment of hypertension
and myocardial ischaemia is also considered to be important, as
is control of the ventricular rate in patients with AF (see Section
11). Two very small studies (,30 patients each) have shown
that the heart rate-limiting calcium-channel blocker (CCB) verap-
amil may improve exercise capacity and symptoms in these
patients.137,138 Rate-limiting CCBs may also be useful for ventricu-
lar rate control in patients with AF and in the treatment of hyper-
tension and myocardial ischaemia (which is not the case in patients
with HF-REF where their negative inotropic action can be danger-
ous). Beta-blockers may also be used to control the ventricular
rate in patients with HF-PEF and AF.

The drugs that should be avoided in HF-REF (see Section 7.4)
should also be avoided in HF-PEF, with the exception of CCBs.

The key mortality–morbidity trials to date are:

† The 3023-patient Candesartan in Heart Failure: Assessment of
Reduction in Mortality and Morbidity (CHARM)-Preserved
trial, which showed no reduction in the primary composite end-
point (cardiovascular death or HF hospitalization).139

† The 850-patient Perindopril for Elderly People with Chronic
Heart failure trial (PEP-CHF), which showed no reduction in
the primary composite endpoint of death or HF
hospitalization.140

† The 4128 patient Irbesartan in heart failure with preserved sys-
tolic function trial (I-Preserve) which showed no reduction in
the primary composite outcome of death or cardiovascular

Table 16 Doses of diuretics commonly used to treat
heart failure (with and without a preserved ejection
fraction, chronic and acute)

Diuretics Initial dose (mg) Usual daily dose (mg)

Loop diureticsa

Furosemide 20–40 40–240

Bumetanide 0.5–1.0 1–5

Torasemide 5–10 10–20

Thiazidesb

Bendroflumethiazide 2.5 2.5–10

Hydrochlorothiazide 25 12.5–100

Metolazone 2.5 2.5–10

Indapamidec 2.5 2.5–5

Potassium-sparing diuretics d

+ACEi/
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−ACEi/
ARB

+ACEi/
ARB

−ACEi/
ARB

Spironolactone/
eplerenone 12.5–25 50 50 100–200

Amiloride 2.5 5 5–10 10–20

Triamterene 25 50 100 200

ACEi ¼ angiontensin-converting enzyme inhibitor; ARB ¼ angiotensin receptor
blocker.
aOral or intravenous; dose might need to be adjusted according to volume status/
weight; excessive doses may cause renal impairment and ototoxicity.
bDo not use thiazides if estimated glomerular filtration rate ,30 mL/min, except
when prescribed synergistically with loop diuretics.
cIndapamide is a non-thiazide sulfonamide.
dA mineralocorticoid antagonist (MRA) i.e. spironolactone/eplerenone is always
preferred. Amiloride and triamterene should not be combined with an MRA.
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Diabetes may be prevented by treatment with ARBs and possibly
ACE inhibitors.197 Beta-blockers are not contraindicated in dia-
betes and are as effective in improving outcome in diabetic patients
as in non-diabetic individuals, although different beta-blockers may
have different effects on glycaemic indices.198 Thiazolidinediones
(glitazones) cause sodium and water retention and increased risk
of worsening HF and hospitalization, and should be avoided (see
recommendations, Section 7.4).131 –133 Metformin is not recom-
mended in patients with severe renal or hepatic impairment
because of the risk of lactic acidosis, but is widely (and apparently
safely) used in other patients with HF.199 The safety of newer anti-
diabetic drugs in HF is unknown.

11.10 Erectile dysfunction
Erectile dysfunction should be treated in the usual way; phospho-
diesterase V inhibitors are not contraindicated other than in
patients taking nitrates. Indeed short-term studies have shown
that these agents have favourable haemodynamic and other
effects in patients with HF-REF.200 There are, however, reports
of phosphodiesterase V inhibitors causing worsening LV outflow
tract obstruction in patients with hypertrophic cardiomyopathy,
which may be a concern in some patients with HF-PEF.

11.12 Gout
Hyperuricaemia and gout are common in HF and may be caused or
aggravated by diuretic treatment. Hyperuricaemia is associated
with a worse prognosis in HF-REF.80 Xanthine oxidase inhibitors

(allopurinol, oxypurinol) may be used to prevent gout, although
their safety in HF-REF is uncertain.201 Gout attacks are better
treated by colchicine than with NSAIDs (although colchicine
should not be used in patients with very severe renal dysfunction
and may cause diarrhoea). Intra-articular corticosteroids are an
alternative for monoarticular gout, but systemic corticosteroids
cause sodium and water retention.

11.13 Hyperlipidaemia
Elevated low-density lipoprotein cholesterol is uncommon in
HF-REF; patients with advanced HF-REF often have low concentra-
tions of low-density lipoprotein, which is associated with a worse
prognosis. Rosuvastatin did not reduce the primary composite
mortality–morbidity endpoints in two large RCTs in HF.127,128

11.14 Hypertension
Hypertension is associated with an increased risk of developing HF;
antihypertensive therapy markedly reduces the incidence of HF
(with an exception of alpha-adrenoceptor blockers, which are
less effective than other antihypertensives in preventing HF).202

Negatively inotropic CCBs (i.e. diltiazem and verapamil) should
not be used to treat hypertension in patients with HF-REF (but
are believed to be safe in HF-PEF), and moxonidine should also
be avoided in patients with HF-REF as it increased mortality in
patients in one RCT.203 If blood pressure is not controlled with
an ACE inhibitor (or ARB), a beta-blocker, MRA, and diuretic,
hydralazine and amlodipine (or felodipine204), are additional

Recommendations for the treatment of hypertension in patients with symptomatic HF (NYHA functional class II–IV)
and LV systolic dysfunction

Recommendations Classa Levelb Ref C

Step 1

One or more of an ACE inhibitor (or ARB), beta-blocker, and MRA is recommended as first-, second-, and third-line 
therapy, respectively, because of their associated benefits (reducing the risk of HF hospitalization and reducing the risk 
of premature death).

I A 87, 108–111

Step 2

A thiazide diuretic (or if the patient is treated with a thiazide diuretic, switching to a loop diuretic) is recommended 
when hypertension persists despite treatment with a combination of as many as possible of an ACE inhibitor (or ARB), 
beta-blocker, and MRA.

I C –

Step 3

Amlodipine is recommended when hypertension persists despite treatment with a combination of as many as possible 
of an ACE inhibitor (or ARB), beta-blocker, MRA, and diuretic. I A 188, 189

Hydralazine is recommended when hypertension persists despite treatment with a combination of as many as possible 
of an ACE inhibitor (or ARB), beta-blocker, MRA, and diuretic. I A 114–116

Felodipine should be considered when hypertension persists despite treatment with a combination of as many as 
possible of an ACE inhibitor (or ARB), beta-blocker, MRA, and diuretic. IIa B 204

Moxonidine is NOT recommended because of safety concerns (increased mortality). III B 203

Alpha-adrenoceptor antagonists are NOT recommended because of safety concerns (neurohumoral activation, fluid 
retention, worsening HF). III A 202, 206, 

207

ACE ¼ angiotensin-converting enzyme; ARB ¼ angiotensin receptor blocker; HF ¼ heart failure; LV ¼ left ventricular; LVEF ¼ left ventricular ejection fraction; MRA ¼
mineralocorticoid receptor antagonist; NYHA ¼ New York Heart Association.
aClass of recommendation.
bLevel of evidence.
cReferences.
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Other trials that focused on adults with diabetic kidney
disease have not evaluated lower SBP thresholds consistent
with the ACC/AHA guideline recommendation. Although it
is likely that most individuals with CKD have high CVD risk,
research is needed to improve calibration and discrimina-
tion of risk instruments in CKD to allow optimal prog-
nostication and risk stratification. This research should
account for CKD stage and level of albuminuria. See also
discussion of BP goals in the “Hypertension in Patients with
Comorbidities: CKD” section.

Medication Choices

8.1.4-1. Simultaneous use of an ACE inhibitor, ARB, and/or
renin inhibitor is potentially harmful and is not recom-
mended to treat adults with hypertension. (COR III:
Harm, LOE A)

8.1.6-1. For initiation of antihypertensive drug therapy, first-
line agents include thiazide diuretics, CCBs, and
ACE inhibitors or ARBs. (COR I, LOE ASR)

Commentary
Recommended first-line agents for BP reduction include
thiazide diuretics, ACE inhibitors, ARBs, and calcium
channel blockers (CCBs) due to their association with
consistent reductions in CVD risk.6 β-Blockers are not
included in this list because these drugs are now consid-
ered significantly less effective for CVD prevention78 and
stroke protection than diuretics or CCBs in the absence of
ischemic heart disease or HF.79

The KDIGO work group disagreed with the statement in
the ACC/AHA guideline noting that thiazide diuretics
should not be used in advanced CKD due to lack of effi-
cacy. We agree with the recommendations that drug se-
lection should be guided by age; concurrent medications;
out-of-pocket costs; comorbid conditions such as gout,
DM, and CKD; and history of drug tolerance. We also agree
that providers should avoid using 2 or more drugs from
the same class to treat hypertension with the exception of
diuretics that have different mechanisms of action. The
KDOQI work group specifically noted that although the
combination of ACE inhibitors and ARBs could provide
clinical benefits such as reducing urine protein excretion,
this combination should be avoided to solely treat hyper-
tension due to increased risks of hyperkalemia and acute
kidney injury (AKI).80,81

Clinical Utility
In the setting of stages 1 to 3 CKD and severely increased
urine albumin excretion, either ACE inhibitors or ARBs
should be considered as first-line agents unless there are
contraindications. In individuals with severely increased
urine albumin excretion, ACE inhibitors and ARBs reduce
the risk of kidney end points, such as rate of eGFR decline,
50% decline in eGFR, and incident kidney failure.82

Thiazide and thiazide-like diuretics are effective drugs
for reducing BP but are often not utilized in advanced
CKD due to the perceived absence of effectiveness.83

Although no RCT to date has compared BP-lowering
effects of thiazide diuretics with other drug classes in
the setting of advanced CKD (eGFR < 30 mL/min/
1.73 m2), one study of 14 adults with a mean eGFR of
26.8 ± 8.8 mL/min/1.73 m2 showed that average 24-
hour ambulatory BP levels declined by 10.5 ± 3.1 mm
Hg, with average reduction of 1.2 kg of body weight
compared to baseline after 12 weeks of treatment with
25 mg of chlorthalidone.84 Other previous studies
demonstrated weight reductions and diuresis with
chlorthalidone in the setting of advanced CKD. If spe-
cifically targeting diuresis rather than BP, maximal
diuretic effects are seen when thiazide diuretics are
combined with loop diuretics, but potassium levels
should be monitored closely.83,85-88 Meta-analyses of
clinical trials comparing different drug classes have not
demonstrated the superiority of any drug class compared
to thiazide or thiazide-like diuretics for prevention of
CVD.79 Clinical trials have shown lower rates of kidney
outcomes other than kidney failure with the use of ACE
inhibitors versus thiazide diuretics, but differences are
not statistically significant (Fig 1).79 Of note, chlortha-
lidone rather than hydrochlorothiazide has been used in
many of the major BP trials, and specifically in more
advanced CKD, chlorthalidone is likely a superior choice
to hydrochlorothiazide.89

Implementation Issues
Clinicians may be hesitant to use thiazide diuretics for the
management of hypertension.90 A small body of evidence
suggests that thiazide diuretics, especially chlorthalidone,
may be effective for BP management in patients with
advanced CKD. Thiazide diuretic treatment should not
automatically be discontinued when eGFR decreases
to <30 mL/min/1.73 m2. Risks and benefits associated
with thiazide diuretics should be assessed in each patient.
Side effects include electrolyte level abnormalities and
hyperuricemia; risks of hyponatremia in particular may be
heightened among the elderly. However, these drugs may
be effective for BP lowering, can be dosed once per day,
and are associated with lower risk of incident HF.79 We
recommend checking electrolyte levels and eGFRs within 4
weeks of initiation of treatment with a thiazide and
following thiazide dose escalation.

Monitoring Strategies to Improve Control of BP in
Patients on Drug Therapy for High BP

8.3.2-1. Follow-up and monitoring after initiation of drug ther-
apy for hypertension control should include systematic
strategies to help improve BP, including use of HBPM,
team-based care, and telehealth strategies. (COR I,
LOE A)
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conflicting results [56–59] as have consecutive meta-
analyses [60–63].

!e effect of colloids on renal function has undergone 
extensive scrutiny over the last decade. Large RCTs have 
substantiated the increased risk of AKI and RRT with use 
of starches [64] particularly in sepsis [65, 66], where they 
also lead to increased mortality [66] (ESM_2 Table  S3). 
!is is verified by several meta-analyses [67–70] which 
underpin the abandoning of starches in critically ill 
patients [20, 71, 72]. Clinical data on the effects of gela-
tine on renal function are scarce. A recent meta-analysis, 
including three trials in 212 patients comparing gelatins 
with crystalloids or albumin, indicated a 35% increased 
relative risk of developing AKI with gelatine [73].

In contrast to artificial colloids, the administration of 
albumin appears to be safe for the kidney. A large RCT 
comparing normal saline to 4% HA in various clinical set-
tings failed to demonstrate any differences in renal func-
tion [46] (ESM_2 Table S3). In the ALBIOS trial the use 
of hyperoncotic (20%) albumin showed no effect on AKI 
or need for RRT in severe sepsis [74] but enabled a less 
positive fluid balance, confirming the results of another 
small trial [75]. A post hoc analysis of the ALBIOS trial 
showed survival benefit in septic shock [74] confirmed 
by meta-analyses [76, 77]. Hypoalbuminaemia in cardiac 
surgery might be another indication with improved fluid 
balance as well as a reduced rate of AKI being observed 
in a single-centre RCT of 220 patients [78].

Hypovolaemia may also contribute significantly towards 
drug-induced renal injury, although the available evidence 
supporting preventative hydration is only observational 
with no consensus related to timing, optimal volume 
and type of solution [19, 79, 80]. Prophylactic volume 
expansion has been shown to prevent harm from ampho-
tericin B, antivirals including foscarnet, cidofovir and ade-
fovir [81–83] as well as drugs causing crystal nephropathy 
such as indinavir, acyclovir, and sulfadiazine [84].

Prophylactic volume expansion is the mainstay of all 
recommendations to prevent contrast-associated AKI 
(CA-AKI) and is based on several randomised controlled 
studies performed in non-critically ill patients [85–90]. 
However, studies comparing hydration to no hydration 
are scarce [91]. Several pitfalls should be considered. 
First, CA-AKI is a diagnosis of exclusion and consider-
able variation exists with regard to the reported inci-
dence rates, which are confounded by many factors such 
as transient fluctuations in measured serum creatinine in 
hospitalised patients and use of non-standardised diag-
nostic criteria [92]. Secondly, CA-AKI does not occur in 
patients without other risk factors for AKI, whereas most 
critically ill patients receiving intravascular contrast have 
other risk factors. Moreover, individuals with high risk 
for CA-AKI may not be given contrast. For these reasons 

the role of CA-AKI is uncertain, particularly in an era 
where the use of low- or iso-osmotic agents and lower 
contrast volume administration have become standard 
practice. As indicated by an analysis of the Nationwide 
Inpatient Sample dataset comprising 5, 931,523 hos-
pitalisations the OR for CA-AKI adjusted for age, sex, 
mechanical ventilation and combined co-morbidity score 
was 0.93 (0.88–0.97) [93]. Whereas a retrospective single-
centre cohort study in 747 critically ill patients showed 
a rate of CA-AKI of 16% [94], matched cohort studies 
could not demonstrate a relationship with IV contrast 
for computed tomography in the ICU [95–97] or emer-
gency department [98]. !ese findings are supported by 
a systematic review and Bayesian meta-analysis [99]. In 
the most recent propensity-matched cohort study, IV 
contrast was not associated with an increased risk of AKI 
or dialysis, but a subgroup with pre-CT eGFR of at most 
45 ml/min/1.73 m2 showed an increased risk of dialysis. 
!e numbers in this subgroup were, however, small and 
subject to selection bias [97].

Although it seems prudent to correct hypovolaemia 
before contrast administration, prophylactic volume 
expansion in critically ll patients who are euvolaemic 
cannot be recommended on the basis of current data. No 
study demonstrates protection of pre-emptive volume 
expansion against CA-AKI in the critically ill. An RCT 
comparing hydration with isotonic bicarbonate versus 
normal saline failed to show superiority of either regimen 
but reported an excessively high rate of CA-AKI of 33% 
in both groups [100], which may be attributed to sever-
ity of illness in this critically ill cohort. Importantly, in 
patients with chronic kidney disease (CKD) undergoing 
percutaneous coronary intervention (PCI), hydration vol-
umes above 11 ml/kg body weight (BW) were associated 
with continuously increased rates of AKI, requirement 
for RRT and mortality. !e adjusted OR for develop-
ing AKI with hydration volumes greater than 25  ml/kg 
BW was 2.11 (CI 1.24–3.59) [101]. We recommend that 
the clinical decision to perform a contrast study in ICU 
patients must weigh the potential benefits with the low 
but probably not zero risk of CA-AKI.

Diuretics
Recommendations

1. We recommend against loop diuretics given solely for 
the prevention of acute kidney injury (Grade 1B).

2. We suggest using diuretics to control or avoid fluid 
overload in patients that are diuretic-responsive 
(Grade 2D).

Rationale
Oligoanuria is frequently the first indicator of acute renal 
dysfunction. Intensivists frequently use loop diuretics in 
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osmotic pressure during the study.21 There were 
no significant differences in mean serum sodium 
levels during the study.

Safety
Metabolic alkalosis and electrolyte imbalances were 
reported as an adverse event (none with associ-
ated arrhythmias) more frequently with the con-
servative strategy (42 events, 3 serious) than with 
the liberal strategy (19 events, 1 serious) (P = 0.001). 
More patients in the conservative-strategy group 
than in the liberal-strategy group had at least one 
potassium value of 3.0 mmol per liter or less (26 
percent vs. 22 percent, P<0.001), one sodium value 
of at least 150 mmol per liter (25 percent vs. 18 
percent, P = 0.009), or one bicarbonate value of 
more than 40 mmol per liter (6 percent vs. 2 per-
cent, P<0.001). There was no significant differ-
ence in the percentage of patients with at least 
one potassium value of 2.5 mmol per liter or less 
(4 percent vs. 3 percent, P = 0.23).

Major Outcomes
Major outcomes are shown in Table 3 and Fig-
ure 3. There was no interaction between the in-
terventions of the factorial design (type of fluid 
management and type of catheter, P = 0.26). There-
fore, results are reported according to the fluid-
management strategy, irrespective of catheter as-
signment. The in-hospital death rate during the 
first 60 days after randomization was 25.5±1.9 
percent in the conservative-strategy group and 
28.4±2.0 percent in the liberal-strategy group 
(P = 0.30; 95 percent confidence interval for the 
difference, −2.6 to 8.4 percent). The conservative-
strategy group had more ventilator-free days, days 
free of central nervous system failure, and ICU-free 
days during the first 28 days. There were no sig-
nificant differences in the number of failure-free 
days for other organs during the first 28 days, 
although there was a small (0.3 day) increase in 
the number of cardiovascular-failure–free days 
during the first 7 days with the liberal strategy. 
Within the first 60 days, there were no significant 
differences in either the percentage of patients 
receiving renal-replacement therapy (10 percent 
in the conservative-strategy group vs. 14 percent 
in the liberal-strategy group, P = 0.06) or the aver-
age number of days of renal support (11.0±1.7 vs. 
10.9±1.4, P = 0.96). There were no significant in-
teractions between baseline shock status and treat-
ment with respect to the mortality rate or the 

number of ventilator-free days or ICU-free days 
(Table 3 of the Supplementary Appendix). 

Black patients had a higher overall rate of 
death (37.3 percent of 118 black patients in the 
liberal-strategy group and 31.3 percent of 99 black 
patients in the conservative-strategy group) than 
white patients (22.7 percent of 313 white patients 
in the liberal-strategy group and 23.5 percent of 
328 white patients in the conservative-strategy 
group) (P = 0.002). Hispanic patients also had a 
higher mortality rate (38.5 percent of 52 Hispanic 

Table 3. Main Outcome Variables.*

Outcome
Conservative 

Strategy
Liberal 

Strategy P Value

Death at 60 days (%) 25.5 28.4 0.30

Ventilator-free days 
from day 1 to day 28†

14.6±0.5 12.1±0.5 <0.001

ICU-free days†

Days 1 to 7 0.9±0.1 0.6±0.1 <0.001

Days 1 to 28 13.4±0.4 11.2±0.4 <0.001

Organ-failure–free days†‡  

Days 1 to 7

Cardiovascular failure 3.9±0.1 4.2±0.1 0.04

CNS failure 3.4±0.2 2.9±0.2 0.02

Renal failure 5.5±0.1 5.6±0.1 0.45

Hepatic failure 5.7±0.1 5.5±0.1 0.12

Coagulation abnormalities 5.6±0.1 5.4±0.1 0.23

Days 1 to 28

Cardiovascular failure 19.0±0.5 19.1±0.4 0.85

CNS failure 18.8±0.5 17.2±0.5 0.03

Renal failure 21.5±0.5 21.2±0.5 0.59

Hepatic failure 22.0±0.4 21.2±0.5 0.18

Coagulation abnormalities 22.0±0.4 21.5±0.4 0.37

Dialysis to day 60

Patients (%) 10 14 0.06

Days 11.0±1.7 10.9±1.4 0.96

* Plus–minus values are means ±SE. CNS denotes central nervous system.
† This was an a priori secondary outcome.
‡ For this analysis, cardiovascular failure was defined by a systolic blood pres-

sure of 90 mm Hg or less or the need for a vasopressor (in contrast, shock 
was defined by a mean arterial pressure of less than 60 mm Hg or the need 
for a vasopressor [except a dose of dopamine of 5 µg per kilogram per minute 
or less]); a coagulation abnormality was defined by a platelet count of 80,000 
per cubic millimeter or less; hepatic failure was defined by a serum bilirubin 
level of at least 2 mg per deciliter (34 µmol per liter); and renal failure was de-
fined by a serum creatinine level of at least 2 mg per deciliter (177 µmol per 
liter). We calculated the number of days without organ or system failure by 
subtracting the number of days with organ failure from the lesser of 28 days 
or the number of days to death. Organs and systems were considered failure-
free after patients were discharged from the hospital.
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patients in the liberal-strategy group and 23.0 
percent of 61 Hispanic patients in the conserva-
tive-strategy group) than whites, but this differ-
ence did not reach significance (P = 0.10). After 
adjustment for baseline covariates, the hazard 
ratio for death among blacks as compared with 
whites was not significant (hazard ratio, 1.29; 95 
percent confidence interval, 0.97 to 1.73), where-
as it was significant for Hispanics (hazard ratio, 
1.58; 95 percent confidence interval, 1.08 to 2.31). 
The interaction between treatment and race for 
whites as compared with nonwhites was not sig-
nificant (P = 0.10), nor was it significant in any of 
the racial or ethnic subgroups. There was also no 
significant interaction between treatment and sex.

Discussion

Although we did not detect a significant differ-
ence between the conservative strategy and the 
liberal strategy of fluid management in the pri-
mary outcome of 60-day mortality, the conservative 
strategy improved lung function and shortened 
the duration of mechanical ventilation and inten-
sive care without increasing nonpulmonary-organ 
failures. The overall difference in mortality accord-
ing to race or ethnic group has previously been 
described in patients with acute lung injury22 and 
could be due to several factors, including socioeco-
nomic disparities or genetic determinants.23

The two strategies were designed to be prudent 
but distinctly different approaches to fluid ther-

apy. To place the results of our study in context, 
it is useful to consider how these fluid strategies 
compare with usual practice. In this regard, it is 
of interest that the cumulative seven-day fluid bal-
ance in the liberal-strategy group (6992±502 ml) 
was similar to that among patients in ARDS Net-
work studies in which the approach to fluid man-
agement was not specified14,24 (Fig. 1 of the Sup-
plementary Appendix). These findings are similar 
to those reported by Simmons et al.8 in 1987, sug-
gesting that the liberal approach to fluid manage-
ment reflects long-standing practices. The usual 
practice resembles the liberal approach in another 
aspect: the prestudy baseline measurements for 
central venous pressure (12.2 mm Hg) and pulmo-
nary-artery–occlusion pressure (15.7 mm Hg) were 
both within the target ranges for the liberal fluid 
strategy (10 to 14 mm Hg and 14 to 18 mm Hg, 
respectively).

Comparisons of our study to other studies of 
goal-directed management in critically ill patients 
are problematic because of differences in proto-
cols, patient populations, and timing of the inter-
ventions. Whereas we targeted central venous 
pressure or pulmonary-artery occlusion pressure 
in patients with recent onset of acute lung injury, 
previous studies targeted the cardiac index, oxy-
gen delivery, or mixed venous oxygen saturation 
in heterogeneous populations of critically ill pa-
tients.25-31 Rivers et al.32 demonstrated in patients 
with severe sepsis or septic shock the efficacy of 
six hours of early, goal-directed resuscitation in the 
emergency department before admission to the 
ICU. In contrast, our patients received their first 
protocol intervention an average of 43 hours after 
admission to the ICU and 24 hours after meeting 
the criteria for acute lung injury.

The conservative-strategy group had higher se-
rum oncotic pressures and lower intravascular 
pressures — characteristics that would be expected 
to limit the development of pulmonary edema. 
With lung injury, small increases in the pulmo-
nary-artery occlusion pressure are associated with 
large increases in extravascular lung water.2 The 
higher albumin and hemoglobin levels in the con-
servative-strategy group appear to be primarily 
related to hemoconcentration (or less hemodilu-
tion), since the rate of albumin use was low and 
not significantly different between groups and red-
cell transfusions were more frequent in the liberal-
strategy group.

Our results are consistent with those obtained 
in studies in animals suggesting improved lung 
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duct of the protocol (Fig. 1) and the measurement 
of vascular pressure. Vascular pressures were mea-
sured in supine patients at end expiration (identi-
fied with an airway pressure signal) but were not 
adjusted for airway pressure.15

Subjects
A National Heart, Lung, and Blood Institute pro-
tocol-review committee, a data and safety moni-
toring board, and the institutional review board 
of each participating hospital approved the study. 

Range 1

Range 2

Range 3

Range 4

Measured intravascular pressure (mm Hg)

CVP PAOPG Average urinary output <0.5 ml/kg/hr Average urinary output ≥0.5 ml/kg/hr

MAP ≥60 mm Hg without vasopressors
(except dopamine ≤5 µg/kg/min) 

Conservative
strategy

Liberal
strategy

Conservative
strategy

Liberal
strategy

MAP
<60 mm Hg
or a need for

any vasopressor
(except dopamine

≤5 µg/kg/min);
consider cor-

rectable causes
of shock first

>13 >18 >18 >24

9–13 15–18 13–18 19–24

4–8 10–14 8–12 14–18

<4 <10 <8 <14

3 KVO IV
DobutamineA

FurosemideB,1,2,4

1 VasopressorF

Fluid bolusF

2 Fluid bolusF

VasopressorF

7 KVO IV
FurosemideB,1,2,4

11 KVO IV
DobutamineA

FurosemideB,1,3,4

15 KVO IV
FurosemideB,1,3,4

4 KVO IV
DobutamineA

8 KVO IV
FurosemideB,1,2,4

12 KVO IV
DobutamineA

16 KVO IV
FurosemideB,1,3,4

5 Fluid bolusC 9 Fluid bolusC 13 Fluid bolusC

6 Fluid bolusC 10 Fluid bolusC 14 Fluid bolusC

17 Liberal 
KVO IV

18 Conservative
FurosemideB,1,3,4

20 Conservative
KVO IV

19 Liberal 
fluid bolus

Ineffective
Circulation

Cardiac index
<2.5 liters/min/m2

or cold, mottled
skin with capillary-

refilling time >2 sec

Effective
Circulation

Cardiac index
≥2.5 liters/min/m2

or absence of
criteria for ineffec-

 tive circulation

Ineffective
Circulation

Cardiac index
<2.5 liters/min/m2

or cold, mottled
skin with capillary-

refilling time >2 sec

Effective
Circulation

Cardiac index
≥2.5 liters/min/m2

or absence of
criteria for ineffec-

 tive circulation

Figure 1. Overview of the Protocol for Conservative and Liberal Fluid Management in the Group Assigned to a Pulmonary-Artery Catheter 
(PAC) and the Group Assigned to a Central Venous Catheter (CVC). 

At least every four hours, patients were assigned to 1 of 20 protocol cells (numbered in red in the top left-hand corner of each cell on 
the lower right-hand side of the figure) on the basis of four variables: central venous pressure (CVP) or pulmonary-artery occlusion pres-
sure (PAOP), depending on catheter assignment; the presence or absence of shock (defined by the protocol as a mean systemic arterial 
pressure [MAP] below 60 mm Hg or the need for a vasopressor [except for a dose of dopamine of 5 µg per kilogram of body weight per 
minute or less]); the presence or absence of oliguria (defined by a urinary output of less than 0.5 ml per kilogram per hour); and the 
presence or absence of ineffective circulation (defined by a cardiac index of less than 2.5 liters per minute per square meter in the PAC 
group and by cold, mottled skin with a capillary-refilling time of more than 2 seconds in the CVC group). Each cell is associated with an 
intervention and a reassessment interval. A patient with effective circulation and normotension and without oliguria would be assigned 
to a cell in the far right-hand column (cells 15 to 20), depending on the intravascular pressure. These patients received furosemide or 
fluids to move their intravascular pressure toward the target range (in the liberal-strategy group, a CVP of 10 to 14 mm Hg and a PAOP 
of 14 to 18 mm Hg; in the conservative-strategy group, a CVP of less than 4 mm Hg and a PAOP of less than 8 mm Hg). For example, if 
such a patient had a CVP of 8 mm Hg, he or she would be assigned to cell 18 if assigned to the conservative strategy and to cell 19 if as-
signed to the liberal strategy. The protocol called for the conservative-strategy patient assigned to cell 18 to receive furosemide. (The 
footnote instructions determined the dose of furosemide on the basis of the prior response of this patient and for furosemide to be 
withheld if the patient had been in shock within the previous 12 hours.) In contrast, the liberal-strategy patient assigned to cell 19 would 
receive a fluid bolus. (The footnote instructions limited the daily fluid boluses and called for fluid to be withheld if the FIO2 was at least 
0.7.) Lactate, oxygen delivery, and mixed venous and superior-vena-cava oxygen saturation were not used as protocol variables. For fluid 
boluses, clinicians were free to select isotonic crystalloid, albumin, or blood products, although the protocol dictated the volume of 
each administered. If patients were in shock (cells 1 and 2), treatment was left to the judgment of the physician except that after blood 
pressure stabilized, weaning from the vasopressor was conducted according to the protocol. Of roughly 27,000 assessments, about 19 
percent resulted in the assignment of patients to cell 1 or 2 (shock), 75 percent to cells 15 through 20, 5 percent to cells 7 through 10, 
and 2 percent to other cells. KVO denotes keep vein open, and IV intravenous. The superscript letters and numbers refer to footnotes 
that may modify protocol instructions on the basis of an individual patient’s physiology or response to prior instructions and are impor-
tant for the safe implementation of the protocol. The protocol is described in detail in the Supplementary Appendix.
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tients w
ho w

ere in shock at baseline, the cum
ula-

tive seven-day fluid balance w
as 2904±1008 m

l 
in the conservative-strategy group and 10,138±
922 m

l in the liberal-strategy group (P<0.001). For 
patients w

ho w
ere not in shock at baseline, the 

cum
ulative fluid balance w

as −1576±519 m
l in the 

conservative-strategy group and 5287±576 m
l 

in the liberal-strategy group (P<0.001).

H
em

o
d

yn
am

ics
Intravascular pressures declined in the conserva-
tive-strategy group but rem

ained essentially un-
changed in the liberal-strategy group (Fig. 2 in 
the Supplem

entary A
ppendix). The conservative-

strategy group had a slightly low
er m

ean arterial 
pressure, stroke volum

e, and cardiac index, but 
the heart rate, m

ixed venous oxygen saturation, 
and percentage of patients receiving vasopressors 
did not differ significantly betw

een the tw
o groups 

(Table 2A in the Supplem
entary Appendix). For pa-

tients in shock at random
ization, approxim

ately 
40 percent of subsequent m

easurem
ents m

et the 
criteria for shock in both treatm

ent groups. For 
patients w

ho w
ere not in shock at baseline, there 

w
ere no significant differences betw

een groups 
in the incidence of shock during study (32 per-
cent in the liberal-strategy group and 28 percent 
in the conservative-strategy group, P = 0.29) or in 
the proportions of protocol reassessm

ents classi-
fied as shock (6 percent and 7 percent, respec-
tively; P = 0.78).

Lu
n

g
 Fu

n
ctio

n
Ventilator settings and lung-function data are 
show

n in Table 2B of the Supplem
entary A

ppen-
dix. The conservative-strategy group had better 
lung injury scores and oxygenation indexes, as 
w

ell as low
er plateau pressures and positive end-

expiratory pressures. The partial pressure of arte-
rial carbon dioxide, arterial pH

, and the PaO
2 :F

IO
2  

w
ere slightly higher in the conservative-strategy 

group on all study days, but this difference did not 
reach significance for the PaO

2 :F
IO

2  (P = 0.07).

M
etabo

lic an
d

 Ren
al Fu

n
ctio

n
The conservative-strategy group had slightly high-
er creatinine values than the liberal-strategy group 
during the study, but this difference did not reach 
significance (P = 0.06) (Table 2C

 of the Supplem
en-

tary A
ppendix). The conservative-strategy group 

had higher levels of blood urea nitrogen, bicarbon-
ate, hem

oglobin, album
in, and calculated colloid 

Table 2. Furosemide Dose, Fluid Intake, Fluid Output, and Fluid Balance on Each Day during the Study.*

Day Furosemide Fluid Intake Fluid Output Fluid Balance

Liberal Conservative Liberal Conservative Liberal Conservative Liberal Conservative

mg/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients)

1 74.27±7.48 (133) 148.94±8.52 (312) 5029.8±132.98 (485) 4230.5±120.03 (491) 2501.9±73.23 (485) 3043.8±93.90 (491) 2529.5±148.99 (484) 1186.7±151.01 (491)

2 72.46±6.65 (146) 157.35±8.91 (304) 4467.4±136.11 (479) 3590.6±98.45 (480) 2824.5±101.44 (479) 3966.7±115.57 (480) 1642.9±151.71 (479) −376.1±161.08 (480)

3 65.28±6.49 (140) 166.90±10.01 (269) 3997.1±103.40 (465) 3390.4±85.30 (464) 3060.9±103.23 (465) 3797.3±110.48 (465) 936.12±115.32 (465) −408.5±135.90 (464)

4 80.74±10.23 (129) 154.25±10.61 (228) 3752.0±102.07 (444) 3430.8±96.49 (437) 3188.1±109.19 (444) 3606.1±113.38 (434) 563.88±100.98 (444) −165.5±119.92 (434)

5 73.06±8.41 (119) 164.71±12.06 (197) 3825.3±110.62 (424) 3201.1±87.23 (411) 3358.7±115.49 (421) 3444.8±108.98 (408) 483.03±109.98 (421) −226.3±115.22 (408)

6 58.20±6.68 (106) 158.87±13.45 (165) 3782.8±104.28 (411) 3159.4±88.12 (382) 3334.4±123.99 (411) 3316.9±103.81 (379) 508.04±111.75 (410) −144.9±110.25 (378)

7 51.03±4.31 (87) 127.86±11.61 (137) 3639.7±93.96 (390) 3226.9±108.18 (355) 3216.8±98.36 (385) 3143.9±100.16 (346) 458.95±106.85 (385) 130.08±118.47 (346)

* Plus−minus values are means ±SE. Numbers in parentheses indicate the number of patients receiving at least one dose of furosemide on that day or the number of patients with a flu-
id measurement. P<0.001 for all comparisons except for fluid intake on day 4 (P = 0.02) and day 7 (P = 0.004); fluid output on day 4 (P = 0.008), day 5 (P = 0.58), day 6 (P = 0.94), and 
day 7 (P = 0.61); and fluid balance on day 7 (P = 0.04). Negative fluid balance means that fluid output exceeded fluid intake. 
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osmotic pressure during the study.21 There were 
no significant differences in mean serum sodium 
levels during the study.

Safety
Metabolic alkalosis and electrolyte imbalances were 
reported as an adverse event (none with associ-
ated arrhythmias) more frequently with the con-
servative strategy (42 events, 3 serious) than with 
the liberal strategy (19 events, 1 serious) (P = 0.001). 
More patients in the conservative-strategy group 
than in the liberal-strategy group had at least one 
potassium value of 3.0 mmol per liter or less (26 
percent vs. 22 percent, P<0.001), one sodium value 
of at least 150 mmol per liter (25 percent vs. 18 
percent, P = 0.009), or one bicarbonate value of 
more than 40 mmol per liter (6 percent vs. 2 per-
cent, P<0.001). There was no significant differ-
ence in the percentage of patients with at least 
one potassium value of 2.5 mmol per liter or less 
(4 percent vs. 3 percent, P = 0.23).

Major Outcomes
Major outcomes are shown in Table 3 and Fig-
ure 3. There was no interaction between the in-
terventions of the factorial design (type of fluid 
management and type of catheter, P = 0.26). There-
fore, results are reported according to the fluid-
management strategy, irrespective of catheter as-
signment. The in-hospital death rate during the 
first 60 days after randomization was 25.5±1.9 
percent in the conservative-strategy group and 
28.4±2.0 percent in the liberal-strategy group 
(P = 0.30; 95 percent confidence interval for the 
difference, −2.6 to 8.4 percent). The conservative-
strategy group had more ventilator-free days, days 
free of central nervous system failure, and ICU-free 
days during the first 28 days. There were no sig-
nificant differences in the number of failure-free 
days for other organs during the first 28 days, 
although there was a small (0.3 day) increase in 
the number of cardiovascular-failure–free days 
during the first 7 days with the liberal strategy. 
Within the first 60 days, there were no significant 
differences in either the percentage of patients 
receiving renal-replacement therapy (10 percent 
in the conservative-strategy group vs. 14 percent 
in the liberal-strategy group, P = 0.06) or the aver-
age number of days of renal support (11.0±1.7 vs. 
10.9±1.4, P = 0.96). There were no significant in-
teractions between baseline shock status and treat-
ment with respect to the mortality rate or the 

number of ventilator-free days or ICU-free days 
(Table 3 of the Supplementary Appendix). 

Black patients had a higher overall rate of 
death (37.3 percent of 118 black patients in the 
liberal-strategy group and 31.3 percent of 99 black 
patients in the conservative-strategy group) than 
white patients (22.7 percent of 313 white patients 
in the liberal-strategy group and 23.5 percent of 
328 white patients in the conservative-strategy 
group) (P = 0.002). Hispanic patients also had a 
higher mortality rate (38.5 percent of 52 Hispanic 

Table 3. Main Outcome Variables.*

Outcome
Conservative 

Strategy
Liberal 

Strategy P Value

Death at 60 days (%) 25.5 28.4 0.30

Ventilator-free days 
from day 1 to day 28†

14.6±0.5 12.1±0.5 <0.001

ICU-free days†

Days 1 to 7 0.9±0.1 0.6±0.1 <0.001

Days 1 to 28 13.4±0.4 11.2±0.4 <0.001

Organ-failure–free days†‡  

Days 1 to 7

Cardiovascular failure 3.9±0.1 4.2±0.1 0.04

CNS failure 3.4±0.2 2.9±0.2 0.02

Renal failure 5.5±0.1 5.6±0.1 0.45

Hepatic failure 5.7±0.1 5.5±0.1 0.12

Coagulation abnormalities 5.6±0.1 5.4±0.1 0.23

Days 1 to 28

Cardiovascular failure 19.0±0.5 19.1±0.4 0.85

CNS failure 18.8±0.5 17.2±0.5 0.03

Renal failure 21.5±0.5 21.2±0.5 0.59

Hepatic failure 22.0±0.4 21.2±0.5 0.18

Coagulation abnormalities 22.0±0.4 21.5±0.4 0.37

Dialysis to day 60

Patients (%) 10 14 0.06

Days 11.0±1.7 10.9±1.4 0.96

* Plus–minus values are means ±SE. CNS denotes central nervous system.
† This was an a priori secondary outcome.
‡ For this analysis, cardiovascular failure was defined by a systolic blood pres-

sure of 90 mm Hg or less or the need for a vasopressor (in contrast, shock 
was defined by a mean arterial pressure of less than 60 mm Hg or the need 
for a vasopressor [except a dose of dopamine of 5 µg per kilogram per minute 
or less]); a coagulation abnormality was defined by a platelet count of 80,000 
per cubic millimeter or less; hepatic failure was defined by a serum bilirubin 
level of at least 2 mg per deciliter (34 µmol per liter); and renal failure was de-
fined by a serum creatinine level of at least 2 mg per deciliter (177 µmol per 
liter). We calculated the number of days without organ or system failure by 
subtracting the number of days with organ failure from the lesser of 28 days 
or the number of days to death. Organs and systems were considered failure-
free after patients were discharged from the hospital.
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patients in the liberal-strategy group and 23.0 
percent of 61 Hispanic patients in the conserva-
tive-strategy group) than whites, but this differ-
ence did not reach significance (P = 0.10). After 
adjustment for baseline covariates, the hazard 
ratio for death among blacks as compared with 
whites was not significant (hazard ratio, 1.29; 95 
percent confidence interval, 0.97 to 1.73), where-
as it was significant for Hispanics (hazard ratio, 
1.58; 95 percent confidence interval, 1.08 to 2.31). 
The interaction between treatment and race for 
whites as compared with nonwhites was not sig-
nificant (P = 0.10), nor was it significant in any of 
the racial or ethnic subgroups. There was also no 
significant interaction between treatment and sex.

Discussion

Although we did not detect a significant differ-
ence between the conservative strategy and the 
liberal strategy of fluid management in the pri-
mary outcome of 60-day mortality, the conservative 
strategy improved lung function and shortened 
the duration of mechanical ventilation and inten-
sive care without increasing nonpulmonary-organ 
failures. The overall difference in mortality accord-
ing to race or ethnic group has previously been 
described in patients with acute lung injury22 and 
could be due to several factors, including socioeco-
nomic disparities or genetic determinants.23

The two strategies were designed to be prudent 
but distinctly different approaches to fluid ther-

apy. To place the results of our study in context, 
it is useful to consider how these fluid strategies 
compare with usual practice. In this regard, it is 
of interest that the cumulative seven-day fluid bal-
ance in the liberal-strategy group (6992±502 ml) 
was similar to that among patients in ARDS Net-
work studies in which the approach to fluid man-
agement was not specified14,24 (Fig. 1 of the Sup-
plementary Appendix). These findings are similar 
to those reported by Simmons et al.8 in 1987, sug-
gesting that the liberal approach to fluid manage-
ment reflects long-standing practices. The usual 
practice resembles the liberal approach in another 
aspect: the prestudy baseline measurements for 
central venous pressure (12.2 mm Hg) and pulmo-
nary-artery–occlusion pressure (15.7 mm Hg) were 
both within the target ranges for the liberal fluid 
strategy (10 to 14 mm Hg and 14 to 18 mm Hg, 
respectively).

Comparisons of our study to other studies of 
goal-directed management in critically ill patients 
are problematic because of differences in proto-
cols, patient populations, and timing of the inter-
ventions. Whereas we targeted central venous 
pressure or pulmonary-artery occlusion pressure 
in patients with recent onset of acute lung injury, 
previous studies targeted the cardiac index, oxy-
gen delivery, or mixed venous oxygen saturation 
in heterogeneous populations of critically ill pa-
tients.25-31 Rivers et al.32 demonstrated in patients 
with severe sepsis or septic shock the efficacy of 
six hours of early, goal-directed resuscitation in the 
emergency department before admission to the 
ICU. In contrast, our patients received their first 
protocol intervention an average of 43 hours after 
admission to the ICU and 24 hours after meeting 
the criteria for acute lung injury.

The conservative-strategy group had higher se-
rum oncotic pressures and lower intravascular 
pressures — characteristics that would be expected 
to limit the development of pulmonary edema. 
With lung injury, small increases in the pulmo-
nary-artery occlusion pressure are associated with 
large increases in extravascular lung water.2 The 
higher albumin and hemoglobin levels in the con-
servative-strategy group appear to be primarily 
related to hemoconcentration (or less hemodilu-
tion), since the rate of albumin use was low and 
not significantly different between groups and red-
cell transfusions were more frequent in the liberal-
strategy group.

Our results are consistent with those obtained 
in studies in animals suggesting improved lung 
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without Assistance during the First 60 Days after Randomization.
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duct of the protocol (Fig. 1) and the measurement 
of vascular pressure. Vascular pressures were mea-
sured in supine patients at end expiration (identi-
fied with an airway pressure signal) but were not 
adjusted for airway pressure.15

Subjects
A National Heart, Lung, and Blood Institute pro-
tocol-review committee, a data and safety moni-
toring board, and the institutional review board 
of each participating hospital approved the study. 

Range 1

Range 2

Range 3

Range 4

Measured intravascular pressure (mm Hg)

CVP PAOPG Average urinary output <0.5 ml/kg/hr Average urinary output ≥0.5 ml/kg/hr

MAP ≥60 mm Hg without vasopressors
(except dopamine ≤5 µg/kg/min) 

Conservative
strategy

Liberal
strategy

Conservative
strategy

Liberal
strategy

MAP
<60 mm Hg
or a need for

any vasopressor
(except dopamine

≤5 µg/kg/min);
consider cor-

rectable causes
of shock first

>13 >18 >18 >24

9–13 15–18 13–18 19–24

4–8 10–14 8–12 14–18

<4 <10 <8 <14

3 KVO IV
DobutamineA

FurosemideB,1,2,4

1 VasopressorF

Fluid bolusF

2 Fluid bolusF

VasopressorF

7 KVO IV
FurosemideB,1,2,4

11 KVO IV
DobutamineA

FurosemideB,1,3,4

15 KVO IV
FurosemideB,1,3,4

4 KVO IV
DobutamineA

8 KVO IV
FurosemideB,1,2,4

12 KVO IV
DobutamineA

16 KVO IV
FurosemideB,1,3,4

5 Fluid bolusC 9 Fluid bolusC 13 Fluid bolusC

6 Fluid bolusC 10 Fluid bolusC 14 Fluid bolusC

17 Liberal 
KVO IV

18 Conservative
FurosemideB,1,3,4

20 Conservative
KVO IV

19 Liberal 
fluid bolus

Ineffective
Circulation

Cardiac index
<2.5 liters/min/m2

or cold, mottled
skin with capillary-

refilling time >2 sec

Effective
Circulation

Cardiac index
≥2.5 liters/min/m2

or absence of
criteria for ineffec-

 tive circulation

Ineffective
Circulation

Cardiac index
<2.5 liters/min/m2

or cold, mottled
skin with capillary-

refilling time >2 sec

Effective
Circulation

Cardiac index
≥2.5 liters/min/m2

or absence of
criteria for ineffec-

 tive circulation

Figure 1. Overview of the Protocol for Conservative and Liberal Fluid Management in the Group Assigned to a Pulmonary-Artery Catheter 
(PAC) and the Group Assigned to a Central Venous Catheter (CVC). 

At least every four hours, patients were assigned to 1 of 20 protocol cells (numbered in red in the top left-hand corner of each cell on 
the lower right-hand side of the figure) on the basis of four variables: central venous pressure (CVP) or pulmonary-artery occlusion pres-
sure (PAOP), depending on catheter assignment; the presence or absence of shock (defined by the protocol as a mean systemic arterial 
pressure [MAP] below 60 mm Hg or the need for a vasopressor [except for a dose of dopamine of 5 µg per kilogram of body weight per 
minute or less]); the presence or absence of oliguria (defined by a urinary output of less than 0.5 ml per kilogram per hour); and the 
presence or absence of ineffective circulation (defined by a cardiac index of less than 2.5 liters per minute per square meter in the PAC 
group and by cold, mottled skin with a capillary-refilling time of more than 2 seconds in the CVC group). Each cell is associated with an 
intervention and a reassessment interval. A patient with effective circulation and normotension and without oliguria would be assigned 
to a cell in the far right-hand column (cells 15 to 20), depending on the intravascular pressure. These patients received furosemide or 
fluids to move their intravascular pressure toward the target range (in the liberal-strategy group, a CVP of 10 to 14 mm Hg and a PAOP 
of 14 to 18 mm Hg; in the conservative-strategy group, a CVP of less than 4 mm Hg and a PAOP of less than 8 mm Hg). For example, if 
such a patient had a CVP of 8 mm Hg, he or she would be assigned to cell 18 if assigned to the conservative strategy and to cell 19 if as-
signed to the liberal strategy. The protocol called for the conservative-strategy patient assigned to cell 18 to receive furosemide. (The 
footnote instructions determined the dose of furosemide on the basis of the prior response of this patient and for furosemide to be 
withheld if the patient had been in shock within the previous 12 hours.) In contrast, the liberal-strategy patient assigned to cell 19 would 
receive a fluid bolus. (The footnote instructions limited the daily fluid boluses and called for fluid to be withheld if the FIO2 was at least 
0.7.) Lactate, oxygen delivery, and mixed venous and superior-vena-cava oxygen saturation were not used as protocol variables. For fluid 
boluses, clinicians were free to select isotonic crystalloid, albumin, or blood products, although the protocol dictated the volume of 
each administered. If patients were in shock (cells 1 and 2), treatment was left to the judgment of the physician except that after blood 
pressure stabilized, weaning from the vasopressor was conducted according to the protocol. Of roughly 27,000 assessments, about 19 
percent resulted in the assignment of patients to cell 1 or 2 (shock), 75 percent to cells 15 through 20, 5 percent to cells 7 through 10, 
and 2 percent to other cells. KVO denotes keep vein open, and IV intravenous. The superscript letters and numbers refer to footnotes 
that may modify protocol instructions on the basis of an individual patient’s physiology or response to prior instructions and are impor-
tant for the safe implementation of the protocol. The protocol is described in detail in the Supplementary Appendix.
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tients w
ho w

ere in shock at baseline, the cum
ula-

tive seven-day fluid balance w
as 2904±1008 m

l 
in the conservative-strategy group and 10,138±
922 m

l in the liberal-strategy group (P<0.001). For 
patients w

ho w
ere not in shock at baseline, the 

cum
ulative fluid balance w

as −1576±519 m
l in the 

conservative-strategy group and 5287±576 m
l 

in the liberal-strategy group (P<0.001).

H
em

o
d

yn
am

ics
Intravascular pressures declined in the conserva-
tive-strategy group but rem

ained essentially un-
changed in the liberal-strategy group (Fig. 2 in 
the Supplem

entary A
ppendix). The conservative-

strategy group had a slightly low
er m

ean arterial 
pressure, stroke volum

e, and cardiac index, but 
the heart rate, m

ixed venous oxygen saturation, 
and percentage of patients receiving vasopressors 
did not differ significantly betw

een the tw
o groups 

(Table 2A in the Supplem
entary Appendix). For pa-

tients in shock at random
ization, approxim

ately 
40 percent of subsequent m

easurem
ents m

et the 
criteria for shock in both treatm

ent groups. For 
patients w

ho w
ere not in shock at baseline, there 

w
ere no significant differences betw

een groups 
in the incidence of shock during study (32 per-
cent in the liberal-strategy group and 28 percent 
in the conservative-strategy group, P = 0.29) or in 
the proportions of protocol reassessm

ents classi-
fied as shock (6 percent and 7 percent, respec-
tively; P = 0.78).

Lu
n

g
 Fu

n
ctio

n
Ventilator settings and lung-function data are 
show

n in Table 2B of the Supplem
entary A

ppen-
dix. The conservative-strategy group had better 
lung injury scores and oxygenation indexes, as 
w

ell as low
er plateau pressures and positive end-

expiratory pressures. The partial pressure of arte-
rial carbon dioxide, arterial pH

, and the PaO
2 :F

IO
2  

w
ere slightly higher in the conservative-strategy 

group on all study days, but this difference did not 
reach significance for the PaO

2 :F
IO

2  (P = 0.07).

M
etabo

lic an
d

 Ren
al Fu

n
ctio

n
The conservative-strategy group had slightly high-
er creatinine values than the liberal-strategy group 
during the study, but this difference did not reach 
significance (P = 0.06) (Table 2C

 of the Supplem
en-

tary A
ppendix). The conservative-strategy group 

had higher levels of blood urea nitrogen, bicarbon-
ate, hem

oglobin, album
in, and calculated colloid 

Table 2. Furosemide Dose, Fluid Intake, Fluid Output, and Fluid Balance on Each Day during the Study.*

Day Furosemide Fluid Intake Fluid Output Fluid Balance

Liberal Conservative Liberal Conservative Liberal Conservative Liberal Conservative

mg/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients)

1 74.27±7.48 (133) 148.94±8.52 (312) 5029.8±132.98 (485) 4230.5±120.03 (491) 2501.9±73.23 (485) 3043.8±93.90 (491) 2529.5±148.99 (484) 1186.7±151.01 (491)

2 72.46±6.65 (146) 157.35±8.91 (304) 4467.4±136.11 (479) 3590.6±98.45 (480) 2824.5±101.44 (479) 3966.7±115.57 (480) 1642.9±151.71 (479) −376.1±161.08 (480)

3 65.28±6.49 (140) 166.90±10.01 (269) 3997.1±103.40 (465) 3390.4±85.30 (464) 3060.9±103.23 (465) 3797.3±110.48 (465) 936.12±115.32 (465) −408.5±135.90 (464)

4 80.74±10.23 (129) 154.25±10.61 (228) 3752.0±102.07 (444) 3430.8±96.49 (437) 3188.1±109.19 (444) 3606.1±113.38 (434) 563.88±100.98 (444) −165.5±119.92 (434)

5 73.06±8.41 (119) 164.71±12.06 (197) 3825.3±110.62 (424) 3201.1±87.23 (411) 3358.7±115.49 (421) 3444.8±108.98 (408) 483.03±109.98 (421) −226.3±115.22 (408)

6 58.20±6.68 (106) 158.87±13.45 (165) 3782.8±104.28 (411) 3159.4±88.12 (382) 3334.4±123.99 (411) 3316.9±103.81 (379) 508.04±111.75 (410) −144.9±110.25 (378)

7 51.03±4.31 (87) 127.86±11.61 (137) 3639.7±93.96 (390) 3226.9±108.18 (355) 3216.8±98.36 (385) 3143.9±100.16 (346) 458.95±106.85 (385) 130.08±118.47 (346)

* Plus−minus values are means ±SE. Numbers in parentheses indicate the number of patients receiving at least one dose of furosemide on that day or the number of patients with a flu-
id measurement. P<0.001 for all comparisons except for fluid intake on day 4 (P = 0.02) and day 7 (P = 0.004); fluid output on day 4 (P = 0.008), day 5 (P = 0.58), day 6 (P = 0.94), and 
day 7 (P = 0.61); and fluid balance on day 7 (P = 0.04). Negative fluid balance means that fluid output exceeded fluid intake. 
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osmotic pressure during the study.21 There were 
no significant differences in mean serum sodium 
levels during the study.

Safety
Metabolic alkalosis and electrolyte imbalances were 
reported as an adverse event (none with associ-
ated arrhythmias) more frequently with the con-
servative strategy (42 events, 3 serious) than with 
the liberal strategy (19 events, 1 serious) (P = 0.001). 
More patients in the conservative-strategy group 
than in the liberal-strategy group had at least one 
potassium value of 3.0 mmol per liter or less (26 
percent vs. 22 percent, P<0.001), one sodium value 
of at least 150 mmol per liter (25 percent vs. 18 
percent, P = 0.009), or one bicarbonate value of 
more than 40 mmol per liter (6 percent vs. 2 per-
cent, P<0.001). There was no significant differ-
ence in the percentage of patients with at least 
one potassium value of 2.5 mmol per liter or less 
(4 percent vs. 3 percent, P = 0.23).

Major Outcomes
Major outcomes are shown in Table 3 and Fig-
ure 3. There was no interaction between the in-
terventions of the factorial design (type of fluid 
management and type of catheter, P = 0.26). There-
fore, results are reported according to the fluid-
management strategy, irrespective of catheter as-
signment. The in-hospital death rate during the 
first 60 days after randomization was 25.5±1.9 
percent in the conservative-strategy group and 
28.4±2.0 percent in the liberal-strategy group 
(P = 0.30; 95 percent confidence interval for the 
difference, −2.6 to 8.4 percent). The conservative-
strategy group had more ventilator-free days, days 
free of central nervous system failure, and ICU-free 
days during the first 28 days. There were no sig-
nificant differences in the number of failure-free 
days for other organs during the first 28 days, 
although there was a small (0.3 day) increase in 
the number of cardiovascular-failure–free days 
during the first 7 days with the liberal strategy. 
Within the first 60 days, there were no significant 
differences in either the percentage of patients 
receiving renal-replacement therapy (10 percent 
in the conservative-strategy group vs. 14 percent 
in the liberal-strategy group, P = 0.06) or the aver-
age number of days of renal support (11.0±1.7 vs. 
10.9±1.4, P = 0.96). There were no significant in-
teractions between baseline shock status and treat-
ment with respect to the mortality rate or the 

number of ventilator-free days or ICU-free days 
(Table 3 of the Supplementary Appendix). 

Black patients had a higher overall rate of 
death (37.3 percent of 118 black patients in the 
liberal-strategy group and 31.3 percent of 99 black 
patients in the conservative-strategy group) than 
white patients (22.7 percent of 313 white patients 
in the liberal-strategy group and 23.5 percent of 
328 white patients in the conservative-strategy 
group) (P = 0.002). Hispanic patients also had a 
higher mortality rate (38.5 percent of 52 Hispanic 

Table 3. Main Outcome Variables.*

Outcome
Conservative 

Strategy
Liberal 

Strategy P Value

Death at 60 days (%) 25.5 28.4 0.30

Ventilator-free days 
from day 1 to day 28†

14.6±0.5 12.1±0.5 <0.001

ICU-free days†

Days 1 to 7 0.9±0.1 0.6±0.1 <0.001

Days 1 to 28 13.4±0.4 11.2±0.4 <0.001

Organ-failure–free days†‡  

Days 1 to 7

Cardiovascular failure 3.9±0.1 4.2±0.1 0.04

CNS failure 3.4±0.2 2.9±0.2 0.02

Renal failure 5.5±0.1 5.6±0.1 0.45

Hepatic failure 5.7±0.1 5.5±0.1 0.12

Coagulation abnormalities 5.6±0.1 5.4±0.1 0.23

Days 1 to 28

Cardiovascular failure 19.0±0.5 19.1±0.4 0.85

CNS failure 18.8±0.5 17.2±0.5 0.03

Renal failure 21.5±0.5 21.2±0.5 0.59

Hepatic failure 22.0±0.4 21.2±0.5 0.18

Coagulation abnormalities 22.0±0.4 21.5±0.4 0.37

Dialysis to day 60

Patients (%) 10 14 0.06

Days 11.0±1.7 10.9±1.4 0.96

* Plus–minus values are means ±SE. CNS denotes central nervous system.
† This was an a priori secondary outcome.
‡ For this analysis, cardiovascular failure was defined by a systolic blood pres-

sure of 90 mm Hg or less or the need for a vasopressor (in contrast, shock 
was defined by a mean arterial pressure of less than 60 mm Hg or the need 
for a vasopressor [except a dose of dopamine of 5 µg per kilogram per minute 
or less]); a coagulation abnormality was defined by a platelet count of 80,000 
per cubic millimeter or less; hepatic failure was defined by a serum bilirubin 
level of at least 2 mg per deciliter (34 µmol per liter); and renal failure was de-
fined by a serum creatinine level of at least 2 mg per deciliter (177 µmol per 
liter). We calculated the number of days without organ or system failure by 
subtracting the number of days with organ failure from the lesser of 28 days 
or the number of days to death. Organs and systems were considered failure-
free after patients were discharged from the hospital.
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patients in the liberal-strategy group and 23.0 
percent of 61 Hispanic patients in the conserva-
tive-strategy group) than whites, but this differ-
ence did not reach significance (P = 0.10). After 
adjustment for baseline covariates, the hazard 
ratio for death among blacks as compared with 
whites was not significant (hazard ratio, 1.29; 95 
percent confidence interval, 0.97 to 1.73), where-
as it was significant for Hispanics (hazard ratio, 
1.58; 95 percent confidence interval, 1.08 to 2.31). 
The interaction between treatment and race for 
whites as compared with nonwhites was not sig-
nificant (P = 0.10), nor was it significant in any of 
the racial or ethnic subgroups. There was also no 
significant interaction between treatment and sex.

Discussion

Although we did not detect a significant differ-
ence between the conservative strategy and the 
liberal strategy of fluid management in the pri-
mary outcome of 60-day mortality, the conservative 
strategy improved lung function and shortened 
the duration of mechanical ventilation and inten-
sive care without increasing nonpulmonary-organ 
failures. The overall difference in mortality accord-
ing to race or ethnic group has previously been 
described in patients with acute lung injury22 and 
could be due to several factors, including socioeco-
nomic disparities or genetic determinants.23

The two strategies were designed to be prudent 
but distinctly different approaches to fluid ther-

apy. To place the results of our study in context, 
it is useful to consider how these fluid strategies 
compare with usual practice. In this regard, it is 
of interest that the cumulative seven-day fluid bal-
ance in the liberal-strategy group (6992±502 ml) 
was similar to that among patients in ARDS Net-
work studies in which the approach to fluid man-
agement was not specified14,24 (Fig. 1 of the Sup-
plementary Appendix). These findings are similar 
to those reported by Simmons et al.8 in 1987, sug-
gesting that the liberal approach to fluid manage-
ment reflects long-standing practices. The usual 
practice resembles the liberal approach in another 
aspect: the prestudy baseline measurements for 
central venous pressure (12.2 mm Hg) and pulmo-
nary-artery–occlusion pressure (15.7 mm Hg) were 
both within the target ranges for the liberal fluid 
strategy (10 to 14 mm Hg and 14 to 18 mm Hg, 
respectively).

Comparisons of our study to other studies of 
goal-directed management in critically ill patients 
are problematic because of differences in proto-
cols, patient populations, and timing of the inter-
ventions. Whereas we targeted central venous 
pressure or pulmonary-artery occlusion pressure 
in patients with recent onset of acute lung injury, 
previous studies targeted the cardiac index, oxy-
gen delivery, or mixed venous oxygen saturation 
in heterogeneous populations of critically ill pa-
tients.25-31 Rivers et al.32 demonstrated in patients 
with severe sepsis or septic shock the efficacy of 
six hours of early, goal-directed resuscitation in the 
emergency department before admission to the 
ICU. In contrast, our patients received their first 
protocol intervention an average of 43 hours after 
admission to the ICU and 24 hours after meeting 
the criteria for acute lung injury.

The conservative-strategy group had higher se-
rum oncotic pressures and lower intravascular 
pressures — characteristics that would be expected 
to limit the development of pulmonary edema. 
With lung injury, small increases in the pulmo-
nary-artery occlusion pressure are associated with 
large increases in extravascular lung water.2 The 
higher albumin and hemoglobin levels in the con-
servative-strategy group appear to be primarily 
related to hemoconcentration (or less hemodilu-
tion), since the rate of albumin use was low and 
not significantly different between groups and red-
cell transfusions were more frequent in the liberal-
strategy group.

Our results are consistent with those obtained 
in studies in animals suggesting improved lung 
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Figure 3. Probability of Survival to Hospital Discharge and of Breathing 
without Assistance during the First 60 Days after Randomization.
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duct of the protocol (Fig. 1) and the measurement 
of vascular pressure. Vascular pressures were mea-
sured in supine patients at end expiration (identi-
fied with an airway pressure signal) but were not 
adjusted for airway pressure.15

Subjects
A National Heart, Lung, and Blood Institute pro-
tocol-review committee, a data and safety moni-
toring board, and the institutional review board 
of each participating hospital approved the study. 

Range 1

Range 2

Range 3

Range 4

Measured intravascular pressure (mm Hg)

CVP PAOPG Average urinary output <0.5 ml/kg/hr Average urinary output ≥0.5 ml/kg/hr

MAP ≥60 mm Hg without vasopressors
(except dopamine ≤5 µg/kg/min) 

Conservative
strategy

Liberal
strategy

Conservative
strategy

Liberal
strategy

MAP
<60 mm Hg
or a need for

any vasopressor
(except dopamine

≤5 µg/kg/min);
consider cor-

rectable causes
of shock first

>13 >18 >18 >24

9–13 15–18 13–18 19–24

4–8 10–14 8–12 14–18

<4 <10 <8 <14

3 KVO IV
DobutamineA

FurosemideB,1,2,4

1 VasopressorF

Fluid bolusF

2 Fluid bolusF
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15 KVO IV
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8 KVO IV
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16 KVO IV
FurosemideB,1,3,4

5 Fluid bolusC 9 Fluid bolusC 13 Fluid bolusC

6 Fluid bolusC 10 Fluid bolusC 14 Fluid bolusC
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KVO IV
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KVO IV

19 Liberal 
fluid bolus

Ineffective
Circulation

Cardiac index
<2.5 liters/min/m2

or cold, mottled
skin with capillary-

refilling time >2 sec
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Circulation

Cardiac index
≥2.5 liters/min/m2
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criteria for ineffec-

 tive circulation
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Cardiac index
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or cold, mottled
skin with capillary-

refilling time >2 sec
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 tive circulation

Figure 1. Overview of the Protocol for Conservative and Liberal Fluid Management in the Group Assigned to a Pulmonary-Artery Catheter 
(PAC) and the Group Assigned to a Central Venous Catheter (CVC). 

At least every four hours, patients were assigned to 1 of 20 protocol cells (numbered in red in the top left-hand corner of each cell on 
the lower right-hand side of the figure) on the basis of four variables: central venous pressure (CVP) or pulmonary-artery occlusion pres-
sure (PAOP), depending on catheter assignment; the presence or absence of shock (defined by the protocol as a mean systemic arterial 
pressure [MAP] below 60 mm Hg or the need for a vasopressor [except for a dose of dopamine of 5 µg per kilogram of body weight per 
minute or less]); the presence or absence of oliguria (defined by a urinary output of less than 0.5 ml per kilogram per hour); and the 
presence or absence of ineffective circulation (defined by a cardiac index of less than 2.5 liters per minute per square meter in the PAC 
group and by cold, mottled skin with a capillary-refilling time of more than 2 seconds in the CVC group). Each cell is associated with an 
intervention and a reassessment interval. A patient with effective circulation and normotension and without oliguria would be assigned 
to a cell in the far right-hand column (cells 15 to 20), depending on the intravascular pressure. These patients received furosemide or 
fluids to move their intravascular pressure toward the target range (in the liberal-strategy group, a CVP of 10 to 14 mm Hg and a PAOP 
of 14 to 18 mm Hg; in the conservative-strategy group, a CVP of less than 4 mm Hg and a PAOP of less than 8 mm Hg). For example, if 
such a patient had a CVP of 8 mm Hg, he or she would be assigned to cell 18 if assigned to the conservative strategy and to cell 19 if as-
signed to the liberal strategy. The protocol called for the conservative-strategy patient assigned to cell 18 to receive furosemide. (The 
footnote instructions determined the dose of furosemide on the basis of the prior response of this patient and for furosemide to be 
withheld if the patient had been in shock within the previous 12 hours.) In contrast, the liberal-strategy patient assigned to cell 19 would 
receive a fluid bolus. (The footnote instructions limited the daily fluid boluses and called for fluid to be withheld if the FIO2 was at least 
0.7.) Lactate, oxygen delivery, and mixed venous and superior-vena-cava oxygen saturation were not used as protocol variables. For fluid 
boluses, clinicians were free to select isotonic crystalloid, albumin, or blood products, although the protocol dictated the volume of 
each administered. If patients were in shock (cells 1 and 2), treatment was left to the judgment of the physician except that after blood 
pressure stabilized, weaning from the vasopressor was conducted according to the protocol. Of roughly 27,000 assessments, about 19 
percent resulted in the assignment of patients to cell 1 or 2 (shock), 75 percent to cells 15 through 20, 5 percent to cells 7 through 10, 
and 2 percent to other cells. KVO denotes keep vein open, and IV intravenous. The superscript letters and numbers refer to footnotes 
that may modify protocol instructions on the basis of an individual patient’s physiology or response to prior instructions and are impor-
tant for the safe implementation of the protocol. The protocol is described in detail in the Supplementary Appendix.
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tients w
ho w

ere in shock at baseline, the cum
ula-

tive seven-day fluid balance w
as 2904±1008 m

l 
in the conservative-strategy group and 10,138±
922 m

l in the liberal-strategy group (P<0.001). For 
patients w

ho w
ere not in shock at baseline, the 

cum
ulative fluid balance w

as −1576±519 m
l in the 

conservative-strategy group and 5287±576 m
l 

in the liberal-strategy group (P<0.001).

H
em

o
d

yn
am

ics
Intravascular pressures declined in the conserva-
tive-strategy group but rem

ained essentially un-
changed in the liberal-strategy group (Fig. 2 in 
the Supplem

entary A
ppendix). The conservative-

strategy group had a slightly low
er m

ean arterial 
pressure, stroke volum

e, and cardiac index, but 
the heart rate, m

ixed venous oxygen saturation, 
and percentage of patients receiving vasopressors 
did not differ significantly betw

een the tw
o groups 

(Table 2A in the Supplem
entary Appendix). For pa-

tients in shock at random
ization, approxim

ately 
40 percent of subsequent m

easurem
ents m

et the 
criteria for shock in both treatm

ent groups. For 
patients w

ho w
ere not in shock at baseline, there 

w
ere no significant differences betw

een groups 
in the incidence of shock during study (32 per-
cent in the liberal-strategy group and 28 percent 
in the conservative-strategy group, P = 0.29) or in 
the proportions of protocol reassessm

ents classi-
fied as shock (6 percent and 7 percent, respec-
tively; P = 0.78).

Lu
n

g
 Fu

n
ctio

n
Ventilator settings and lung-function data are 
show

n in Table 2B of the Supplem
entary A

ppen-
dix. The conservative-strategy group had better 
lung injury scores and oxygenation indexes, as 
w

ell as low
er plateau pressures and positive end-

expiratory pressures. The partial pressure of arte-
rial carbon dioxide, arterial pH

, and the PaO
2 :F

IO
2  

w
ere slightly higher in the conservative-strategy 

group on all study days, but this difference did not 
reach significance for the PaO

2 :F
IO

2  (P = 0.07).

M
etabo

lic an
d

 Ren
al Fu

n
ctio

n
The conservative-strategy group had slightly high-
er creatinine values than the liberal-strategy group 
during the study, but this difference did not reach 
significance (P = 0.06) (Table 2C

 of the Supplem
en-

tary A
ppendix). The conservative-strategy group 

had higher levels of blood urea nitrogen, bicarbon-
ate, hem

oglobin, album
in, and calculated colloid 

Table 2. Furosemide Dose, Fluid Intake, Fluid Output, and Fluid Balance on Each Day during the Study.*

Day Furosemide Fluid Intake Fluid Output Fluid Balance

Liberal Conservative Liberal Conservative Liberal Conservative Liberal Conservative

mg/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients)

1 74.27±7.48 (133) 148.94±8.52 (312) 5029.8±132.98 (485) 4230.5±120.03 (491) 2501.9±73.23 (485) 3043.8±93.90 (491) 2529.5±148.99 (484) 1186.7±151.01 (491)

2 72.46±6.65 (146) 157.35±8.91 (304) 4467.4±136.11 (479) 3590.6±98.45 (480) 2824.5±101.44 (479) 3966.7±115.57 (480) 1642.9±151.71 (479) −376.1±161.08 (480)

3 65.28±6.49 (140) 166.90±10.01 (269) 3997.1±103.40 (465) 3390.4±85.30 (464) 3060.9±103.23 (465) 3797.3±110.48 (465) 936.12±115.32 (465) −408.5±135.90 (464)

4 80.74±10.23 (129) 154.25±10.61 (228) 3752.0±102.07 (444) 3430.8±96.49 (437) 3188.1±109.19 (444) 3606.1±113.38 (434) 563.88±100.98 (444) −165.5±119.92 (434)

5 73.06±8.41 (119) 164.71±12.06 (197) 3825.3±110.62 (424) 3201.1±87.23 (411) 3358.7±115.49 (421) 3444.8±108.98 (408) 483.03±109.98 (421) −226.3±115.22 (408)

6 58.20±6.68 (106) 158.87±13.45 (165) 3782.8±104.28 (411) 3159.4±88.12 (382) 3334.4±123.99 (411) 3316.9±103.81 (379) 508.04±111.75 (410) −144.9±110.25 (378)

7 51.03±4.31 (87) 127.86±11.61 (137) 3639.7±93.96 (390) 3226.9±108.18 (355) 3216.8±98.36 (385) 3143.9±100.16 (346) 458.95±106.85 (385) 130.08±118.47 (346)

* Plus−minus values are means ±SE. Numbers in parentheses indicate the number of patients receiving at least one dose of furosemide on that day or the number of patients with a flu-
id measurement. P<0.001 for all comparisons except for fluid intake on day 4 (P = 0.02) and day 7 (P = 0.004); fluid output on day 4 (P = 0.008), day 5 (P = 0.58), day 6 (P = 0.94), and 
day 7 (P = 0.61); and fluid balance on day 7 (P = 0.04). Negative fluid balance means that fluid output exceeded fluid intake. 
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osmotic pressure during the study.21 There were 
no significant differences in mean serum sodium 
levels during the study.

Safety
Metabolic alkalosis and electrolyte imbalances were 
reported as an adverse event (none with associ-
ated arrhythmias) more frequently with the con-
servative strategy (42 events, 3 serious) than with 
the liberal strategy (19 events, 1 serious) (P = 0.001). 
More patients in the conservative-strategy group 
than in the liberal-strategy group had at least one 
potassium value of 3.0 mmol per liter or less (26 
percent vs. 22 percent, P<0.001), one sodium value 
of at least 150 mmol per liter (25 percent vs. 18 
percent, P = 0.009), or one bicarbonate value of 
more than 40 mmol per liter (6 percent vs. 2 per-
cent, P<0.001). There was no significant differ-
ence in the percentage of patients with at least 
one potassium value of 2.5 mmol per liter or less 
(4 percent vs. 3 percent, P = 0.23).

Major Outcomes
Major outcomes are shown in Table 3 and Fig-
ure 3. There was no interaction between the in-
terventions of the factorial design (type of fluid 
management and type of catheter, P = 0.26). There-
fore, results are reported according to the fluid-
management strategy, irrespective of catheter as-
signment. The in-hospital death rate during the 
first 60 days after randomization was 25.5±1.9 
percent in the conservative-strategy group and 
28.4±2.0 percent in the liberal-strategy group 
(P = 0.30; 95 percent confidence interval for the 
difference, −2.6 to 8.4 percent). The conservative-
strategy group had more ventilator-free days, days 
free of central nervous system failure, and ICU-free 
days during the first 28 days. There were no sig-
nificant differences in the number of failure-free 
days for other organs during the first 28 days, 
although there was a small (0.3 day) increase in 
the number of cardiovascular-failure–free days 
during the first 7 days with the liberal strategy. 
Within the first 60 days, there were no significant 
differences in either the percentage of patients 
receiving renal-replacement therapy (10 percent 
in the conservative-strategy group vs. 14 percent 
in the liberal-strategy group, P = 0.06) or the aver-
age number of days of renal support (11.0±1.7 vs. 
10.9±1.4, P = 0.96). There were no significant in-
teractions between baseline shock status and treat-
ment with respect to the mortality rate or the 

number of ventilator-free days or ICU-free days 
(Table 3 of the Supplementary Appendix). 

Black patients had a higher overall rate of 
death (37.3 percent of 118 black patients in the 
liberal-strategy group and 31.3 percent of 99 black 
patients in the conservative-strategy group) than 
white patients (22.7 percent of 313 white patients 
in the liberal-strategy group and 23.5 percent of 
328 white patients in the conservative-strategy 
group) (P = 0.002). Hispanic patients also had a 
higher mortality rate (38.5 percent of 52 Hispanic 

Table 3. Main Outcome Variables.*

Outcome
Conservative 

Strategy
Liberal 

Strategy P Value

Death at 60 days (%) 25.5 28.4 0.30

Ventilator-free days 
from day 1 to day 28†

14.6±0.5 12.1±0.5 <0.001

ICU-free days†

Days 1 to 7 0.9±0.1 0.6±0.1 <0.001

Days 1 to 28 13.4±0.4 11.2±0.4 <0.001

Organ-failure–free days†‡  

Days 1 to 7

Cardiovascular failure 3.9±0.1 4.2±0.1 0.04

CNS failure 3.4±0.2 2.9±0.2 0.02

Renal failure 5.5±0.1 5.6±0.1 0.45

Hepatic failure 5.7±0.1 5.5±0.1 0.12

Coagulation abnormalities 5.6±0.1 5.4±0.1 0.23

Days 1 to 28

Cardiovascular failure 19.0±0.5 19.1±0.4 0.85

CNS failure 18.8±0.5 17.2±0.5 0.03

Renal failure 21.5±0.5 21.2±0.5 0.59

Hepatic failure 22.0±0.4 21.2±0.5 0.18

Coagulation abnormalities 22.0±0.4 21.5±0.4 0.37

Dialysis to day 60

Patients (%) 10 14 0.06

Days 11.0±1.7 10.9±1.4 0.96

* Plus–minus values are means ±SE. CNS denotes central nervous system.
† This was an a priori secondary outcome.
‡ For this analysis, cardiovascular failure was defined by a systolic blood pres-

sure of 90 mm Hg or less or the need for a vasopressor (in contrast, shock 
was defined by a mean arterial pressure of less than 60 mm Hg or the need 
for a vasopressor [except a dose of dopamine of 5 µg per kilogram per minute 
or less]); a coagulation abnormality was defined by a platelet count of 80,000 
per cubic millimeter or less; hepatic failure was defined by a serum bilirubin 
level of at least 2 mg per deciliter (34 µmol per liter); and renal failure was de-
fined by a serum creatinine level of at least 2 mg per deciliter (177 µmol per 
liter). We calculated the number of days without organ or system failure by 
subtracting the number of days with organ failure from the lesser of 28 days 
or the number of days to death. Organs and systems were considered failure-
free after patients were discharged from the hospital.
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patients in the liberal-strategy group and 23.0 
percent of 61 Hispanic patients in the conserva-
tive-strategy group) than whites, but this differ-
ence did not reach significance (P = 0.10). After 
adjustment for baseline covariates, the hazard 
ratio for death among blacks as compared with 
whites was not significant (hazard ratio, 1.29; 95 
percent confidence interval, 0.97 to 1.73), where-
as it was significant for Hispanics (hazard ratio, 
1.58; 95 percent confidence interval, 1.08 to 2.31). 
The interaction between treatment and race for 
whites as compared with nonwhites was not sig-
nificant (P = 0.10), nor was it significant in any of 
the racial or ethnic subgroups. There was also no 
significant interaction between treatment and sex.

Discussion

Although we did not detect a significant differ-
ence between the conservative strategy and the 
liberal strategy of fluid management in the pri-
mary outcome of 60-day mortality, the conservative 
strategy improved lung function and shortened 
the duration of mechanical ventilation and inten-
sive care without increasing nonpulmonary-organ 
failures. The overall difference in mortality accord-
ing to race or ethnic group has previously been 
described in patients with acute lung injury22 and 
could be due to several factors, including socioeco-
nomic disparities or genetic determinants.23

The two strategies were designed to be prudent 
but distinctly different approaches to fluid ther-

apy. To place the results of our study in context, 
it is useful to consider how these fluid strategies 
compare with usual practice. In this regard, it is 
of interest that the cumulative seven-day fluid bal-
ance in the liberal-strategy group (6992±502 ml) 
was similar to that among patients in ARDS Net-
work studies in which the approach to fluid man-
agement was not specified14,24 (Fig. 1 of the Sup-
plementary Appendix). These findings are similar 
to those reported by Simmons et al.8 in 1987, sug-
gesting that the liberal approach to fluid manage-
ment reflects long-standing practices. The usual 
practice resembles the liberal approach in another 
aspect: the prestudy baseline measurements for 
central venous pressure (12.2 mm Hg) and pulmo-
nary-artery–occlusion pressure (15.7 mm Hg) were 
both within the target ranges for the liberal fluid 
strategy (10 to 14 mm Hg and 14 to 18 mm Hg, 
respectively).

Comparisons of our study to other studies of 
goal-directed management in critically ill patients 
are problematic because of differences in proto-
cols, patient populations, and timing of the inter-
ventions. Whereas we targeted central venous 
pressure or pulmonary-artery occlusion pressure 
in patients with recent onset of acute lung injury, 
previous studies targeted the cardiac index, oxy-
gen delivery, or mixed venous oxygen saturation 
in heterogeneous populations of critically ill pa-
tients.25-31 Rivers et al.32 demonstrated in patients 
with severe sepsis or septic shock the efficacy of 
six hours of early, goal-directed resuscitation in the 
emergency department before admission to the 
ICU. In contrast, our patients received their first 
protocol intervention an average of 43 hours after 
admission to the ICU and 24 hours after meeting 
the criteria for acute lung injury.

The conservative-strategy group had higher se-
rum oncotic pressures and lower intravascular 
pressures — characteristics that would be expected 
to limit the development of pulmonary edema. 
With lung injury, small increases in the pulmo-
nary-artery occlusion pressure are associated with 
large increases in extravascular lung water.2 The 
higher albumin and hemoglobin levels in the con-
servative-strategy group appear to be primarily 
related to hemoconcentration (or less hemodilu-
tion), since the rate of albumin use was low and 
not significantly different between groups and red-
cell transfusions were more frequent in the liberal-
strategy group.

Our results are consistent with those obtained 
in studies in animals suggesting improved lung 
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Figure 3. Probability of Survival to Hospital Discharge and of Breathing 
without Assistance during the First 60 Days after Randomization.
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duct of the protocol (Fig. 1) and the measurement 
of vascular pressure. Vascular pressures were mea-
sured in supine patients at end expiration (identi-
fied with an airway pressure signal) but were not 
adjusted for airway pressure.15

Subjects
A National Heart, Lung, and Blood Institute pro-
tocol-review committee, a data and safety moni-
toring board, and the institutional review board 
of each participating hospital approved the study. 
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Range 2

Range 3

Range 4

Measured intravascular pressure (mm Hg)

CVP PAOPG Average urinary output <0.5 ml/kg/hr Average urinary output ≥0.5 ml/kg/hr

MAP ≥60 mm Hg without vasopressors
(except dopamine ≤5 µg/kg/min) 
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strategy

Liberal
strategy
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<60 mm Hg
or a need for

any vasopressor
(except dopamine

≤5 µg/kg/min);
consider cor-

rectable causes
of shock first
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9–13 15–18 13–18 19–24

4–8 10–14 8–12 14–18
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Figure 1. Overview of the Protocol for Conservative and Liberal Fluid Management in the Group Assigned to a Pulmonary-Artery Catheter 
(PAC) and the Group Assigned to a Central Venous Catheter (CVC). 

At least every four hours, patients were assigned to 1 of 20 protocol cells (numbered in red in the top left-hand corner of each cell on 
the lower right-hand side of the figure) on the basis of four variables: central venous pressure (CVP) or pulmonary-artery occlusion pres-
sure (PAOP), depending on catheter assignment; the presence or absence of shock (defined by the protocol as a mean systemic arterial 
pressure [MAP] below 60 mm Hg or the need for a vasopressor [except for a dose of dopamine of 5 µg per kilogram of body weight per 
minute or less]); the presence or absence of oliguria (defined by a urinary output of less than 0.5 ml per kilogram per hour); and the 
presence or absence of ineffective circulation (defined by a cardiac index of less than 2.5 liters per minute per square meter in the PAC 
group and by cold, mottled skin with a capillary-refilling time of more than 2 seconds in the CVC group). Each cell is associated with an 
intervention and a reassessment interval. A patient with effective circulation and normotension and without oliguria would be assigned 
to a cell in the far right-hand column (cells 15 to 20), depending on the intravascular pressure. These patients received furosemide or 
fluids to move their intravascular pressure toward the target range (in the liberal-strategy group, a CVP of 10 to 14 mm Hg and a PAOP 
of 14 to 18 mm Hg; in the conservative-strategy group, a CVP of less than 4 mm Hg and a PAOP of less than 8 mm Hg). For example, if 
such a patient had a CVP of 8 mm Hg, he or she would be assigned to cell 18 if assigned to the conservative strategy and to cell 19 if as-
signed to the liberal strategy. The protocol called for the conservative-strategy patient assigned to cell 18 to receive furosemide. (The 
footnote instructions determined the dose of furosemide on the basis of the prior response of this patient and for furosemide to be 
withheld if the patient had been in shock within the previous 12 hours.) In contrast, the liberal-strategy patient assigned to cell 19 would 
receive a fluid bolus. (The footnote instructions limited the daily fluid boluses and called for fluid to be withheld if the FIO2 was at least 
0.7.) Lactate, oxygen delivery, and mixed venous and superior-vena-cava oxygen saturation were not used as protocol variables. For fluid 
boluses, clinicians were free to select isotonic crystalloid, albumin, or blood products, although the protocol dictated the volume of 
each administered. If patients were in shock (cells 1 and 2), treatment was left to the judgment of the physician except that after blood 
pressure stabilized, weaning from the vasopressor was conducted according to the protocol. Of roughly 27,000 assessments, about 19 
percent resulted in the assignment of patients to cell 1 or 2 (shock), 75 percent to cells 15 through 20, 5 percent to cells 7 through 10, 
and 2 percent to other cells. KVO denotes keep vein open, and IV intravenous. The superscript letters and numbers refer to footnotes 
that may modify protocol instructions on the basis of an individual patient’s physiology or response to prior instructions and are impor-
tant for the safe implementation of the protocol. The protocol is described in detail in the Supplementary Appendix.
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tients w
ho w

ere in shock at baseline, the cum
ula-

tive seven-day fluid balance w
as 2904±1008 m

l 
in the conservative-strategy group and 10,138±
922 m

l in the liberal-strategy group (P<0.001). For 
patients w

ho w
ere not in shock at baseline, the 

cum
ulative fluid balance w

as −1576±519 m
l in the 

conservative-strategy group and 5287±576 m
l 

in the liberal-strategy group (P<0.001).

H
em

o
d

yn
am

ics
Intravascular pressures declined in the conserva-
tive-strategy group but rem

ained essentially un-
changed in the liberal-strategy group (Fig. 2 in 
the Supplem

entary A
ppendix). The conservative-

strategy group had a slightly low
er m

ean arterial 
pressure, stroke volum

e, and cardiac index, but 
the heart rate, m

ixed venous oxygen saturation, 
and percentage of patients receiving vasopressors 
did not differ significantly betw

een the tw
o groups 

(Table 2A in the Supplem
entary Appendix). For pa-

tients in shock at random
ization, approxim

ately 
40 percent of subsequent m

easurem
ents m

et the 
criteria for shock in both treatm

ent groups. For 
patients w

ho w
ere not in shock at baseline, there 

w
ere no significant differences betw

een groups 
in the incidence of shock during study (32 per-
cent in the liberal-strategy group and 28 percent 
in the conservative-strategy group, P = 0.29) or in 
the proportions of protocol reassessm

ents classi-
fied as shock (6 percent and 7 percent, respec-
tively; P = 0.78).

Lu
n

g
 Fu

n
ctio

n
Ventilator settings and lung-function data are 
show

n in Table 2B of the Supplem
entary A

ppen-
dix. The conservative-strategy group had better 
lung injury scores and oxygenation indexes, as 
w

ell as low
er plateau pressures and positive end-

expiratory pressures. The partial pressure of arte-
rial carbon dioxide, arterial pH

, and the PaO
2 :F

IO
2  

w
ere slightly higher in the conservative-strategy 

group on all study days, but this difference did not 
reach significance for the PaO

2 :F
IO

2  (P = 0.07).

M
etabo

lic an
d

 Ren
al Fu

n
ctio

n
The conservative-strategy group had slightly high-
er creatinine values than the liberal-strategy group 
during the study, but this difference did not reach 
significance (P = 0.06) (Table 2C

 of the Supplem
en-

tary A
ppendix). The conservative-strategy group 

had higher levels of blood urea nitrogen, bicarbon-
ate, hem

oglobin, album
in, and calculated colloid 

Table 2. Furosemide Dose, Fluid Intake, Fluid Output, and Fluid Balance on Each Day during the Study.*

Day Furosemide Fluid Intake Fluid Output Fluid Balance

Liberal Conservative Liberal Conservative Liberal Conservative Liberal Conservative

mg/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients)

1 74.27±7.48 (133) 148.94±8.52 (312) 5029.8±132.98 (485) 4230.5±120.03 (491) 2501.9±73.23 (485) 3043.8±93.90 (491) 2529.5±148.99 (484) 1186.7±151.01 (491)

2 72.46±6.65 (146) 157.35±8.91 (304) 4467.4±136.11 (479) 3590.6±98.45 (480) 2824.5±101.44 (479) 3966.7±115.57 (480) 1642.9±151.71 (479) −376.1±161.08 (480)

3 65.28±6.49 (140) 166.90±10.01 (269) 3997.1±103.40 (465) 3390.4±85.30 (464) 3060.9±103.23 (465) 3797.3±110.48 (465) 936.12±115.32 (465) −408.5±135.90 (464)

4 80.74±10.23 (129) 154.25±10.61 (228) 3752.0±102.07 (444) 3430.8±96.49 (437) 3188.1±109.19 (444) 3606.1±113.38 (434) 563.88±100.98 (444) −165.5±119.92 (434)

5 73.06±8.41 (119) 164.71±12.06 (197) 3825.3±110.62 (424) 3201.1±87.23 (411) 3358.7±115.49 (421) 3444.8±108.98 (408) 483.03±109.98 (421) −226.3±115.22 (408)

6 58.20±6.68 (106) 158.87±13.45 (165) 3782.8±104.28 (411) 3159.4±88.12 (382) 3334.4±123.99 (411) 3316.9±103.81 (379) 508.04±111.75 (410) −144.9±110.25 (378)

7 51.03±4.31 (87) 127.86±11.61 (137) 3639.7±93.96 (390) 3226.9±108.18 (355) 3216.8±98.36 (385) 3143.9±100.16 (346) 458.95±106.85 (385) 130.08±118.47 (346)

* Plus−minus values are means ±SE. Numbers in parentheses indicate the number of patients receiving at least one dose of furosemide on that day or the number of patients with a flu-
id measurement. P<0.001 for all comparisons except for fluid intake on day 4 (P = 0.02) and day 7 (P = 0.004); fluid output on day 4 (P = 0.008), day 5 (P = 0.58), day 6 (P = 0.94), and 
day 7 (P = 0.61); and fluid balance on day 7 (P = 0.04). Negative fluid balance means that fluid output exceeded fluid intake. 
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osmotic pressure during the study.21 There were 
no significant differences in mean serum sodium 
levels during the study.

Safety
Metabolic alkalosis and electrolyte imbalances were 
reported as an adverse event (none with associ-
ated arrhythmias) more frequently with the con-
servative strategy (42 events, 3 serious) than with 
the liberal strategy (19 events, 1 serious) (P = 0.001). 
More patients in the conservative-strategy group 
than in the liberal-strategy group had at least one 
potassium value of 3.0 mmol per liter or less (26 
percent vs. 22 percent, P<0.001), one sodium value 
of at least 150 mmol per liter (25 percent vs. 18 
percent, P = 0.009), or one bicarbonate value of 
more than 40 mmol per liter (6 percent vs. 2 per-
cent, P<0.001). There was no significant differ-
ence in the percentage of patients with at least 
one potassium value of 2.5 mmol per liter or less 
(4 percent vs. 3 percent, P = 0.23).

Major Outcomes
Major outcomes are shown in Table 3 and Fig-
ure 3. There was no interaction between the in-
terventions of the factorial design (type of fluid 
management and type of catheter, P = 0.26). There-
fore, results are reported according to the fluid-
management strategy, irrespective of catheter as-
signment. The in-hospital death rate during the 
first 60 days after randomization was 25.5±1.9 
percent in the conservative-strategy group and 
28.4±2.0 percent in the liberal-strategy group 
(P = 0.30; 95 percent confidence interval for the 
difference, −2.6 to 8.4 percent). The conservative-
strategy group had more ventilator-free days, days 
free of central nervous system failure, and ICU-free 
days during the first 28 days. There were no sig-
nificant differences in the number of failure-free 
days for other organs during the first 28 days, 
although there was a small (0.3 day) increase in 
the number of cardiovascular-failure–free days 
during the first 7 days with the liberal strategy. 
Within the first 60 days, there were no significant 
differences in either the percentage of patients 
receiving renal-replacement therapy (10 percent 
in the conservative-strategy group vs. 14 percent 
in the liberal-strategy group, P = 0.06) or the aver-
age number of days of renal support (11.0±1.7 vs. 
10.9±1.4, P = 0.96). There were no significant in-
teractions between baseline shock status and treat-
ment with respect to the mortality rate or the 

number of ventilator-free days or ICU-free days 
(Table 3 of the Supplementary Appendix). 

Black patients had a higher overall rate of 
death (37.3 percent of 118 black patients in the 
liberal-strategy group and 31.3 percent of 99 black 
patients in the conservative-strategy group) than 
white patients (22.7 percent of 313 white patients 
in the liberal-strategy group and 23.5 percent of 
328 white patients in the conservative-strategy 
group) (P = 0.002). Hispanic patients also had a 
higher mortality rate (38.5 percent of 52 Hispanic 

Table 3. Main Outcome Variables.*

Outcome
Conservative 

Strategy
Liberal 

Strategy P Value

Death at 60 days (%) 25.5 28.4 0.30

Ventilator-free days 
from day 1 to day 28†

14.6±0.5 12.1±0.5 <0.001

ICU-free days†

Days 1 to 7 0.9±0.1 0.6±0.1 <0.001

Days 1 to 28 13.4±0.4 11.2±0.4 <0.001

Organ-failure–free days†‡  

Days 1 to 7

Cardiovascular failure 3.9±0.1 4.2±0.1 0.04

CNS failure 3.4±0.2 2.9±0.2 0.02

Renal failure 5.5±0.1 5.6±0.1 0.45

Hepatic failure 5.7±0.1 5.5±0.1 0.12

Coagulation abnormalities 5.6±0.1 5.4±0.1 0.23

Days 1 to 28

Cardiovascular failure 19.0±0.5 19.1±0.4 0.85

CNS failure 18.8±0.5 17.2±0.5 0.03

Renal failure 21.5±0.5 21.2±0.5 0.59

Hepatic failure 22.0±0.4 21.2±0.5 0.18

Coagulation abnormalities 22.0±0.4 21.5±0.4 0.37

Dialysis to day 60

Patients (%) 10 14 0.06

Days 11.0±1.7 10.9±1.4 0.96

* Plus–minus values are means ±SE. CNS denotes central nervous system.
† This was an a priori secondary outcome.
‡ For this analysis, cardiovascular failure was defined by a systolic blood pres-

sure of 90 mm Hg or less or the need for a vasopressor (in contrast, shock 
was defined by a mean arterial pressure of less than 60 mm Hg or the need 
for a vasopressor [except a dose of dopamine of 5 µg per kilogram per minute 
or less]); a coagulation abnormality was defined by a platelet count of 80,000 
per cubic millimeter or less; hepatic failure was defined by a serum bilirubin 
level of at least 2 mg per deciliter (34 µmol per liter); and renal failure was de-
fined by a serum creatinine level of at least 2 mg per deciliter (177 µmol per 
liter). We calculated the number of days without organ or system failure by 
subtracting the number of days with organ failure from the lesser of 28 days 
or the number of days to death. Organs and systems were considered failure-
free after patients were discharged from the hospital.
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patients in the liberal-strategy group and 23.0 
percent of 61 Hispanic patients in the conserva-
tive-strategy group) than whites, but this differ-
ence did not reach significance (P = 0.10). After 
adjustment for baseline covariates, the hazard 
ratio for death among blacks as compared with 
whites was not significant (hazard ratio, 1.29; 95 
percent confidence interval, 0.97 to 1.73), where-
as it was significant for Hispanics (hazard ratio, 
1.58; 95 percent confidence interval, 1.08 to 2.31). 
The interaction between treatment and race for 
whites as compared with nonwhites was not sig-
nificant (P = 0.10), nor was it significant in any of 
the racial or ethnic subgroups. There was also no 
significant interaction between treatment and sex.

Discussion

Although we did not detect a significant differ-
ence between the conservative strategy and the 
liberal strategy of fluid management in the pri-
mary outcome of 60-day mortality, the conservative 
strategy improved lung function and shortened 
the duration of mechanical ventilation and inten-
sive care without increasing nonpulmonary-organ 
failures. The overall difference in mortality accord-
ing to race or ethnic group has previously been 
described in patients with acute lung injury22 and 
could be due to several factors, including socioeco-
nomic disparities or genetic determinants.23

The two strategies were designed to be prudent 
but distinctly different approaches to fluid ther-

apy. To place the results of our study in context, 
it is useful to consider how these fluid strategies 
compare with usual practice. In this regard, it is 
of interest that the cumulative seven-day fluid bal-
ance in the liberal-strategy group (6992±502 ml) 
was similar to that among patients in ARDS Net-
work studies in which the approach to fluid man-
agement was not specified14,24 (Fig. 1 of the Sup-
plementary Appendix). These findings are similar 
to those reported by Simmons et al.8 in 1987, sug-
gesting that the liberal approach to fluid manage-
ment reflects long-standing practices. The usual 
practice resembles the liberal approach in another 
aspect: the prestudy baseline measurements for 
central venous pressure (12.2 mm Hg) and pulmo-
nary-artery–occlusion pressure (15.7 mm Hg) were 
both within the target ranges for the liberal fluid 
strategy (10 to 14 mm Hg and 14 to 18 mm Hg, 
respectively).

Comparisons of our study to other studies of 
goal-directed management in critically ill patients 
are problematic because of differences in proto-
cols, patient populations, and timing of the inter-
ventions. Whereas we targeted central venous 
pressure or pulmonary-artery occlusion pressure 
in patients with recent onset of acute lung injury, 
previous studies targeted the cardiac index, oxy-
gen delivery, or mixed venous oxygen saturation 
in heterogeneous populations of critically ill pa-
tients.25-31 Rivers et al.32 demonstrated in patients 
with severe sepsis or septic shock the efficacy of 
six hours of early, goal-directed resuscitation in the 
emergency department before admission to the 
ICU. In contrast, our patients received their first 
protocol intervention an average of 43 hours after 
admission to the ICU and 24 hours after meeting 
the criteria for acute lung injury.

The conservative-strategy group had higher se-
rum oncotic pressures and lower intravascular 
pressures — characteristics that would be expected 
to limit the development of pulmonary edema. 
With lung injury, small increases in the pulmo-
nary-artery occlusion pressure are associated with 
large increases in extravascular lung water.2 The 
higher albumin and hemoglobin levels in the con-
servative-strategy group appear to be primarily 
related to hemoconcentration (or less hemodilu-
tion), since the rate of albumin use was low and 
not significantly different between groups and red-
cell transfusions were more frequent in the liberal-
strategy group.

Our results are consistent with those obtained 
in studies in animals suggesting improved lung 
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without Assistance during the First 60 Days after Randomization.
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duct of the protocol (Fig. 1) and the measurement 
of vascular pressure. Vascular pressures were mea-
sured in supine patients at end expiration (identi-
fied with an airway pressure signal) but were not 
adjusted for airway pressure.15

Subjects
A National Heart, Lung, and Blood Institute pro-
tocol-review committee, a data and safety moni-
toring board, and the institutional review board 
of each participating hospital approved the study. 

Range 1

Range 2

Range 3

Range 4

Measured intravascular pressure (mm Hg)

CVP PAOPG Average urinary output <0.5 ml/kg/hr Average urinary output ≥0.5 ml/kg/hr

MAP ≥60 mm Hg without vasopressors
(except dopamine ≤5 µg/kg/min) 

Conservative
strategy

Liberal
strategy

Conservative
strategy

Liberal
strategy

MAP
<60 mm Hg
or a need for

any vasopressor
(except dopamine

≤5 µg/kg/min);
consider cor-

rectable causes
of shock first

>13 >18 >18 >24

9–13 15–18 13–18 19–24

4–8 10–14 8–12 14–18

<4 <10 <8 <14

3 KVO IV
DobutamineA

FurosemideB,1,2,4

1 VasopressorF

Fluid bolusF

2 Fluid bolusF

VasopressorF

7 KVO IV
FurosemideB,1,2,4

11 KVO IV
DobutamineA

FurosemideB,1,3,4

15 KVO IV
FurosemideB,1,3,4

4 KVO IV
DobutamineA

8 KVO IV
FurosemideB,1,2,4

12 KVO IV
DobutamineA

16 KVO IV
FurosemideB,1,3,4

5 Fluid bolusC 9 Fluid bolusC 13 Fluid bolusC

6 Fluid bolusC 10 Fluid bolusC 14 Fluid bolusC

17 Liberal 
KVO IV

18 Conservative
FurosemideB,1,3,4

20 Conservative
KVO IV

19 Liberal 
fluid bolus

Ineffective
Circulation

Cardiac index
<2.5 liters/min/m2

or cold, mottled
skin with capillary-

refilling time >2 sec

Effective
Circulation

Cardiac index
≥2.5 liters/min/m2

or absence of
criteria for ineffec-

 tive circulation

Ineffective
Circulation

Cardiac index
<2.5 liters/min/m2

or cold, mottled
skin with capillary-

refilling time >2 sec

Effective
Circulation

Cardiac index
≥2.5 liters/min/m2

or absence of
criteria for ineffec-

 tive circulation

Figure 1. Overview of the Protocol for Conservative and Liberal Fluid Management in the Group Assigned to a Pulmonary-Artery Catheter 
(PAC) and the Group Assigned to a Central Venous Catheter (CVC). 

At least every four hours, patients were assigned to 1 of 20 protocol cells (numbered in red in the top left-hand corner of each cell on 
the lower right-hand side of the figure) on the basis of four variables: central venous pressure (CVP) or pulmonary-artery occlusion pres-
sure (PAOP), depending on catheter assignment; the presence or absence of shock (defined by the protocol as a mean systemic arterial 
pressure [MAP] below 60 mm Hg or the need for a vasopressor [except for a dose of dopamine of 5 µg per kilogram of body weight per 
minute or less]); the presence or absence of oliguria (defined by a urinary output of less than 0.5 ml per kilogram per hour); and the 
presence or absence of ineffective circulation (defined by a cardiac index of less than 2.5 liters per minute per square meter in the PAC 
group and by cold, mottled skin with a capillary-refilling time of more than 2 seconds in the CVC group). Each cell is associated with an 
intervention and a reassessment interval. A patient with effective circulation and normotension and without oliguria would be assigned 
to a cell in the far right-hand column (cells 15 to 20), depending on the intravascular pressure. These patients received furosemide or 
fluids to move their intravascular pressure toward the target range (in the liberal-strategy group, a CVP of 10 to 14 mm Hg and a PAOP 
of 14 to 18 mm Hg; in the conservative-strategy group, a CVP of less than 4 mm Hg and a PAOP of less than 8 mm Hg). For example, if 
such a patient had a CVP of 8 mm Hg, he or she would be assigned to cell 18 if assigned to the conservative strategy and to cell 19 if as-
signed to the liberal strategy. The protocol called for the conservative-strategy patient assigned to cell 18 to receive furosemide. (The 
footnote instructions determined the dose of furosemide on the basis of the prior response of this patient and for furosemide to be 
withheld if the patient had been in shock within the previous 12 hours.) In contrast, the liberal-strategy patient assigned to cell 19 would 
receive a fluid bolus. (The footnote instructions limited the daily fluid boluses and called for fluid to be withheld if the FIO2 was at least 
0.7.) Lactate, oxygen delivery, and mixed venous and superior-vena-cava oxygen saturation were not used as protocol variables. For fluid 
boluses, clinicians were free to select isotonic crystalloid, albumin, or blood products, although the protocol dictated the volume of 
each administered. If patients were in shock (cells 1 and 2), treatment was left to the judgment of the physician except that after blood 
pressure stabilized, weaning from the vasopressor was conducted according to the protocol. Of roughly 27,000 assessments, about 19 
percent resulted in the assignment of patients to cell 1 or 2 (shock), 75 percent to cells 15 through 20, 5 percent to cells 7 through 10, 
and 2 percent to other cells. KVO denotes keep vein open, and IV intravenous. The superscript letters and numbers refer to footnotes 
that may modify protocol instructions on the basis of an individual patient’s physiology or response to prior instructions and are impor-
tant for the safe implementation of the protocol. The protocol is described in detail in the Supplementary Appendix.
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tients w
ho w

ere in shock at baseline, the cum
ula-

tive seven-day fluid balance w
as 2904±1008 m

l 
in the conservative-strategy group and 10,138±
922 m

l in the liberal-strategy group (P<0.001). For 
patients w

ho w
ere not in shock at baseline, the 

cum
ulative fluid balance w

as −1576±519 m
l in the 

conservative-strategy group and 5287±576 m
l 

in the liberal-strategy group (P<0.001).

H
em

o
d

yn
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ics
Intravascular pressures declined in the conserva-
tive-strategy group but rem

ained essentially un-
changed in the liberal-strategy group (Fig. 2 in 
the Supplem

entary A
ppendix). The conservative-

strategy group had a slightly low
er m

ean arterial 
pressure, stroke volum

e, and cardiac index, but 
the heart rate, m

ixed venous oxygen saturation, 
and percentage of patients receiving vasopressors 
did not differ significantly betw

een the tw
o groups 

(Table 2A in the Supplem
entary Appendix). For pa-

tients in shock at random
ization, approxim

ately 
40 percent of subsequent m

easurem
ents m

et the 
criteria for shock in both treatm

ent groups. For 
patients w

ho w
ere not in shock at baseline, there 

w
ere no significant differences betw

een groups 
in the incidence of shock during study (32 per-
cent in the liberal-strategy group and 28 percent 
in the conservative-strategy group, P = 0.29) or in 
the proportions of protocol reassessm

ents classi-
fied as shock (6 percent and 7 percent, respec-
tively; P = 0.78).

Lu
n

g
 Fu

n
ctio

n
Ventilator settings and lung-function data are 
show

n in Table 2B of the Supplem
entary A

ppen-
dix. The conservative-strategy group had better 
lung injury scores and oxygenation indexes, as 
w

ell as low
er plateau pressures and positive end-

expiratory pressures. The partial pressure of arte-
rial carbon dioxide, arterial pH

, and the PaO
2 :F

IO
2  

w
ere slightly higher in the conservative-strategy 

group on all study days, but this difference did not 
reach significance for the PaO

2 :F
IO

2  (P = 0.07).

M
etabo

lic an
d

 Ren
al Fu

n
ctio

n
The conservative-strategy group had slightly high-
er creatinine values than the liberal-strategy group 
during the study, but this difference did not reach 
significance (P = 0.06) (Table 2C

 of the Supplem
en-

tary A
ppendix). The conservative-strategy group 

had higher levels of blood urea nitrogen, bicarbon-
ate, hem

oglobin, album
in, and calculated colloid 

Table 2. Furosemide Dose, Fluid Intake, Fluid Output, and Fluid Balance on Each Day during the Study.*

Day Furosemide Fluid Intake Fluid Output Fluid Balance

Liberal Conservative Liberal Conservative Liberal Conservative Liberal Conservative

mg/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients) ml/24 hr (no. of patients)

1 74.27±7.48 (133) 148.94±8.52 (312) 5029.8±132.98 (485) 4230.5±120.03 (491) 2501.9±73.23 (485) 3043.8±93.90 (491) 2529.5±148.99 (484) 1186.7±151.01 (491)

2 72.46±6.65 (146) 157.35±8.91 (304) 4467.4±136.11 (479) 3590.6±98.45 (480) 2824.5±101.44 (479) 3966.7±115.57 (480) 1642.9±151.71 (479) −376.1±161.08 (480)

3 65.28±6.49 (140) 166.90±10.01 (269) 3997.1±103.40 (465) 3390.4±85.30 (464) 3060.9±103.23 (465) 3797.3±110.48 (465) 936.12±115.32 (465) −408.5±135.90 (464)

4 80.74±10.23 (129) 154.25±10.61 (228) 3752.0±102.07 (444) 3430.8±96.49 (437) 3188.1±109.19 (444) 3606.1±113.38 (434) 563.88±100.98 (444) −165.5±119.92 (434)

5 73.06±8.41 (119) 164.71±12.06 (197) 3825.3±110.62 (424) 3201.1±87.23 (411) 3358.7±115.49 (421) 3444.8±108.98 (408) 483.03±109.98 (421) −226.3±115.22 (408)

6 58.20±6.68 (106) 158.87±13.45 (165) 3782.8±104.28 (411) 3159.4±88.12 (382) 3334.4±123.99 (411) 3316.9±103.81 (379) 508.04±111.75 (410) −144.9±110.25 (378)

7 51.03±4.31 (87) 127.86±11.61 (137) 3639.7±93.96 (390) 3226.9±108.18 (355) 3216.8±98.36 (385) 3143.9±100.16 (346) 458.95±106.85 (385) 130.08±118.47 (346)

* Plus−minus values are means ±SE. Numbers in parentheses indicate the number of patients receiving at least one dose of furosemide on that day or the number of patients with a flu-
id measurement. P<0.001 for all comparisons except for fluid intake on day 4 (P = 0.02) and day 7 (P = 0.004); fluid output on day 4 (P = 0.008), day 5 (P = 0.58), day 6 (P = 0.94), and 
day 7 (P = 0.61); and fluid balance on day 7 (P = 0.04). Negative fluid balance means that fluid output exceeded fluid intake. 
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acetazolamide-group patients (28.3%) and 43 placebo-group
patients (22.2%) never received the assigned treatment (P = .17)
because of no metabolic alkalosis or temporary contraindica-
tion. Cotreatments with loop diuretics, glucocorticoids,
β2-agonists or catecholamines, the mechanical ventilation
mode used, and the left ventricular ejection fraction at wean-
ing were comparable for the 2 groups.

Adverse Events
No significant between-group differences were observed for
the overall incidence of serious adverse events (Table 2; eTable
1 in Supplement 2).

Post Hoc Subgroup Analyses
No significant interactions were identified between study
groups and any post hoc subgroup with respect to the total du-
rations of invasive ventilation or weaning (Figure 3 and eFigure
4A-B in Supplement 2).

Discussion
This multicenter, randomized, double-blind trial was de-
signed to compare the respiratory effects of acetazolamide vs

Table 1. Characteristics of the Patients at Baseline

Characteristic

Study Group, Mean (SD)
Acetazolamide
(n = 187)

Placebo
(n = 193)

Age, y 69 (10) 69 (11)

Men, No. (%) 131 (70) 141 (73.1)

SAPS II scorea 49.4 (13.9) 50 (15.1)

SOFA scoreb 7.2 (3.1) 7.1 (3.2)

BMI 27.2 (8.0) 26.7 (9.1)

Home treatment, No. (%)

Oxygen 49 (26.2) 52 (26.9)

Noninvasive ventilation 19 (10.1) 21 (10.9)

Tracheotomy mechanical
ventilation

0 1 (0.5)

Smoker or ex-smoker, No. (%) 170 (90.9) 179 (92.7)

Smoking history, pack-years 48.3 (24.7) 50.4 (22.1)

FEV1, mLc 1232 (609) 1124 (586)

FEV1/FVCc 0.51 (0.15) 0.53 (0.15)

>8 Weeks, No. (%)

Systemic glucocorticoids 32 (17.1) 39 (20.2)

Loop diuretics 51 (27.3) 67 (34.7)

β2-Agonists 96 (51.3) 95 (49.2)

Acetazolamide 4 (2.1) 3 (1.6)

ICU stay before randomization,
median (IQR), dd

1 (0-1) 1 (0-1)

Causes of invasive mechanical
ventilation, No. (%)e

Community-acquired pneumonia 83 (44.3) 83 (43.0)

Bronchitis 37 (19.8) 33 (17.1)

Left ventricular insufficiency 43 (23.0) 32 (16.6)

Surgery 12 (6.4) 13 (6.7)

Use of sedative 4 (2.1) 17 (8.8)

Pulmonary embolism 2 (1.1) 1 (0.5)

Stroke 3 (1.6) 2 (1.0)

Others 52 (27.8) 44 (22.8)

Unknown 10 (5.3) 9 (4.7)

Endotracheal intubation/
tracheotomy at inclusion, No.

187/0 192/1

Laboratory measurements
at inclusion

pH 7.32 (0.11) 7.30 (0.12)

PaO2, mm Hg 150.5 (108) 143.6 (90)

PaCO2, mm Hg 52.5 (16) 55.6 (17)

Serum

Bicarbonate, mEq/L 26.9 (6.9) 27.4 (6.6)

Potassium, mEq/L 4.2 (0.7) 4.2 (0.7)

Sodium, mEq/L 138 (5.8) 139 (4.9)

Chloride, mEq/L 100.9 (8.4) 100.6 (6.8)

Protein, g/dL 5.9 (0.9) 5.9 (0.8)

Creatinine, mg/dL 1.3 (0.9) 1.2 (0.8)

Urea, mg/dL 31.4 (25.8) 29.7 (23.2)

Glucose, mg/dL 165.8 (133.3) 165.8 (79.3)

Aspartate aminotransferase, U/L 105.2 (290.6) 115.1 (448.6)

Bilirubin, mg/dL 0.8 (0.6) 0.8 (0.9)

Uric acid, mg/dL 6.3 (2.7) 5.9 (3.1)

Thyroid-stimulating hormone,
mIU/L

2.5 (8) 2.2 (5.7)

Hemoglobin, g/dL 1.2 (0.2) 1.2 (0.2)

(continued)

Table 1. Characteristics of the Patients at Baseline (continued)

Characteristic

Study Group, Mean (SD)
Acetazolamide
(n = 187)

Placebo
(n = 193)

Hematocrit, % 37.3 (8) 37.6 (8.4)

White blood cells/µL 13700 (7200) 13900 (8200)

Blood platelets, ×103/µL 251.5 (116.6) 245.6 (118.5)

Prothrombin ratio, % 73.7 (21.6) 75.9 (22.1)

Chest radiography, No. (%)

Distension of the lungs 147 (78.6) 148 (76.7)

Unilateral alveolar opacities 57 (30.5) 53 (27.5)

Bilateral alveolar opacities 84 (44.9) 93 (48.2)

Abbreviations: BMI, body mass index, calculated as weight in kilograms
divided by height in meters squared; FEV1, forced expiratory volume in the
first second of expiration; FVC, forced vital capacity; ICU, intensive care unit;
IQR, interquartile range; PaCO2, partial carbon-dioxide pressure in arterial blood;
PaO2, partial oxygen pressure in arterial blood; SAPS, Simplified Acute
Physiology score; SOFA, Sequential Organ Failure Assessment.
SI conversion factor: To convert aspartate aminotransferase from U/L to μKat/L,
multiply by 0.0167; bilirubin from mg/dL to μmol/L, multiply by 17.104;
creatinine from mg/dL to μmol/L, multiply by 88.4; glucose from mg/dL to
mmol/L, multiply by 0.0555; PaO2 and PaCO2 from mm Hg to kPA, multiply by
0.133; uric acid from mg/dL to μmol/L, multiply by 59.485.
a The SAPS II is based on 17 variables; scores range from 0 to 163, with higher

scores indicating more severe disease.
b The SOFA score includes subscores ranging from 0 to 4 for each of

the 5 components (circulation, lung, liver, kidneys, and coagulation).
Aggregate scores range from 0 to 20, with higher scores indicating more
severe organ failure.

c Data were available from 71 patients in the acetazolamide group and from 82
patients in the placebo group.

d Seventy-eight patients in the acetazolamide group and 91 patients in the
placebo group were hospitalized in ICU prior to randomization.

e Several situations requiring invasive ventilation are possible; hence, the total
can exceed 100%.
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placebo in mechanically ventilated patients with COPD and
pure or mixed metabolic alkalosis. Acetazolamide had no sig-
nificant effect on durations of mechanical ventilation or wean-
ing, respiratory parameter-values (respiratory frequency, tidal

volume, and minute ventilation) despite achieving larger de-
creases in serum bicarbonate and fewer days with metabolic
alkalosis. In addition, the acetazolamide group’s PaO2:FIO2

ratio was significantly increased, possibly via the drug’s

Table 2. Clinical Outcomes and Serious Adverse Eventsa

Variable

Group, Median (Interquartile Range)
Between-Group Difference
(95% CI) P Value

Acetazolamide
(n = 187)

Placebo
(n = 193)

Primary Outcome

Duration of invasive ventilation, h 136.5 (68.7 to 234.7) 163 (86.2 to 242.9) −16.0 (−36.5 to 4.0) .17

Secondary Outcomesb

Daily

Serum bicarbonate change, mEq/L −0.3 (−1.0 to 0.4) 0.3 (−0.2 to 1.3) −0.8 (−1.2 to −0.5) <.001

PaCO2 change, mm Hg −0.5 (−2.0 to 0.8) −0.2 (−1.4 to 1) −0.3 (−0.8 to 0.2) .25

pH change 0 (−0.01 to 0.02) 0.01 (0 to 0.02) −0.01 (−0.01 to −0.0) .008

PaO2:FIO2-ratio change, mm Hg 7.8 (−1.5 to 20.5) 3.5 (−5.2 to 13.9) 4.6 (0.6 to 8.6) .009

Respiratory rate change, cycle/min 0.1 (−0.8 to 1.0) 0.3 (−0.3 to 1.4) −0.3 (−0.7 to 0.0) .10

Tidal volume change, mL 4.1 (−7.1 to 28.0) 3.8 (−8.6 to 19.4) 1.3 (−4.2 to 7.5) .72

Volume-minute change, L/min 0.2 (−0.2 to 0.8) 0.2 (−0.1 to –0.6) 0.0 (−0.2 to 0.2) .72

Weaning duration, h 18.7 (3.0 to 46.5) 22.0 (3.0 to 44.3) −0.9 (−4.3 to 1.3) .36

Spontaneous breathing trials, d 1 (1 to 2) 1 (1 to 2) 0 (0 to 0) .42

Tracheotomy, median (range), d 0 (0 to 21) 0 (0 to 9) 0 (0 to 0) .67

Endotracheal intubation, No. (%) 187 (100) 192 (99.5) 0.05 (−0.05 to 1.5) .99

Use of noninvasive ventilation after
extubation, No. (%)

62 (33.1) 72 (37.3) –4.2 (–13.8 to 5.5) .39

Successful weaning, No. (%)c 118 (74.7) 127 (78.4) –3.7 (–13.1 to 5.6) .43

Unplanned extubation, median (range), d 0 (0 to 2) 0 (0 to 1) 0 (0 to 0) .65

VAP episodes, No. (%) 23 (12.3) 33 (17.1) –4.8 (–12.0 to 2.4) .18

Duration of ICU stay, d 10 (6 to 17) 10 (7 to 18) –2.1 (–6.1 to 1.9) .30

In-ICU mortality, No. (%) 22 (11.7) 26 (13.4) –1 (–2 to 0) .61

Serious adverse events, No. (%)d 6 (0.03) 7 (0.04) –0.4 (–4.1 to 3.2) .82

Days receiving treatment

Loop diuretics 1 (0 to 4) 1 (0 to 4) 0 (0 to 0) .55

Systemic glucocorticoids 0 (0 to 3) 0 (0 to 4) 0 (0 to 0) .29

β2-Agonists 0 (0 to 4) 1 (0 to 6) 0 (0 to 0) .07

Catecholamines 1 (0 to 3) 1 (0 to 3) 0 (0 to 0) .98

Test-treatment doses 2 (0 to 5) 6 (1 to 13) –2 (–4 to –1) <.001

Metabolic alkalosis, de 2 (1 to 4) 4 (2 to 8) –1 (–2 to –1) <.001

Temporary contraindication to test
treatment, median (range), d

0 (0 to 10) 0 (0 to 7) 0 (0 to 0) .16

Pressure-support ventilation, d 2 (1 to 5) 2 (1 to 5) 0 (–1 to 0) .22

Volume-assisted ventilation, d 3 (1 to 5) 3 (1 to 6) 0 (–1 to 0) .52

Left ventricular ejection fraction
at weaning, %f

55 (40 to 60) 50 (42 to 60) 0 (–5 to 5) .86

Abbreviations: FIO2, fraction of inspired oxygen; ICU, intensive care unit;
PaCO2, partial carbon-dioxide pressure in arterial blood; PaO2 partial oxygen
pressure in arterial blood; and VAP, ventilator-associated pneumonia
(diagnostic criteria are provided in Supplement 2).
SI conversion factor: To convert PaCO2 and PaO2 from mm Hg to kPA,
multiply by 0.133.
a Range was preferred over IQR because several of the latter were (0-0).

Between-group differences for quantitative variables are expressed as
medians with the 95% CI around the median difference.

b Median daily changes of arterial blood gases or respiratory parameters
corresponded to the differences between 2 consecutive days from day 1 to the
end of invasive ventilation. Arterial blood gases and respiratory parameters on
mechanical ventilation were measured between 7 AM and 8 AM Other
laboratory-parameter changes are given in eTable 2 in Supplement 2.

c Weaning was considered successful when invasive ventilation reintroduction
was not required within 48 hours after its termination. Criteria for extubation
and reintubation are detailed in Supplement 2. Weaning-failure causes are
given in eTable 2 in Supplement 2.

d Adverse events were considered serious when they required intensive care
procedures (use of vasopressors, hemodialysis, central venous
catheterization, cardiac pacing, or tube thoracostomy) or surgery, and those
events prolonged hospitalization or resulted in persistent or major disability or
incapacity.

e Metabolic alkalosis was defined as serum bicarbonate of more than 26 mEql/L
and arterial pH of 7.35 or more.

f Left ventricular ejection fraction was assessed by transthoracic
echocardiography during the weaning period.
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Figure 3. Subgroup Analyses of the Effect of Acetazolamide on the Duration of Invasive Ventilation
or Weaning

Favors
Placebo

Favors
Acetazolamide

1.0 3.00.5
Hazard Ratio (95% CI)

Acetazolamide
Group, No.
Events aSubgroup

Acute prolonged invasive ventilation, ≥96 h

Hazard Ratio
(95% CI)Patients

Placebo
Group, No.
Events a Patients

102 119 121 137Yes 1.06 (0.81−1.38)
57 68 45 56No 0.91 (0.61−1.37)

Pressure support ventilation >50% of the weaning period
62 66 83 87Yes 1.20 (0.86−1.68)
93 117 82 103No 1.15 (0.85−1.55)

Loop diuretics or corticosteroids
121 141 128 143Yes 1.11 (0.86−1.42)

34 42 37 47No 1.37 (0.84−2.23)
Pure metabolic alkalosis at baseline

55 59 48 50Yes 1.36 (0.91−2.03)
104 128 118 143No 1.11 (0.85−1.44)
166 187 159 193Overall 1.16 (0.93−1.44)

Duration of ventilationA

Favors
Placebo

Favors
Acetazolamide

1.0 3.00.5
Hazard Ratio (95% CI)

Acetazolamide
Group, No.
Events aSubgroup

Acute prolonged invasive ventilation, ≥96 h

Hazard Ratio
(95% CI)Patients

Placebo
Group, No.
Events a Patients

93 99 111 112Yes 0.98 (0.74−1.30)
50 51 42 43No 0.91 (0.59−1.41)

Pressure support ventilation >50% of the weaning period
59 62 82 83Yes 1.00 (0.71−1.40)
80 84 70 71No 1.12 (0.81−1.56)

Loop diuretics or corticosteroids
108 113 118 120Yes 1.00 (0.77−1.31)

31 33 34 34No 1.13 (0.69−1.86)
Pure metabolic alkalosis at baseline

51 53 45 45Yes 1.09 (0.72−1.64)
92 97 108 110No 1.02 (0.77−1.36)

143 150 153 155Overall 1.04 (0.83−1.31)

Duration of weaningB

The duration of weaning was the time
between its onset (criteria are
detailed in Supplement 2) and its
termination. In the case of temporary
interruption of the weaning
procedure, the total duration
corresponded to the number of hours
of attempted withdrawal until
successful weaning minus
discontinued hours.
a An event corresponds to the

termination of invasive mechanical
ventilation.

Figure 2. Kaplan-Meier Curves for the Cumulative Probabilities of Being Weaned Off Invasive Ventilation
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HR, 1.14 (95% CI, 0.91-1.42); Log-rank P = .24

Data for the analysis, conducted on
the intention-to-treat population,
were censored for patients who died
before extubation or were still
breathing with the aid of mechanical
ventilation on day 28. Successful
weaning rates on day 28 (672 hours)
did not differ significantly for the
acetazolamide and placebo groups
(P = .24, log-rank test on day 28).
HR indicates hazard ratio.
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acetazolamide-group patients (28.3%) and 43 placebo-group
patients (22.2%) never received the assigned treatment (P = .17)
because of no metabolic alkalosis or temporary contraindica-
tion. Cotreatments with loop diuretics, glucocorticoids,
β2-agonists or catecholamines, the mechanical ventilation
mode used, and the left ventricular ejection fraction at wean-
ing were comparable for the 2 groups.

Adverse Events
No significant between-group differences were observed for
the overall incidence of serious adverse events (Table 2; eTable
1 in Supplement 2).

Post Hoc Subgroup Analyses
No significant interactions were identified between study
groups and any post hoc subgroup with respect to the total du-
rations of invasive ventilation or weaning (Figure 3 and eFigure
4A-B in Supplement 2).

Discussion
This multicenter, randomized, double-blind trial was de-
signed to compare the respiratory effects of acetazolamide vs

Table 1. Characteristics of the Patients at Baseline

Characteristic

Study Group, Mean (SD)
Acetazolamide
(n = 187)

Placebo
(n = 193)

Age, y 69 (10) 69 (11)

Men, No. (%) 131 (70) 141 (73.1)

SAPS II scorea 49.4 (13.9) 50 (15.1)

SOFA scoreb 7.2 (3.1) 7.1 (3.2)

BMI 27.2 (8.0) 26.7 (9.1)

Home treatment, No. (%)

Oxygen 49 (26.2) 52 (26.9)

Noninvasive ventilation 19 (10.1) 21 (10.9)

Tracheotomy mechanical
ventilation

0 1 (0.5)

Smoker or ex-smoker, No. (%) 170 (90.9) 179 (92.7)

Smoking history, pack-years 48.3 (24.7) 50.4 (22.1)

FEV1, mLc 1232 (609) 1124 (586)

FEV1/FVCc 0.51 (0.15) 0.53 (0.15)

>8 Weeks, No. (%)

Systemic glucocorticoids 32 (17.1) 39 (20.2)

Loop diuretics 51 (27.3) 67 (34.7)

β2-Agonists 96 (51.3) 95 (49.2)

Acetazolamide 4 (2.1) 3 (1.6)

ICU stay before randomization,
median (IQR), dd

1 (0-1) 1 (0-1)

Causes of invasive mechanical
ventilation, No. (%)e

Community-acquired pneumonia 83 (44.3) 83 (43.0)

Bronchitis 37 (19.8) 33 (17.1)

Left ventricular insufficiency 43 (23.0) 32 (16.6)

Surgery 12 (6.4) 13 (6.7)

Use of sedative 4 (2.1) 17 (8.8)

Pulmonary embolism 2 (1.1) 1 (0.5)

Stroke 3 (1.6) 2 (1.0)

Others 52 (27.8) 44 (22.8)

Unknown 10 (5.3) 9 (4.7)

Endotracheal intubation/
tracheotomy at inclusion, No.

187/0 192/1

Laboratory measurements
at inclusion

pH 7.32 (0.11) 7.30 (0.12)

PaO2, mm Hg 150.5 (108) 143.6 (90)

PaCO2, mm Hg 52.5 (16) 55.6 (17)

Serum

Bicarbonate, mEq/L 26.9 (6.9) 27.4 (6.6)

Potassium, mEq/L 4.2 (0.7) 4.2 (0.7)

Sodium, mEq/L 138 (5.8) 139 (4.9)

Chloride, mEq/L 100.9 (8.4) 100.6 (6.8)

Protein, g/dL 5.9 (0.9) 5.9 (0.8)

Creatinine, mg/dL 1.3 (0.9) 1.2 (0.8)

Urea, mg/dL 31.4 (25.8) 29.7 (23.2)

Glucose, mg/dL 165.8 (133.3) 165.8 (79.3)

Aspartate aminotransferase, U/L 105.2 (290.6) 115.1 (448.6)

Bilirubin, mg/dL 0.8 (0.6) 0.8 (0.9)

Uric acid, mg/dL 6.3 (2.7) 5.9 (3.1)

Thyroid-stimulating hormone,
mIU/L

2.5 (8) 2.2 (5.7)

Hemoglobin, g/dL 1.2 (0.2) 1.2 (0.2)

(continued)

Table 1. Characteristics of the Patients at Baseline (continued)

Characteristic

Study Group, Mean (SD)
Acetazolamide
(n = 187)

Placebo
(n = 193)

Hematocrit, % 37.3 (8) 37.6 (8.4)

White blood cells/µL 13700 (7200) 13900 (8200)

Blood platelets, ×103/µL 251.5 (116.6) 245.6 (118.5)

Prothrombin ratio, % 73.7 (21.6) 75.9 (22.1)

Chest radiography, No. (%)

Distension of the lungs 147 (78.6) 148 (76.7)

Unilateral alveolar opacities 57 (30.5) 53 (27.5)

Bilateral alveolar opacities 84 (44.9) 93 (48.2)

Abbreviations: BMI, body mass index, calculated as weight in kilograms
divided by height in meters squared; FEV1, forced expiratory volume in the
first second of expiration; FVC, forced vital capacity; ICU, intensive care unit;
IQR, interquartile range; PaCO2, partial carbon-dioxide pressure in arterial blood;
PaO2, partial oxygen pressure in arterial blood; SAPS, Simplified Acute
Physiology score; SOFA, Sequential Organ Failure Assessment.
SI conversion factor: To convert aspartate aminotransferase from U/L to μKat/L,
multiply by 0.0167; bilirubin from mg/dL to μmol/L, multiply by 17.104;
creatinine from mg/dL to μmol/L, multiply by 88.4; glucose from mg/dL to
mmol/L, multiply by 0.0555; PaO2 and PaCO2 from mm Hg to kPA, multiply by
0.133; uric acid from mg/dL to μmol/L, multiply by 59.485.
a The SAPS II is based on 17 variables; scores range from 0 to 163, with higher

scores indicating more severe disease.
b The SOFA score includes subscores ranging from 0 to 4 for each of

the 5 components (circulation, lung, liver, kidneys, and coagulation).
Aggregate scores range from 0 to 20, with higher scores indicating more
severe organ failure.

c Data were available from 71 patients in the acetazolamide group and from 82
patients in the placebo group.

d Seventy-eight patients in the acetazolamide group and 91 patients in the
placebo group were hospitalized in ICU prior to randomization.

e Several situations requiring invasive ventilation are possible; hence, the total
can exceed 100%.
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placebo in mechanically ventilated patients with COPD and
pure or mixed metabolic alkalosis. Acetazolamide had no sig-
nificant effect on durations of mechanical ventilation or wean-
ing, respiratory parameter-values (respiratory frequency, tidal

volume, and minute ventilation) despite achieving larger de-
creases in serum bicarbonate and fewer days with metabolic
alkalosis. In addition, the acetazolamide group’s PaO2:FIO2

ratio was significantly increased, possibly via the drug’s

Table 2. Clinical Outcomes and Serious Adverse Eventsa

Variable

Group, Median (Interquartile Range)
Between-Group Difference
(95% CI) P Value

Acetazolamide
(n = 187)

Placebo
(n = 193)

Primary Outcome

Duration of invasive ventilation, h 136.5 (68.7 to 234.7) 163 (86.2 to 242.9) −16.0 (−36.5 to 4.0) .17

Secondary Outcomesb

Daily

Serum bicarbonate change, mEq/L −0.3 (−1.0 to 0.4) 0.3 (−0.2 to 1.3) −0.8 (−1.2 to −0.5) <.001

PaCO2 change, mm Hg −0.5 (−2.0 to 0.8) −0.2 (−1.4 to 1) −0.3 (−0.8 to 0.2) .25

pH change 0 (−0.01 to 0.02) 0.01 (0 to 0.02) −0.01 (−0.01 to −0.0) .008

PaO2:FIO2-ratio change, mm Hg 7.8 (−1.5 to 20.5) 3.5 (−5.2 to 13.9) 4.6 (0.6 to 8.6) .009

Respiratory rate change, cycle/min 0.1 (−0.8 to 1.0) 0.3 (−0.3 to 1.4) −0.3 (−0.7 to 0.0) .10

Tidal volume change, mL 4.1 (−7.1 to 28.0) 3.8 (−8.6 to 19.4) 1.3 (−4.2 to 7.5) .72

Volume-minute change, L/min 0.2 (−0.2 to 0.8) 0.2 (−0.1 to –0.6) 0.0 (−0.2 to 0.2) .72

Weaning duration, h 18.7 (3.0 to 46.5) 22.0 (3.0 to 44.3) −0.9 (−4.3 to 1.3) .36

Spontaneous breathing trials, d 1 (1 to 2) 1 (1 to 2) 0 (0 to 0) .42

Tracheotomy, median (range), d 0 (0 to 21) 0 (0 to 9) 0 (0 to 0) .67

Endotracheal intubation, No. (%) 187 (100) 192 (99.5) 0.05 (−0.05 to 1.5) .99

Use of noninvasive ventilation after
extubation, No. (%)

62 (33.1) 72 (37.3) –4.2 (–13.8 to 5.5) .39

Successful weaning, No. (%)c 118 (74.7) 127 (78.4) –3.7 (–13.1 to 5.6) .43

Unplanned extubation, median (range), d 0 (0 to 2) 0 (0 to 1) 0 (0 to 0) .65

VAP episodes, No. (%) 23 (12.3) 33 (17.1) –4.8 (–12.0 to 2.4) .18

Duration of ICU stay, d 10 (6 to 17) 10 (7 to 18) –2.1 (–6.1 to 1.9) .30

In-ICU mortality, No. (%) 22 (11.7) 26 (13.4) –1 (–2 to 0) .61

Serious adverse events, No. (%)d 6 (0.03) 7 (0.04) –0.4 (–4.1 to 3.2) .82

Days receiving treatment

Loop diuretics 1 (0 to 4) 1 (0 to 4) 0 (0 to 0) .55

Systemic glucocorticoids 0 (0 to 3) 0 (0 to 4) 0 (0 to 0) .29

β2-Agonists 0 (0 to 4) 1 (0 to 6) 0 (0 to 0) .07

Catecholamines 1 (0 to 3) 1 (0 to 3) 0 (0 to 0) .98

Test-treatment doses 2 (0 to 5) 6 (1 to 13) –2 (–4 to –1) <.001

Metabolic alkalosis, de 2 (1 to 4) 4 (2 to 8) –1 (–2 to –1) <.001

Temporary contraindication to test
treatment, median (range), d

0 (0 to 10) 0 (0 to 7) 0 (0 to 0) .16

Pressure-support ventilation, d 2 (1 to 5) 2 (1 to 5) 0 (–1 to 0) .22

Volume-assisted ventilation, d 3 (1 to 5) 3 (1 to 6) 0 (–1 to 0) .52

Left ventricular ejection fraction
at weaning, %f

55 (40 to 60) 50 (42 to 60) 0 (–5 to 5) .86

Abbreviations: FIO2, fraction of inspired oxygen; ICU, intensive care unit;
PaCO2, partial carbon-dioxide pressure in arterial blood; PaO2 partial oxygen
pressure in arterial blood; and VAP, ventilator-associated pneumonia
(diagnostic criteria are provided in Supplement 2).
SI conversion factor: To convert PaCO2 and PaO2 from mm Hg to kPA,
multiply by 0.133.
a Range was preferred over IQR because several of the latter were (0-0).

Between-group differences for quantitative variables are expressed as
medians with the 95% CI around the median difference.

b Median daily changes of arterial blood gases or respiratory parameters
corresponded to the differences between 2 consecutive days from day 1 to the
end of invasive ventilation. Arterial blood gases and respiratory parameters on
mechanical ventilation were measured between 7 AM and 8 AM Other
laboratory-parameter changes are given in eTable 2 in Supplement 2.

c Weaning was considered successful when invasive ventilation reintroduction
was not required within 48 hours after its termination. Criteria for extubation
and reintubation are detailed in Supplement 2. Weaning-failure causes are
given in eTable 2 in Supplement 2.

d Adverse events were considered serious when they required intensive care
procedures (use of vasopressors, hemodialysis, central venous
catheterization, cardiac pacing, or tube thoracostomy) or surgery, and those
events prolonged hospitalization or resulted in persistent or major disability or
incapacity.

e Metabolic alkalosis was defined as serum bicarbonate of more than 26 mEql/L
and arterial pH of 7.35 or more.

f Left ventricular ejection fraction was assessed by transthoracic
echocardiography during the weaning period.
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Figure 3. Subgroup Analyses of the Effect of Acetazolamide on the Duration of Invasive Ventilation
or Weaning
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143 150 153 155Overall 1.04 (0.83−1.31)

Duration of weaningB

The duration of weaning was the time
between its onset (criteria are
detailed in Supplement 2) and its
termination. In the case of temporary
interruption of the weaning
procedure, the total duration
corresponded to the number of hours
of attempted withdrawal until
successful weaning minus
discontinued hours.
a An event corresponds to the

termination of invasive mechanical
ventilation.

Figure 2. Kaplan-Meier Curves for the Cumulative Probabilities of Being Weaned Off Invasive Ventilation
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Data for the analysis, conducted on
the intention-to-treat population,
were censored for patients who died
before extubation or were still
breathing with the aid of mechanical
ventilation on day 28. Successful
weaning rates on day 28 (672 hours)
did not differ significantly for the
acetazolamide and placebo groups
(P = .24, log-rank test on day 28).
HR indicates hazard ratio.
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acetazolamide-group patients (28.3%) and 43 placebo-group
patients (22.2%) never received the assigned treatment (P = .17)
because of no metabolic alkalosis or temporary contraindica-
tion. Cotreatments with loop diuretics, glucocorticoids,
β2-agonists or catecholamines, the mechanical ventilation
mode used, and the left ventricular ejection fraction at wean-
ing were comparable for the 2 groups.

Adverse Events
No significant between-group differences were observed for
the overall incidence of serious adverse events (Table 2; eTable
1 in Supplement 2).

Post Hoc Subgroup Analyses
No significant interactions were identified between study
groups and any post hoc subgroup with respect to the total du-
rations of invasive ventilation or weaning (Figure 3 and eFigure
4A-B in Supplement 2).

Discussion
This multicenter, randomized, double-blind trial was de-
signed to compare the respiratory effects of acetazolamide vs

Table 1. Characteristics of the Patients at Baseline

Characteristic

Study Group, Mean (SD)
Acetazolamide
(n = 187)

Placebo
(n = 193)

Age, y 69 (10) 69 (11)

Men, No. (%) 131 (70) 141 (73.1)

SAPS II scorea 49.4 (13.9) 50 (15.1)

SOFA scoreb 7.2 (3.1) 7.1 (3.2)

BMI 27.2 (8.0) 26.7 (9.1)

Home treatment, No. (%)

Oxygen 49 (26.2) 52 (26.9)

Noninvasive ventilation 19 (10.1) 21 (10.9)

Tracheotomy mechanical
ventilation

0 1 (0.5)

Smoker or ex-smoker, No. (%) 170 (90.9) 179 (92.7)

Smoking history, pack-years 48.3 (24.7) 50.4 (22.1)

FEV1, mLc 1232 (609) 1124 (586)

FEV1/FVCc 0.51 (0.15) 0.53 (0.15)

>8 Weeks, No. (%)

Systemic glucocorticoids 32 (17.1) 39 (20.2)

Loop diuretics 51 (27.3) 67 (34.7)

β2-Agonists 96 (51.3) 95 (49.2)

Acetazolamide 4 (2.1) 3 (1.6)

ICU stay before randomization,
median (IQR), dd

1 (0-1) 1 (0-1)

Causes of invasive mechanical
ventilation, No. (%)e

Community-acquired pneumonia 83 (44.3) 83 (43.0)

Bronchitis 37 (19.8) 33 (17.1)

Left ventricular insufficiency 43 (23.0) 32 (16.6)

Surgery 12 (6.4) 13 (6.7)

Use of sedative 4 (2.1) 17 (8.8)

Pulmonary embolism 2 (1.1) 1 (0.5)

Stroke 3 (1.6) 2 (1.0)

Others 52 (27.8) 44 (22.8)

Unknown 10 (5.3) 9 (4.7)

Endotracheal intubation/
tracheotomy at inclusion, No.

187/0 192/1

Laboratory measurements
at inclusion

pH 7.32 (0.11) 7.30 (0.12)

PaO2, mm Hg 150.5 (108) 143.6 (90)

PaCO2, mm Hg 52.5 (16) 55.6 (17)

Serum

Bicarbonate, mEq/L 26.9 (6.9) 27.4 (6.6)

Potassium, mEq/L 4.2 (0.7) 4.2 (0.7)

Sodium, mEq/L 138 (5.8) 139 (4.9)

Chloride, mEq/L 100.9 (8.4) 100.6 (6.8)

Protein, g/dL 5.9 (0.9) 5.9 (0.8)

Creatinine, mg/dL 1.3 (0.9) 1.2 (0.8)

Urea, mg/dL 31.4 (25.8) 29.7 (23.2)

Glucose, mg/dL 165.8 (133.3) 165.8 (79.3)

Aspartate aminotransferase, U/L 105.2 (290.6) 115.1 (448.6)

Bilirubin, mg/dL 0.8 (0.6) 0.8 (0.9)

Uric acid, mg/dL 6.3 (2.7) 5.9 (3.1)

Thyroid-stimulating hormone,
mIU/L

2.5 (8) 2.2 (5.7)

Hemoglobin, g/dL 1.2 (0.2) 1.2 (0.2)

(continued)

Table 1. Characteristics of the Patients at Baseline (continued)

Characteristic

Study Group, Mean (SD)
Acetazolamide
(n = 187)

Placebo
(n = 193)

Hematocrit, % 37.3 (8) 37.6 (8.4)

White blood cells/µL 13700 (7200) 13900 (8200)

Blood platelets, ×103/µL 251.5 (116.6) 245.6 (118.5)

Prothrombin ratio, % 73.7 (21.6) 75.9 (22.1)

Chest radiography, No. (%)

Distension of the lungs 147 (78.6) 148 (76.7)

Unilateral alveolar opacities 57 (30.5) 53 (27.5)

Bilateral alveolar opacities 84 (44.9) 93 (48.2)

Abbreviations: BMI, body mass index, calculated as weight in kilograms
divided by height in meters squared; FEV1, forced expiratory volume in the
first second of expiration; FVC, forced vital capacity; ICU, intensive care unit;
IQR, interquartile range; PaCO2, partial carbon-dioxide pressure in arterial blood;
PaO2, partial oxygen pressure in arterial blood; SAPS, Simplified Acute
Physiology score; SOFA, Sequential Organ Failure Assessment.
SI conversion factor: To convert aspartate aminotransferase from U/L to μKat/L,
multiply by 0.0167; bilirubin from mg/dL to μmol/L, multiply by 17.104;
creatinine from mg/dL to μmol/L, multiply by 88.4; glucose from mg/dL to
mmol/L, multiply by 0.0555; PaO2 and PaCO2 from mm Hg to kPA, multiply by
0.133; uric acid from mg/dL to μmol/L, multiply by 59.485.
a The SAPS II is based on 17 variables; scores range from 0 to 163, with higher

scores indicating more severe disease.
b The SOFA score includes subscores ranging from 0 to 4 for each of

the 5 components (circulation, lung, liver, kidneys, and coagulation).
Aggregate scores range from 0 to 20, with higher scores indicating more
severe organ failure.

c Data were available from 71 patients in the acetazolamide group and from 82
patients in the placebo group.

d Seventy-eight patients in the acetazolamide group and 91 patients in the
placebo group were hospitalized in ICU prior to randomization.

e Several situations requiring invasive ventilation are possible; hence, the total
can exceed 100%.
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placebo in mechanically ventilated patients with COPD and
pure or mixed metabolic alkalosis. Acetazolamide had no sig-
nificant effect on durations of mechanical ventilation or wean-
ing, respiratory parameter-values (respiratory frequency, tidal

volume, and minute ventilation) despite achieving larger de-
creases in serum bicarbonate and fewer days with metabolic
alkalosis. In addition, the acetazolamide group’s PaO2:FIO2

ratio was significantly increased, possibly via the drug’s

Table 2. Clinical Outcomes and Serious Adverse Eventsa

Variable

Group, Median (Interquartile Range)
Between-Group Difference
(95% CI) P Value

Acetazolamide
(n = 187)

Placebo
(n = 193)

Primary Outcome

Duration of invasive ventilation, h 136.5 (68.7 to 234.7) 163 (86.2 to 242.9) −16.0 (−36.5 to 4.0) .17

Secondary Outcomesb

Daily

Serum bicarbonate change, mEq/L −0.3 (−1.0 to 0.4) 0.3 (−0.2 to 1.3) −0.8 (−1.2 to −0.5) <.001

PaCO2 change, mm Hg −0.5 (−2.0 to 0.8) −0.2 (−1.4 to 1) −0.3 (−0.8 to 0.2) .25

pH change 0 (−0.01 to 0.02) 0.01 (0 to 0.02) −0.01 (−0.01 to −0.0) .008

PaO2:FIO2-ratio change, mm Hg 7.8 (−1.5 to 20.5) 3.5 (−5.2 to 13.9) 4.6 (0.6 to 8.6) .009

Respiratory rate change, cycle/min 0.1 (−0.8 to 1.0) 0.3 (−0.3 to 1.4) −0.3 (−0.7 to 0.0) .10

Tidal volume change, mL 4.1 (−7.1 to 28.0) 3.8 (−8.6 to 19.4) 1.3 (−4.2 to 7.5) .72

Volume-minute change, L/min 0.2 (−0.2 to 0.8) 0.2 (−0.1 to –0.6) 0.0 (−0.2 to 0.2) .72

Weaning duration, h 18.7 (3.0 to 46.5) 22.0 (3.0 to 44.3) −0.9 (−4.3 to 1.3) .36

Spontaneous breathing trials, d 1 (1 to 2) 1 (1 to 2) 0 (0 to 0) .42

Tracheotomy, median (range), d 0 (0 to 21) 0 (0 to 9) 0 (0 to 0) .67

Endotracheal intubation, No. (%) 187 (100) 192 (99.5) 0.05 (−0.05 to 1.5) .99

Use of noninvasive ventilation after
extubation, No. (%)

62 (33.1) 72 (37.3) –4.2 (–13.8 to 5.5) .39

Successful weaning, No. (%)c 118 (74.7) 127 (78.4) –3.7 (–13.1 to 5.6) .43

Unplanned extubation, median (range), d 0 (0 to 2) 0 (0 to 1) 0 (0 to 0) .65

VAP episodes, No. (%) 23 (12.3) 33 (17.1) –4.8 (–12.0 to 2.4) .18

Duration of ICU stay, d 10 (6 to 17) 10 (7 to 18) –2.1 (–6.1 to 1.9) .30

In-ICU mortality, No. (%) 22 (11.7) 26 (13.4) –1 (–2 to 0) .61

Serious adverse events, No. (%)d 6 (0.03) 7 (0.04) –0.4 (–4.1 to 3.2) .82

Days receiving treatment

Loop diuretics 1 (0 to 4) 1 (0 to 4) 0 (0 to 0) .55

Systemic glucocorticoids 0 (0 to 3) 0 (0 to 4) 0 (0 to 0) .29

β2-Agonists 0 (0 to 4) 1 (0 to 6) 0 (0 to 0) .07

Catecholamines 1 (0 to 3) 1 (0 to 3) 0 (0 to 0) .98

Test-treatment doses 2 (0 to 5) 6 (1 to 13) –2 (–4 to –1) <.001

Metabolic alkalosis, de 2 (1 to 4) 4 (2 to 8) –1 (–2 to –1) <.001

Temporary contraindication to test
treatment, median (range), d

0 (0 to 10) 0 (0 to 7) 0 (0 to 0) .16

Pressure-support ventilation, d 2 (1 to 5) 2 (1 to 5) 0 (–1 to 0) .22

Volume-assisted ventilation, d 3 (1 to 5) 3 (1 to 6) 0 (–1 to 0) .52

Left ventricular ejection fraction
at weaning, %f

55 (40 to 60) 50 (42 to 60) 0 (–5 to 5) .86

Abbreviations: FIO2, fraction of inspired oxygen; ICU, intensive care unit;
PaCO2, partial carbon-dioxide pressure in arterial blood; PaO2 partial oxygen
pressure in arterial blood; and VAP, ventilator-associated pneumonia
(diagnostic criteria are provided in Supplement 2).
SI conversion factor: To convert PaCO2 and PaO2 from mm Hg to kPA,
multiply by 0.133.
a Range was preferred over IQR because several of the latter were (0-0).

Between-group differences for quantitative variables are expressed as
medians with the 95% CI around the median difference.

b Median daily changes of arterial blood gases or respiratory parameters
corresponded to the differences between 2 consecutive days from day 1 to the
end of invasive ventilation. Arterial blood gases and respiratory parameters on
mechanical ventilation were measured between 7 AM and 8 AM Other
laboratory-parameter changes are given in eTable 2 in Supplement 2.

c Weaning was considered successful when invasive ventilation reintroduction
was not required within 48 hours after its termination. Criteria for extubation
and reintubation are detailed in Supplement 2. Weaning-failure causes are
given in eTable 2 in Supplement 2.

d Adverse events were considered serious when they required intensive care
procedures (use of vasopressors, hemodialysis, central venous
catheterization, cardiac pacing, or tube thoracostomy) or surgery, and those
events prolonged hospitalization or resulted in persistent or major disability or
incapacity.

e Metabolic alkalosis was defined as serum bicarbonate of more than 26 mEql/L
and arterial pH of 7.35 or more.

f Left ventricular ejection fraction was assessed by transthoracic
echocardiography during the weaning period.
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Figure 3. Subgroup Analyses of the Effect of Acetazolamide on the Duration of Invasive Ventilation
or Weaning
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Duration of weaningB

The duration of weaning was the time
between its onset (criteria are
detailed in Supplement 2) and its
termination. In the case of temporary
interruption of the weaning
procedure, the total duration
corresponded to the number of hours
of attempted withdrawal until
successful weaning minus
discontinued hours.
a An event corresponds to the

termination of invasive mechanical
ventilation.

Figure 2. Kaplan-Meier Curves for the Cumulative Probabilities of Being Weaned Off Invasive Ventilation
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Data for the analysis, conducted on
the intention-to-treat population,
were censored for patients who died
before extubation or were still
breathing with the aid of mechanical
ventilation on day 28. Successful
weaning rates on day 28 (672 hours)
did not differ significantly for the
acetazolamide and placebo groups
(P = .24, log-rank test on day 28).
HR indicates hazard ratio.
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were predefined for stratification: (1) presence of known chronic obstructive
pulmonary disease (COPD), (2) presence of known left ventricular systolic
dysfunction (LVD, ejection fraction , 45%), and (3) absence of both
disorders. Patients with both disorders were classified in the COPD sub-
group. The main purpose of stratification was to ensure a homogeneous
distribution of COPD and LVD in the two arms. Careful attention was paid
to minimizing changes in diuretic therapy practices caused by the research
protocol during weaning in the control group. All randomized patients were
ventilated using the AWS during weaning and monitored until discharge
from the hospital or Day 60 after randomization.

B-Type Natriuretic Peptide Assay

A blood sample was collected each morning for a BNP assay in all ran-
domized patients during the weaning phase (while ventilated using the
AWS). BNP was assayed using a rapid immunofluorescence test and
a bedside measuring device (Triage BNP test; Biosite, Jouy-en-Josas,
France; see the online supplement). Two devices were supplied per
center: the first, which was used in the BNP-guided group, displayed
the BNP result; the second did not show the result in visual display or
print form and was used in the control group.

Fluid and Electrolyte Management

In the control group, the clinicians were blinded to the BNP assay
results, and all treatments, including diuretics, were performed accord-
ing to usual care, with no explicit protocol. BNP results were uploaded
from the device memory at study completion. In the BNP-guided group,
on days with a BNP level equal to or greater than 200 pg/ml, fluid intake
was restricted (baseline infusion < 500 ml/24 h, parenteral nutrition <
1,000 ml/24 h, no saline solutions apart from nutrition and drugs) and
furosemide was administered (as intravenous bolus doses of 10 to
30 mg every 3 h, to achieve a target urine output of 4.5 to 9 ml/kg/3 h)
(see the online supplement). The 200-pg/ml threshold was chosen on
the basis of a previous study showing that BNP levels were higher in
patients who failed weaning from mechanical ventilation than in suc-
cessfully weaned patients (12). Fluid intake restriction and diuretic
administration (according to BNP levels on extubation day) were con-
tinued for at least 24 hours after extubation in the BNP-guided group.

Sodium, potassium, urea, creatinine, and arterial blood gases were
monitored daily in all patients. Recommendations were given to prevent
and/or treat possible adverse events related to diuretic treatment in the
BNP-guided group, as detailed in the online supplement.

TABLE 1. BASELINE CHARACTERISTICS

Usual Care Group
(n ¼ 152)

BNP-guided Group
(n ¼ 152)

Age, yr 65 (52–74) 66 (55–76)
Sex, male 102 (67.1%) 93 (61.2%)
McCabe class
0 96 (63.2%) 93 (61.2%)
1 48 (31.6%) 42 (27.6%)
2 8 (5.3%) 17 (11.2%)

SAPS II at ICU admission 44 (34–56) 43 (34–54)
SOFA score at ICU admission 7 (4–9) 7 (4–9)
Reason for intubation
Coma 22 (14.5%) 15 (9.9%)
Septic shock 18 (11.8%) 21 (13.8%)
COPD exacerbation 10 (6.6%) 15 (9.9%)
Cardiogenic pulmonary edema 19 (12.5%) 14 (9.2%)
Pneumonia 40 (26.3%) 50 (32.9%)
Cardiac arrest 10 (6.6%) 6 (3.9%)
Surgery 19 (12.5%) 23 (15.1%)
Other 14 (9.2%) 8 (5.3%)

Events between ICU admission and randomization
Septic shock* 61 (40.1%) 70 (46.1%)
Ventilator-associated pneumonia 32 (21.1%) 25 (16.4%)
Acute respiratory distress syndrome* 55 (36.2%) 53 (34.9%)
Use of neuromuscular blockers 35 (23.0%) 32 (21.1%)
Steroid treatment 53 (34.9%) 60 (39.5%)

Duration of invasive mechanical ventilation before inclusion, d
Median (IQR) 4.4 (2.7–7.8) 5.0 (3.0–9.1)
Mean (SD) 6.5 (5.7) 7.5 (7.6)

Diuretic treatment on the day before randomization 64 (42.1%) 64 (42.1%)
Urine output on the day before randomization, ml 1,925 (1,400–2,750) 1,928 (1,200–3,080)
Pressure support test at inclusion
Pressure support level, cm H2O 14 (10–15) 13 (10–15)
PEEP level, cm H2O 5 (5–8) 5 (5–6)
FIO2

level 40 (35–50) 40 (30–50)
Cardiopulmonary disease at randomization
COPD 38 (25.0%) 41 (27.0%)
LVD 24 (15.8%) 20 (13.2%)
Neither 90 (59.2%) 91 (59.9%)

SOFA score at randomization 4 (2–6) 4 (3–5)
Arterial blood gases at randomization
pH 7.43 (7.39–7.48) 7.43 (7.40–7.46)
PaCO2

, mm Hg 40 (34–45) 41 (37–47)
PaO2

/FIO2
ratio, mm Hg 218 (176–266) 225 (174–297)

BNP value at randomization, pg/ml 296 (113–555) 256 (91–700)

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; COPD ¼ chronic obstructive pulmonary disease; FIO2
¼ fraction of

inspired oxygen; ICU ¼ intensive care unit; IQR ¼ interquartile range; LVD ¼ left ventricular systolic dysfunction; PEEP ¼ positive
end-expiratory pressure; SAPS II ¼ Simplified Acute Physiology Score II; SOFA ¼ Sequential Organ Failure Assessment.
Data are presented as n (%) or median (IQR).
* At admission or later during the ICU stay.
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were predefined for stratification: (1) presence of known chronic obstructive
pulmonary disease (COPD), (2) presence of known left ventricular systolic
dysfunction (LVD, ejection fraction , 45%), and (3) absence of both
disorders. Patients with both disorders were classified in the COPD sub-
group. The main purpose of stratification was to ensure a homogeneous
distribution of COPD and LVD in the two arms. Careful attention was paid
to minimizing changes in diuretic therapy practices caused by the research
protocol during weaning in the control group. All randomized patients were
ventilated using the AWS during weaning and monitored until discharge
from the hospital or Day 60 after randomization.

B-Type Natriuretic Peptide Assay

A blood sample was collected each morning for a BNP assay in all ran-
domized patients during the weaning phase (while ventilated using the
AWS). BNP was assayed using a rapid immunofluorescence test and
a bedside measuring device (Triage BNP test; Biosite, Jouy-en-Josas,
France; see the online supplement). Two devices were supplied per
center: the first, which was used in the BNP-guided group, displayed
the BNP result; the second did not show the result in visual display or
print form and was used in the control group.

Fluid and Electrolyte Management

In the control group, the clinicians were blinded to the BNP assay
results, and all treatments, including diuretics, were performed accord-
ing to usual care, with no explicit protocol. BNP results were uploaded
from the device memory at study completion. In the BNP-guided group,
on days with a BNP level equal to or greater than 200 pg/ml, fluid intake
was restricted (baseline infusion < 500 ml/24 h, parenteral nutrition <
1,000 ml/24 h, no saline solutions apart from nutrition and drugs) and
furosemide was administered (as intravenous bolus doses of 10 to
30 mg every 3 h, to achieve a target urine output of 4.5 to 9 ml/kg/3 h)
(see the online supplement). The 200-pg/ml threshold was chosen on
the basis of a previous study showing that BNP levels were higher in
patients who failed weaning from mechanical ventilation than in suc-
cessfully weaned patients (12). Fluid intake restriction and diuretic
administration (according to BNP levels on extubation day) were con-
tinued for at least 24 hours after extubation in the BNP-guided group.

Sodium, potassium, urea, creatinine, and arterial blood gases were
monitored daily in all patients. Recommendations were given to prevent
and/or treat possible adverse events related to diuretic treatment in the
BNP-guided group, as detailed in the online supplement.

TABLE 1. BASELINE CHARACTERISTICS

Usual Care Group
(n ¼ 152)

BNP-guided Group
(n ¼ 152)

Age, yr 65 (52–74) 66 (55–76)
Sex, male 102 (67.1%) 93 (61.2%)
McCabe class
0 96 (63.2%) 93 (61.2%)
1 48 (31.6%) 42 (27.6%)
2 8 (5.3%) 17 (11.2%)

SAPS II at ICU admission 44 (34–56) 43 (34–54)
SOFA score at ICU admission 7 (4–9) 7 (4–9)
Reason for intubation
Coma 22 (14.5%) 15 (9.9%)
Septic shock 18 (11.8%) 21 (13.8%)
COPD exacerbation 10 (6.6%) 15 (9.9%)
Cardiogenic pulmonary edema 19 (12.5%) 14 (9.2%)
Pneumonia 40 (26.3%) 50 (32.9%)
Cardiac arrest 10 (6.6%) 6 (3.9%)
Surgery 19 (12.5%) 23 (15.1%)
Other 14 (9.2%) 8 (5.3%)

Events between ICU admission and randomization
Septic shock* 61 (40.1%) 70 (46.1%)
Ventilator-associated pneumonia 32 (21.1%) 25 (16.4%)
Acute respiratory distress syndrome* 55 (36.2%) 53 (34.9%)
Use of neuromuscular blockers 35 (23.0%) 32 (21.1%)
Steroid treatment 53 (34.9%) 60 (39.5%)

Duration of invasive mechanical ventilation before inclusion, d
Median (IQR) 4.4 (2.7–7.8) 5.0 (3.0–9.1)
Mean (SD) 6.5 (5.7) 7.5 (7.6)

Diuretic treatment on the day before randomization 64 (42.1%) 64 (42.1%)
Urine output on the day before randomization, ml 1,925 (1,400–2,750) 1,928 (1,200–3,080)
Pressure support test at inclusion
Pressure support level, cm H2O 14 (10–15) 13 (10–15)
PEEP level, cm H2O 5 (5–8) 5 (5–6)
FIO2

level 40 (35–50) 40 (30–50)
Cardiopulmonary disease at randomization
COPD 38 (25.0%) 41 (27.0%)
LVD 24 (15.8%) 20 (13.2%)
Neither 90 (59.2%) 91 (59.9%)

SOFA score at randomization 4 (2–6) 4 (3–5)
Arterial blood gases at randomization
pH 7.43 (7.39–7.48) 7.43 (7.40–7.46)
PaCO2

, mm Hg 40 (34–45) 41 (37–47)
PaO2

/FIO2
ratio, mm Hg 218 (176–266) 225 (174–297)

BNP value at randomization, pg/ml 296 (113–555) 256 (91–700)

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; COPD ¼ chronic obstructive pulmonary disease; FIO2
¼ fraction of

inspired oxygen; ICU ¼ intensive care unit; IQR ¼ interquartile range; LVD ¼ left ventricular systolic dysfunction; PEEP ¼ positive
end-expiratory pressure; SAPS II ¼ Simplified Acute Physiology Score II; SOFA ¼ Sequential Organ Failure Assessment.
Data are presented as n (%) or median (IQR).
* At admission or later during the ICU stay.

1258 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 186 2012

Ventilatory Management

During ventilation using the AWS in both groups, sedation was stopped
whenever possible, whereas analgesia could be continued, with a target
Ramsay score of 2–3. The AWS gradually decreased the PS level while
maintaining the patient within a zone of respiratory comfort, as previ-
ously described (see the online supplement) (15). When the AWS de-
clared the patient “ready for separation,” extubation was performed as
soon as possible (including during the night), after checking for the
other required extubation criteria (see the online supplement).

Assist-control ventilation was resumed during AWS ventilation
in case of respiratory worsening with a respiratory rate greater than
40/minute or hypoxemia (FIO2

. 60% and PEEP . 8 cm H2O required
to obtain SpO2

> 90%). The tidal volume target under assist-control
ventilation was 6 ml/kg (predicted body weight). BNP was no longer
assayed in controlled mode ventilation. When the daily PS test became
positive again, the patient was switched back to ventilation using the
AWS and managed according to his or her randomization group. The
diagnosis of ventilator-associated pneumonia was based on the follow-
ing usual criteria: systemic signs of infection, new or worsening infil-
trates on the chest roentgenogram, purulent tracheal secretions, and
bacteriological evidence of pulmonary parenchymal infection (chiefly
from distal airway sampling using a protected telescoping catheter or
bronchoscopy) (17). Noninvasive ventilation was allowed after extuba-
tion if deemed necessary by the attending physician (based on prede-
fined criteria). In the event of reintubation (see the online supplement),
the patient was not reventilated using the AWS. Last, a general rec-
ommendation was made to investigators to wait until Day 10 after
randomization before deciding to perform a tracheotomy, if at all
possible.

End Points

The primary end point was the time from randomization to successful
extubation (patient alive and without reintubation 72 h after extuba-
tion). Secondary end points included time to first extubation, time to
successful weaning from invasive and noninvasive ventilation (defined

as the time from randomization to completion of 72 h of unassisted
spontaneous breathing without noninvasive ventilation for > 3 h/d),
ventilator-free days calculated as the number of days without mechan-
ical ventilation within 60 days after randomization (patients who died
or were dependent on mechanical ventilation for more than 60 d had
zero ventilator-free days), ICU and hospital lengths of stay, ICU and
hospital deaths, and mortality on Day 60 after randomization.

Statistical Analysis

We estimated the sample size needed to detect an at least 40% decrease
in weaning duration in the BNP-guided fluid management group com-
pared with the control group, with an a risk of 5% and a b risk of 10%
(power of 90%). In a previous multicenter trial, weaning duration in
patients ventilated using the AWS was 4.4 6 4.0 days (15). Assuming
a slightly higher standard deviation equal to the mean (4.4), and con-
sidering that the use of nonparametric tests might require up to 15%
additional subjects (18), a sample size of 150 patients per group was
deemed necessary. The data were analyzed with SPSS Base 18 (SPSS
Inc, Chicago, IL) and R 2.10.1 (R Foundation for Statistical Com-
puting, Vienna, Austria). Categorical variables were expressed as
percentages and continuous data were expressed as medians (25th–
75th percentiles) or means (SD). We used the chi-square or Fisher
exact test to compare categorical variables between study groups
and the Mann-Whitney test to compare continuous variables, includ-
ing the primary end point. The primary end point was also analyzed
in the three predefined subgroups (COPD, LVD, and neither). We
also used the Kaplan-Meier method to assess the effect of BNP-
guided fluid management on the cumulative probability of successful
extubation. Because the proportional hazards assumption was not met
during the 60-day follow-up, we used the Breslow-Gehan-Wilcoxon
test to assess differences between groups (19). This test allows weight-
ing of time points by the number of cases at risk at each time point (20).
Last, the effect of BNP-guided fluid management on the cumulative
incidence of successful extubation was assessed while considering the
need for continuous sedation as a competing event, according to the

TABLE 2. FLUID MANAGEMENT DURING WEANING

Usual Care Group (n ¼ 152) BNP-guided Group (n ¼ 152) P Value

Patients with at least one daily BNP value > 200 pg/ml during weaning, n (%) 105 (69.1%) 100 (65.8%) 0.541
Patients treated at least once with furosemide during weaning, n (%) 108 (71.1%) 124 (81.6%) 0.031
Patients treated at least once with acetazolamide during weaning, n (%) 33 (21.7%) 65 (42.8%) ,0.0001
Patients treated at least once with any diuretic during weaning, n (%) 110 (72.4%) 127 (83.6%) 0.019
Cumulative furosemide dose during weaning, mg 0.003
Median (IQR) 70 (0–160) 118 (23–229)
Mean (SD) 180 (544) 180 (231)

Average daily furosemide dose during weaning, mg ,0.0001
Median (IQR) 14 (0 to 40) 40 (9 to 78)
Mean (SD) 30 (50) 47 (41)

Cumulative fluid balance during weaning, ml ,0.0001
Median (IQR) 2180 (22,556 to 2,832) 22,320 (24,735 to 738)
Mean (SD) 847 (6,569) 21,402 (5,818)

Average daily fluid balance during weaning, ml ,0.0001
Median (IQR) 237 (2731 to 586) 2640 (21,811 to 225)
Mean (SD) 2136 (1,312) 2852 (1,456)

Average daily fluid intake during weaning, ml 0.105
Median (IQR) 2,226 (1,758 to 2,730) 2,040 (1,650 to 2,629)
Mean (SD) 2,324 (876) 2,188 (774)

Average daily urine output during weaning, ml
Median (IQR) 2,273 (1,838 to 2,973) 2,836 (2,057 to 3,905) ,0.0001
Mean (SD) 2,461 (1,039) 3,044 (1,240)

Fluid balance on extubation day,* ml 0.318
Median (IQR) 21,180 (22,124 to 42) 21,047 (22,540 to 2350)
Mean (SD) 21,078 (1,639) 21,263 (1,759)

Fluid balance the day after extubation,* ml 0.223
Median (IQR) 2715 (21,526 to 30) 2479 (21,360 to 277)
Mean (SD) 751 (1,339) 2646 (1,469)

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; IQR ¼ interquartile range.
Negative fluid balance was defined as urine output exceeding fluid intake.
* Fluid balances on extubation day and the day after extubation were available in 274 and 229 patients, respectively.
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Gray model (21, 22). Two-sided P values less than 0.05 were considered
significant.

This study was registered on ClinicalTrials.gov with the number
NCT00473148.

RESULTS

Enrollment and Baseline Characteristics

Patients eligible for weaning (1,464) were screened for enroll-
ment between May 2007 and July 2009. Among them, 306 were
enrolled and randomized (Figure 1) to the control group (n ¼

152) or BNP-guided group (n ¼ 154). Two patients (assigned to
the BNP-guided group) were excluded from the data analysis
because of lack of continued consent to use their data. The with-
drawal of consent was not related to any particular aspect of the
protocol. The two groups were similar at baseline regarding
demographic characteristics, reason for intubation, severity of
illness, respiratory function, duration of invasive mechanical ven-
tilation, and urine output before study initiation (Table 1). BNP
values at randomization and the proportions of patients with
COPD and LVD were also similar between the two groups (Ta-
ble 1). In the overall population, BNP values at randomization

Figure 2. Probability of successful extubation within 60
days after randomization. BNP ¼ B-type natriuretic peptide.

TABLE 3. MAIN OUTCOMES

Usual Care Group (n ¼ 152) BNP-guided Group (n ¼ 152) P Value

Time to first extubation, h
Median (IQR) 47.7 (22.9–124.8) 39.8 (20.0–72.4) 0.019
Mean (SD) 92.8 (110.2) 70.6 (106.8)

Time to successful extubation, h
Median (IQR) 58.6 (23.3–139.8) 42.4 (20.8–107.5) 0.034
Mean (SD) 112.2 (147.1) 86.2 (127.9)

Time to successful weaning from invasive and noninvasive ventilation, h
Median (IQR) 74.4 (31.7–160.5) 49.3 (21.9–140.6) 0.051
Mean (SD) 134.3 (187.6) 107.1 (141.0)

Ventilator-free days from randomization to Day 14, d
Median (IQR) 9.7 (2.3–12.9) 12.0 (6.5–13.1) 0.026
Mean (SD) 8.2 (5.2) 9.3 (4.9)

Ventilator-free days from randomization to Day 28, d
Median (IQR) 23.3 (14.7–26.7) 25.9 (19.3–27.1) 0.038
Mean (SD) 18.9 (10.4) 20.3 (10.4)

Ventilator-free days from randomization to Day 60, d
Median (IQR) 54.9 (38.7–58.3) 57.9 (50.4–59.1) 0.015
Mean (SD) 42.8 (23.7) 45.7 (22.7)

ICU stay length, d
Median (IQR) 8.0 (4.0–13.0) 8.0 (4.0–14.0) 0.995
Mean (SD) 11.6 (12.3) 11.4 (11.2)

Hospital stay length, d
Median (IQR) 20.0 (12.0–33.0) 20.0 (13.0–33.0) 0.796
Mean (SD) 27.3 (37.3) 24.0 (14.2)

ICU mortality 19 (12.5%) 18 (11.8%) 0.861
Hospital mortality 25 (16.4%) 20 (13.2%) 0.433
Day-60 mortality 28 (18.4%) 21 (13.8%) 0.275

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; ICU ¼ intensive care unit; IQR ¼ interquartile range.
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Mean (SD) 134.3 (187.6) 107.1 (141.0)
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were predefined for stratification: (1) presence of known chronic obstructive
pulmonary disease (COPD), (2) presence of known left ventricular systolic
dysfunction (LVD, ejection fraction , 45%), and (3) absence of both
disorders. Patients with both disorders were classified in the COPD sub-
group. The main purpose of stratification was to ensure a homogeneous
distribution of COPD and LVD in the two arms. Careful attention was paid
to minimizing changes in diuretic therapy practices caused by the research
protocol during weaning in the control group. All randomized patients were
ventilated using the AWS during weaning and monitored until discharge
from the hospital or Day 60 after randomization.

B-Type Natriuretic Peptide Assay

A blood sample was collected each morning for a BNP assay in all ran-
domized patients during the weaning phase (while ventilated using the
AWS). BNP was assayed using a rapid immunofluorescence test and
a bedside measuring device (Triage BNP test; Biosite, Jouy-en-Josas,
France; see the online supplement). Two devices were supplied per
center: the first, which was used in the BNP-guided group, displayed
the BNP result; the second did not show the result in visual display or
print form and was used in the control group.

Fluid and Electrolyte Management

In the control group, the clinicians were blinded to the BNP assay
results, and all treatments, including diuretics, were performed accord-
ing to usual care, with no explicit protocol. BNP results were uploaded
from the device memory at study completion. In the BNP-guided group,
on days with a BNP level equal to or greater than 200 pg/ml, fluid intake
was restricted (baseline infusion < 500 ml/24 h, parenteral nutrition <
1,000 ml/24 h, no saline solutions apart from nutrition and drugs) and
furosemide was administered (as intravenous bolus doses of 10 to
30 mg every 3 h, to achieve a target urine output of 4.5 to 9 ml/kg/3 h)
(see the online supplement). The 200-pg/ml threshold was chosen on
the basis of a previous study showing that BNP levels were higher in
patients who failed weaning from mechanical ventilation than in suc-
cessfully weaned patients (12). Fluid intake restriction and diuretic
administration (according to BNP levels on extubation day) were con-
tinued for at least 24 hours after extubation in the BNP-guided group.

Sodium, potassium, urea, creatinine, and arterial blood gases were
monitored daily in all patients. Recommendations were given to prevent
and/or treat possible adverse events related to diuretic treatment in the
BNP-guided group, as detailed in the online supplement.

TABLE 1. BASELINE CHARACTERISTICS

Usual Care Group
(n ¼ 152)

BNP-guided Group
(n ¼ 152)

Age, yr 65 (52–74) 66 (55–76)
Sex, male 102 (67.1%) 93 (61.2%)
McCabe class

0 96 (63.2%) 93 (61.2%)
1 48 (31.6%) 42 (27.6%)
2 8 (5.3%) 17 (11.2%)

SAPS II at ICU admission 44 (34–56) 43 (34–54)
SOFA score at ICU admission 7 (4–9) 7 (4–9)
Reason for intubation

Coma 22 (14.5%) 15 (9.9%)
Septic shock 18 (11.8%) 21 (13.8%)
COPD exacerbation 10 (6.6%) 15 (9.9%)
Cardiogenic pulmonary edema 19 (12.5%) 14 (9.2%)
Pneumonia 40 (26.3%) 50 (32.9%)
Cardiac arrest 10 (6.6%) 6 (3.9%)
Surgery 19 (12.5%) 23 (15.1%)
Other 14 (9.2%) 8 (5.3%)

Events between ICU admission and randomization
Septic shock* 61 (40.1%) 70 (46.1%)
Ventilator-associated pneumonia 32 (21.1%) 25 (16.4%)
Acute respiratory distress syndrome* 55 (36.2%) 53 (34.9%)
Use of neuromuscular blockers 35 (23.0%) 32 (21.1%)
Steroid treatment 53 (34.9%) 60 (39.5%)

Duration of invasive mechanical ventilation before inclusion, d
Median (IQR) 4.4 (2.7–7.8) 5.0 (3.0–9.1)
Mean (SD) 6.5 (5.7) 7.5 (7.6)

Diuretic treatment on the day before randomization 64 (42.1%) 64 (42.1%)
Urine output on the day before randomization, ml 1,925 (1,400–2,750) 1,928 (1,200–3,080)
Pressure support test at inclusion

Pressure support level, cm H2O 14 (10–15) 13 (10–15)
PEEP level, cm H2O 5 (5–8) 5 (5–6)
FIO2

level 40 (35–50) 40 (30–50)
Cardiopulmonary disease at randomization
COPD 38 (25.0%) 41 (27.0%)
LVD 24 (15.8%) 20 (13.2%)
Neither 90 (59.2%) 91 (59.9%)

SOFA score at randomization 4 (2–6) 4 (3–5)
Arterial blood gases at randomization
pH 7.43 (7.39–7.48) 7.43 (7.40–7.46)
PaCO2

, mm Hg 40 (34–45) 41 (37–47)
PaO2

/FIO2
ratio, mm Hg 218 (176–266) 225 (174–297)
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Definition of abbreviations: BNP ¼ B-type natriuretic peptide; COPD ¼ chronic obstructive pulmonary disease; FIO2
¼ fraction of

inspired oxygen; ICU ¼ intensive care unit; IQR ¼ interquartile range; LVD ¼ left ventricular systolic dysfunction; PEEP ¼ positive
end-expiratory pressure; SAPS II ¼ Simplified Acute Physiology Score II; SOFA ¼ Sequential Organ Failure Assessment.

Data are presented as n (%) or median (IQR).
* At admission or later during the ICU stay.
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were predefined for stratification: (1) presence of known chronic obstructive
pulmonary disease (COPD), (2) presence of known left ventricular systolic
dysfunction (LVD, ejection fraction , 45%), and (3) absence of both
disorders. Patients with both disorders were classified in the COPD sub-
group. The main purpose of stratification was to ensure a homogeneous
distribution of COPD and LVD in the two arms. Careful attention was paid
to minimizing changes in diuretic therapy practices caused by the research
protocol during weaning in the control group. All randomized patients were
ventilated using the AWS during weaning and monitored until discharge
from the hospital or Day 60 after randomization.

B-Type Natriuretic Peptide Assay

A blood sample was collected each morning for a BNP assay in all ran-
domized patients during the weaning phase (while ventilated using the
AWS). BNP was assayed using a rapid immunofluorescence test and
a bedside measuring device (Triage BNP test; Biosite, Jouy-en-Josas,
France; see the online supplement). Two devices were supplied per
center: the first, which was used in the BNP-guided group, displayed
the BNP result; the second did not show the result in visual display or
print form and was used in the control group.

Fluid and Electrolyte Management

In the control group, the clinicians were blinded to the BNP assay
results, and all treatments, including diuretics, were performed accord-
ing to usual care, with no explicit protocol. BNP results were uploaded
from the device memory at study completion. In the BNP-guided group,
on days with a BNP level equal to or greater than 200 pg/ml, fluid intake
was restricted (baseline infusion < 500 ml/24 h, parenteral nutrition <
1,000 ml/24 h, no saline solutions apart from nutrition and drugs) and
furosemide was administered (as intravenous bolus doses of 10 to
30 mg every 3 h, to achieve a target urine output of 4.5 to 9 ml/kg/3 h)
(see the online supplement). The 200-pg/ml threshold was chosen on
the basis of a previous study showing that BNP levels were higher in
patients who failed weaning from mechanical ventilation than in suc-
cessfully weaned patients (12). Fluid intake restriction and diuretic
administration (according to BNP levels on extubation day) were con-
tinued for at least 24 hours after extubation in the BNP-guided group.

Sodium, potassium, urea, creatinine, and arterial blood gases were
monitored daily in all patients. Recommendations were given to prevent
and/or treat possible adverse events related to diuretic treatment in the
BNP-guided group, as detailed in the online supplement.

TABLE 1. BASELINE CHARACTERISTICS

Usual Care Group
(n ¼ 152)

BNP-guided Group
(n ¼ 152)

Age, yr 65 (52–74) 66 (55–76)
Sex, male 102 (67.1%) 93 (61.2%)
McCabe class
0 96 (63.2%) 93 (61.2%)
1 48 (31.6%) 42 (27.6%)
2 8 (5.3%) 17 (11.2%)

SAPS II at ICU admission 44 (34–56) 43 (34–54)
SOFA score at ICU admission 7 (4–9) 7 (4–9)
Reason for intubation
Coma 22 (14.5%) 15 (9.9%)
Septic shock 18 (11.8%) 21 (13.8%)
COPD exacerbation 10 (6.6%) 15 (9.9%)
Cardiogenic pulmonary edema 19 (12.5%) 14 (9.2%)
Pneumonia 40 (26.3%) 50 (32.9%)
Cardiac arrest 10 (6.6%) 6 (3.9%)
Surgery 19 (12.5%) 23 (15.1%)
Other 14 (9.2%) 8 (5.3%)

Events between ICU admission and randomization
Septic shock* 61 (40.1%) 70 (46.1%)
Ventilator-associated pneumonia 32 (21.1%) 25 (16.4%)
Acute respiratory distress syndrome* 55 (36.2%) 53 (34.9%)
Use of neuromuscular blockers 35 (23.0%) 32 (21.1%)
Steroid treatment 53 (34.9%) 60 (39.5%)

Duration of invasive mechanical ventilation before inclusion, d
Median (IQR) 4.4 (2.7–7.8) 5.0 (3.0–9.1)
Mean (SD) 6.5 (5.7) 7.5 (7.6)

Diuretic treatment on the day before randomization 64 (42.1%) 64 (42.1%)
Urine output on the day before randomization, ml 1,925 (1,400–2,750) 1,928 (1,200–3,080)
Pressure support test at inclusion
Pressure support level, cm H2O 14 (10–15) 13 (10–15)
PEEP level, cm H2O 5 (5–8) 5 (5–6)
FIO2

level 40 (35–50) 40 (30–50)
Cardiopulmonary disease at randomization
COPD 38 (25.0%) 41 (27.0%)
LVD 24 (15.8%) 20 (13.2%)
Neither 90 (59.2%) 91 (59.9%)

SOFA score at randomization 4 (2–6) 4 (3–5)
Arterial blood gases at randomization
pH 7.43 (7.39–7.48) 7.43 (7.40–7.46)
PaCO2

, mm Hg 40 (34–45) 41 (37–47)
PaO2

/FIO2
ratio, mm Hg 218 (176–266) 225 (174–297)

BNP value at randomization, pg/ml 296 (113–555) 256 (91–700)

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; COPD ¼ chronic obstructive pulmonary disease; FIO2
¼ fraction of

inspired oxygen; ICU ¼ intensive care unit; IQR ¼ interquartile range; LVD ¼ left ventricular systolic dysfunction; PEEP ¼ positive
end-expiratory pressure; SAPS II ¼ Simplified Acute Physiology Score II; SOFA ¼ Sequential Organ Failure Assessment.
Data are presented as n (%) or median (IQR).
* At admission or later during the ICU stay.
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Ventilatory Management

During ventilation using the AWS in both groups, sedation was stopped
whenever possible, whereas analgesia could be continued, with a target
Ramsay score of 2–3. The AWS gradually decreased the PS level while
maintaining the patient within a zone of respiratory comfort, as previ-
ously described (see the online supplement) (15). When the AWS de-
clared the patient “ready for separation,” extubation was performed as
soon as possible (including during the night), after checking for the
other required extubation criteria (see the online supplement).

Assist-control ventilation was resumed during AWS ventilation
in case of respiratory worsening with a respiratory rate greater than
40/minute or hypoxemia (FIO2

. 60% and PEEP . 8 cm H2O required
to obtain SpO2

> 90%). The tidal volume target under assist-control
ventilation was 6 ml/kg (predicted body weight). BNP was no longer
assayed in controlled mode ventilation. When the daily PS test became
positive again, the patient was switched back to ventilation using the
AWS and managed according to his or her randomization group. The
diagnosis of ventilator-associated pneumonia was based on the follow-
ing usual criteria: systemic signs of infection, new or worsening infil-
trates on the chest roentgenogram, purulent tracheal secretions, and
bacteriological evidence of pulmonary parenchymal infection (chiefly
from distal airway sampling using a protected telescoping catheter or
bronchoscopy) (17). Noninvasive ventilation was allowed after extuba-
tion if deemed necessary by the attending physician (based on prede-
fined criteria). In the event of reintubation (see the online supplement),
the patient was not reventilated using the AWS. Last, a general rec-
ommendation was made to investigators to wait until Day 10 after
randomization before deciding to perform a tracheotomy, if at all
possible.

End Points

The primary end point was the time from randomization to successful
extubation (patient alive and without reintubation 72 h after extuba-
tion). Secondary end points included time to first extubation, time to
successful weaning from invasive and noninvasive ventilation (defined

as the time from randomization to completion of 72 h of unassisted
spontaneous breathing without noninvasive ventilation for > 3 h/d),
ventilator-free days calculated as the number of days without mechan-
ical ventilation within 60 days after randomization (patients who died
or were dependent on mechanical ventilation for more than 60 d had
zero ventilator-free days), ICU and hospital lengths of stay, ICU and
hospital deaths, and mortality on Day 60 after randomization.

Statistical Analysis

We estimated the sample size needed to detect an at least 40% decrease
in weaning duration in the BNP-guided fluid management group com-
pared with the control group, with an a risk of 5% and a b risk of 10%
(power of 90%). In a previous multicenter trial, weaning duration in
patients ventilated using the AWS was 4.4 6 4.0 days (15). Assuming
a slightly higher standard deviation equal to the mean (4.4), and con-
sidering that the use of nonparametric tests might require up to 15%
additional subjects (18), a sample size of 150 patients per group was
deemed necessary. The data were analyzed with SPSS Base 18 (SPSS
Inc, Chicago, IL) and R 2.10.1 (R Foundation for Statistical Com-
puting, Vienna, Austria). Categorical variables were expressed as
percentages and continuous data were expressed as medians (25th–
75th percentiles) or means (SD). We used the chi-square or Fisher
exact test to compare categorical variables between study groups
and the Mann-Whitney test to compare continuous variables, includ-
ing the primary end point. The primary end point was also analyzed
in the three predefined subgroups (COPD, LVD, and neither). We
also used the Kaplan-Meier method to assess the effect of BNP-
guided fluid management on the cumulative probability of successful
extubation. Because the proportional hazards assumption was not met
during the 60-day follow-up, we used the Breslow-Gehan-Wilcoxon
test to assess differences between groups (19). This test allows weight-
ing of time points by the number of cases at risk at each time point (20).
Last, the effect of BNP-guided fluid management on the cumulative
incidence of successful extubation was assessed while considering the
need for continuous sedation as a competing event, according to the

TABLE 2. FLUID MANAGEMENT DURING WEANING

Usual Care Group (n ¼ 152) BNP-guided Group (n ¼ 152) P Value

Patients with at least one daily BNP value > 200 pg/ml during weaning, n (%) 105 (69.1%) 100 (65.8%) 0.541
Patients treated at least once with furosemide during weaning, n (%) 108 (71.1%) 124 (81.6%) 0.031
Patients treated at least once with acetazolamide during weaning, n (%) 33 (21.7%) 65 (42.8%) ,0.0001
Patients treated at least once with any diuretic during weaning, n (%) 110 (72.4%) 127 (83.6%) 0.019
Cumulative furosemide dose during weaning, mg 0.003
Median (IQR) 70 (0–160) 118 (23–229)
Mean (SD) 180 (544) 180 (231)

Average daily furosemide dose during weaning, mg ,0.0001
Median (IQR) 14 (0 to 40) 40 (9 to 78)
Mean (SD) 30 (50) 47 (41)

Cumulative fluid balance during weaning, ml ,0.0001
Median (IQR) 2180 (22,556 to 2,832) 22,320 (24,735 to 738)
Mean (SD) 847 (6,569) 21,402 (5,818)

Average daily fluid balance during weaning, ml ,0.0001
Median (IQR) 237 (2731 to 586) 2640 (21,811 to 225)
Mean (SD) 2136 (1,312) 2852 (1,456)

Average daily fluid intake during weaning, ml 0.105
Median (IQR) 2,226 (1,758 to 2,730) 2,040 (1,650 to 2,629)
Mean (SD) 2,324 (876) 2,188 (774)

Average daily urine output during weaning, ml
Median (IQR) 2,273 (1,838 to 2,973) 2,836 (2,057 to 3,905) ,0.0001
Mean (SD) 2,461 (1,039) 3,044 (1,240)

Fluid balance on extubation day,* ml 0.318
Median (IQR) 21,180 (22,124 to 42) 21,047 (22,540 to 2350)
Mean (SD) 21,078 (1,639) 21,263 (1,759)

Fluid balance the day after extubation,* ml 0.223
Median (IQR) 2715 (21,526 to 30) 2479 (21,360 to 277)
Mean (SD) 751 (1,339) 2646 (1,469)

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; IQR ¼ interquartile range.
Negative fluid balance was defined as urine output exceeding fluid intake.
* Fluid balances on extubation day and the day after extubation were available in 274 and 229 patients, respectively.
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Gray model (21, 22). Two-sided P values less than 0.05 were considered
significant.

This study was registered on ClinicalTrials.gov with the number
NCT00473148.

RESULTS

Enrollment and Baseline Characteristics

Patients eligible for weaning (1,464) were screened for enroll-
ment between May 2007 and July 2009. Among them, 306 were
enrolled and randomized (Figure 1) to the control group (n ¼

152) or BNP-guided group (n ¼ 154). Two patients (assigned to
the BNP-guided group) were excluded from the data analysis
because of lack of continued consent to use their data. The with-
drawal of consent was not related to any particular aspect of the
protocol. The two groups were similar at baseline regarding
demographic characteristics, reason for intubation, severity of
illness, respiratory function, duration of invasive mechanical ven-
tilation, and urine output before study initiation (Table 1). BNP
values at randomization and the proportions of patients with
COPD and LVD were also similar between the two groups (Ta-
ble 1). In the overall population, BNP values at randomization

Figure 2. Probability of successful extubation within 60
days after randomization. BNP ¼ B-type natriuretic peptide.

TABLE 3. MAIN OUTCOMES

Usual Care Group (n ¼ 152) BNP-guided Group (n ¼ 152) P Value

Time to first extubation, h
Median (IQR) 47.7 (22.9–124.8) 39.8 (20.0–72.4) 0.019
Mean (SD) 92.8 (110.2) 70.6 (106.8)

Time to successful extubation, h
Median (IQR) 58.6 (23.3–139.8) 42.4 (20.8–107.5) 0.034
Mean (SD) 112.2 (147.1) 86.2 (127.9)

Time to successful weaning from invasive and noninvasive ventilation, h
Median (IQR) 74.4 (31.7–160.5) 49.3 (21.9–140.6) 0.051
Mean (SD) 134.3 (187.6) 107.1 (141.0)

Ventilator-free days from randomization to Day 14, d
Median (IQR) 9.7 (2.3–12.9) 12.0 (6.5–13.1) 0.026
Mean (SD) 8.2 (5.2) 9.3 (4.9)

Ventilator-free days from randomization to Day 28, d
Median (IQR) 23.3 (14.7–26.7) 25.9 (19.3–27.1) 0.038
Mean (SD) 18.9 (10.4) 20.3 (10.4)

Ventilator-free days from randomization to Day 60, d
Median (IQR) 54.9 (38.7–58.3) 57.9 (50.4–59.1) 0.015
Mean (SD) 42.8 (23.7) 45.7 (22.7)

ICU stay length, d
Median (IQR) 8.0 (4.0–13.0) 8.0 (4.0–14.0) 0.995
Mean (SD) 11.6 (12.3) 11.4 (11.2)

Hospital stay length, d
Median (IQR) 20.0 (12.0–33.0) 20.0 (13.0–33.0) 0.796
Mean (SD) 27.3 (37.3) 24.0 (14.2)

ICU mortality 19 (12.5%) 18 (11.8%) 0.861
Hospital mortality 25 (16.4%) 20 (13.2%) 0.433
Day-60 mortality 28 (18.4%) 21 (13.8%) 0.275

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; ICU ¼ intensive care unit; IQR ¼ interquartile range.
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Mean (SD) 92.8 (110.2) 70.6 (106.8)

Time to successful extubation, h
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Mean (SD) 112.2 (147.1) 86.2 (127.9)

Time to successful weaning from invasive and noninvasive ventilation, h
Median (IQR) 74.4 (31.7–160.5) 49.3 (21.9–140.6) 0.051
Mean (SD) 134.3 (187.6) 107.1 (141.0)

Ventilator-free days from randomization to Day 14, d
Median (IQR) 9.7 (2.3–12.9) 12.0 (6.5–13.1) 0.026
Mean (SD) 8.2 (5.2) 9.3 (4.9)

Ventilator-free days from randomization to Day 28, d
Median (IQR) 23.3 (14.7–26.7) 25.9 (19.3–27.1) 0.038
Mean (SD) 18.9 (10.4) 20.3 (10.4)

Ventilator-free days from randomization to Day 60, d
Median (IQR) 54.9 (38.7–58.3) 57.9 (50.4–59.1) 0.015
Mean (SD) 42.8 (23.7) 45.7 (22.7)

ICU stay length, d
Median (IQR) 8.0 (4.0–13.0) 8.0 (4.0–14.0) 0.995
Mean (SD) 11.6 (12.3) 11.4 (11.2)

Hospital stay length, d
Median (IQR) 20.0 (12.0–33.0) 20.0 (13.0–33.0) 0.796
Mean (SD) 27.3 (37.3) 24.0 (14.2)

ICU mortality 19 (12.5%) 18 (11.8%) 0.861
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were predefined for stratification: (1) presence of known chronic obstructive
pulmonary disease (COPD), (2) presence of known left ventricular systolic
dysfunction (LVD, ejection fraction , 45%), and (3) absence of both
disorders. Patients with both disorders were classified in the COPD sub-
group. The main purpose of stratification was to ensure a homogeneous
distribution of COPD and LVD in the two arms. Careful attention was paid
to minimizing changes in diuretic therapy practices caused by the research
protocol during weaning in the control group. All randomized patients were
ventilated using the AWS during weaning and monitored until discharge
from the hospital or Day 60 after randomization.

B-Type Natriuretic Peptide Assay

A blood sample was collected each morning for a BNP assay in all ran-
domized patients during the weaning phase (while ventilated using the
AWS). BNP was assayed using a rapid immunofluorescence test and
a bedside measuring device (Triage BNP test; Biosite, Jouy-en-Josas,
France; see the online supplement). Two devices were supplied per
center: the first, which was used in the BNP-guided group, displayed
the BNP result; the second did not show the result in visual display or
print form and was used in the control group.

Fluid and Electrolyte Management

In the control group, the clinicians were blinded to the BNP assay
results, and all treatments, including diuretics, were performed accord-
ing to usual care, with no explicit protocol. BNP results were uploaded
from the device memory at study completion. In the BNP-guided group,
on days with a BNP level equal to or greater than 200 pg/ml, fluid intake
was restricted (baseline infusion < 500 ml/24 h, parenteral nutrition <
1,000 ml/24 h, no saline solutions apart from nutrition and drugs) and
furosemide was administered (as intravenous bolus doses of 10 to
30 mg every 3 h, to achieve a target urine output of 4.5 to 9 ml/kg/3 h)
(see the online supplement). The 200-pg/ml threshold was chosen on
the basis of a previous study showing that BNP levels were higher in
patients who failed weaning from mechanical ventilation than in suc-
cessfully weaned patients (12). Fluid intake restriction and diuretic
administration (according to BNP levels on extubation day) were con-
tinued for at least 24 hours after extubation in the BNP-guided group.

Sodium, potassium, urea, creatinine, and arterial blood gases were
monitored daily in all patients. Recommendations were given to prevent
and/or treat possible adverse events related to diuretic treatment in the
BNP-guided group, as detailed in the online supplement.

TABLE 1. BASELINE CHARACTERISTICS

Usual Care Group
(n ¼ 152)

BNP-guided Group
(n ¼ 152)

Age, yr 65 (52–74) 66 (55–76)
Sex, male 102 (67.1%) 93 (61.2%)
McCabe class

0 96 (63.2%) 93 (61.2%)
1 48 (31.6%) 42 (27.6%)
2 8 (5.3%) 17 (11.2%)

SAPS II at ICU admission 44 (34–56) 43 (34–54)
SOFA score at ICU admission 7 (4–9) 7 (4–9)
Reason for intubation

Coma 22 (14.5%) 15 (9.9%)
Septic shock 18 (11.8%) 21 (13.8%)
COPD exacerbation 10 (6.6%) 15 (9.9%)
Cardiogenic pulmonary edema 19 (12.5%) 14 (9.2%)
Pneumonia 40 (26.3%) 50 (32.9%)
Cardiac arrest 10 (6.6%) 6 (3.9%)
Surgery 19 (12.5%) 23 (15.1%)
Other 14 (9.2%) 8 (5.3%)

Events between ICU admission and randomization
Septic shock* 61 (40.1%) 70 (46.1%)
Ventilator-associated pneumonia 32 (21.1%) 25 (16.4%)
Acute respiratory distress syndrome* 55 (36.2%) 53 (34.9%)
Use of neuromuscular blockers 35 (23.0%) 32 (21.1%)
Steroid treatment 53 (34.9%) 60 (39.5%)

Duration of invasive mechanical ventilation before inclusion, d
Median (IQR) 4.4 (2.7–7.8) 5.0 (3.0–9.1)
Mean (SD) 6.5 (5.7) 7.5 (7.6)

Diuretic treatment on the day before randomization 64 (42.1%) 64 (42.1%)
Urine output on the day before randomization, ml 1,925 (1,400–2,750) 1,928 (1,200–3,080)
Pressure support test at inclusion

Pressure support level, cm H2O 14 (10–15) 13 (10–15)
PEEP level, cm H2O 5 (5–8) 5 (5–6)
FIO2

level 40 (35–50) 40 (30–50)
Cardiopulmonary disease at randomization
COPD 38 (25.0%) 41 (27.0%)
LVD 24 (15.8%) 20 (13.2%)
Neither 90 (59.2%) 91 (59.9%)

SOFA score at randomization 4 (2–6) 4 (3–5)
Arterial blood gases at randomization
pH 7.43 (7.39–7.48) 7.43 (7.40–7.46)
PaCO2

, mm Hg 40 (34–45) 41 (37–47)
PaO2

/FIO2
ratio, mm Hg 218 (176–266) 225 (174–297)

BNP value at randomization, pg/ml 296 (113–555) 256 (91–700)

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; COPD ¼ chronic obstructive pulmonary disease; FIO2
¼ fraction of

inspired oxygen; ICU ¼ intensive care unit; IQR ¼ interquartile range; LVD ¼ left ventricular systolic dysfunction; PEEP ¼ positive
end-expiratory pressure; SAPS II ¼ Simplified Acute Physiology Score II; SOFA ¼ Sequential Organ Failure Assessment.

Data are presented as n (%) or median (IQR).
* At admission or later during the ICU stay.
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dysfunction (LVD, ejection fraction , 45%), and (3) absence of both
disorders. Patients with both disorders were classified in the COPD sub-
group. The main purpose of stratification was to ensure a homogeneous
distribution of COPD and LVD in the two arms. Careful attention was paid
to minimizing changes in diuretic therapy practices caused by the research
protocol during weaning in the control group. All randomized patients were
ventilated using the AWS during weaning and monitored until discharge
from the hospital or Day 60 after randomization.

B-Type Natriuretic Peptide Assay

A blood sample was collected each morning for a BNP assay in all ran-
domized patients during the weaning phase (while ventilated using the
AWS). BNP was assayed using a rapid immunofluorescence test and
a bedside measuring device (Triage BNP test; Biosite, Jouy-en-Josas,
France; see the online supplement). Two devices were supplied per
center: the first, which was used in the BNP-guided group, displayed
the BNP result; the second did not show the result in visual display or
print form and was used in the control group.

Fluid and Electrolyte Management

In the control group, the clinicians were blinded to the BNP assay
results, and all treatments, including diuretics, were performed accord-
ing to usual care, with no explicit protocol. BNP results were uploaded
from the device memory at study completion. In the BNP-guided group,
on days with a BNP level equal to or greater than 200 pg/ml, fluid intake
was restricted (baseline infusion < 500 ml/24 h, parenteral nutrition <
1,000 ml/24 h, no saline solutions apart from nutrition and drugs) and
furosemide was administered (as intravenous bolus doses of 10 to
30 mg every 3 h, to achieve a target urine output of 4.5 to 9 ml/kg/3 h)
(see the online supplement). The 200-pg/ml threshold was chosen on
the basis of a previous study showing that BNP levels were higher in
patients who failed weaning from mechanical ventilation than in suc-
cessfully weaned patients (12). Fluid intake restriction and diuretic
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tinued for at least 24 hours after extubation in the BNP-guided group.
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and/or treat possible adverse events related to diuretic treatment in the
BNP-guided group, as detailed in the online supplement.
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inspired oxygen; ICU ¼ intensive care unit; IQR ¼ interquartile range; LVD ¼ left ventricular systolic dysfunction; PEEP ¼ positive
end-expiratory pressure; SAPS II ¼ Simplified Acute Physiology Score II; SOFA ¼ Sequential Organ Failure Assessment.
Data are presented as n (%) or median (IQR).
* At admission or later during the ICU stay.
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Ventilatory Management

During ventilation using the AWS in both groups, sedation was stopped
whenever possible, whereas analgesia could be continued, with a target
Ramsay score of 2–3. The AWS gradually decreased the PS level while
maintaining the patient within a zone of respiratory comfort, as previ-
ously described (see the online supplement) (15). When the AWS de-
clared the patient “ready for separation,” extubation was performed as
soon as possible (including during the night), after checking for the
other required extubation criteria (see the online supplement).

Assist-control ventilation was resumed during AWS ventilation
in case of respiratory worsening with a respiratory rate greater than
40/minute or hypoxemia (FIO2

. 60% and PEEP . 8 cm H2O required
to obtain SpO2

> 90%). The tidal volume target under assist-control
ventilation was 6 ml/kg (predicted body weight). BNP was no longer
assayed in controlled mode ventilation. When the daily PS test became
positive again, the patient was switched back to ventilation using the
AWS and managed according to his or her randomization group. The
diagnosis of ventilator-associated pneumonia was based on the follow-
ing usual criteria: systemic signs of infection, new or worsening infil-
trates on the chest roentgenogram, purulent tracheal secretions, and
bacteriological evidence of pulmonary parenchymal infection (chiefly
from distal airway sampling using a protected telescoping catheter or
bronchoscopy) (17). Noninvasive ventilation was allowed after extuba-
tion if deemed necessary by the attending physician (based on prede-
fined criteria). In the event of reintubation (see the online supplement),
the patient was not reventilated using the AWS. Last, a general rec-
ommendation was made to investigators to wait until Day 10 after
randomization before deciding to perform a tracheotomy, if at all
possible.

End Points

The primary end point was the time from randomization to successful
extubation (patient alive and without reintubation 72 h after extuba-
tion). Secondary end points included time to first extubation, time to
successful weaning from invasive and noninvasive ventilation (defined

as the time from randomization to completion of 72 h of unassisted
spontaneous breathing without noninvasive ventilation for > 3 h/d),
ventilator-free days calculated as the number of days without mechan-
ical ventilation within 60 days after randomization (patients who died
or were dependent on mechanical ventilation for more than 60 d had
zero ventilator-free days), ICU and hospital lengths of stay, ICU and
hospital deaths, and mortality on Day 60 after randomization.

Statistical Analysis

We estimated the sample size needed to detect an at least 40% decrease
in weaning duration in the BNP-guided fluid management group com-
pared with the control group, with an a risk of 5% and a b risk of 10%
(power of 90%). In a previous multicenter trial, weaning duration in
patients ventilated using the AWS was 4.4 6 4.0 days (15). Assuming
a slightly higher standard deviation equal to the mean (4.4), and con-
sidering that the use of nonparametric tests might require up to 15%
additional subjects (18), a sample size of 150 patients per group was
deemed necessary. The data were analyzed with SPSS Base 18 (SPSS
Inc, Chicago, IL) and R 2.10.1 (R Foundation for Statistical Com-
puting, Vienna, Austria). Categorical variables were expressed as
percentages and continuous data were expressed as medians (25th–
75th percentiles) or means (SD). We used the chi-square or Fisher
exact test to compare categorical variables between study groups
and the Mann-Whitney test to compare continuous variables, includ-
ing the primary end point. The primary end point was also analyzed
in the three predefined subgroups (COPD, LVD, and neither). We
also used the Kaplan-Meier method to assess the effect of BNP-
guided fluid management on the cumulative probability of successful
extubation. Because the proportional hazards assumption was not met
during the 60-day follow-up, we used the Breslow-Gehan-Wilcoxon
test to assess differences between groups (19). This test allows weight-
ing of time points by the number of cases at risk at each time point (20).
Last, the effect of BNP-guided fluid management on the cumulative
incidence of successful extubation was assessed while considering the
need for continuous sedation as a competing event, according to the

TABLE 2. FLUID MANAGEMENT DURING WEANING

Usual Care Group (n ¼ 152) BNP-guided Group (n ¼ 152) P Value

Patients with at least one daily BNP value > 200 pg/ml during weaning, n (%) 105 (69.1%) 100 (65.8%) 0.541
Patients treated at least once with furosemide during weaning, n (%) 108 (71.1%) 124 (81.6%) 0.031
Patients treated at least once with acetazolamide during weaning, n (%) 33 (21.7%) 65 (42.8%) ,0.0001
Patients treated at least once with any diuretic during weaning, n (%) 110 (72.4%) 127 (83.6%) 0.019
Cumulative furosemide dose during weaning, mg 0.003
Median (IQR) 70 (0–160) 118 (23–229)
Mean (SD) 180 (544) 180 (231)

Average daily furosemide dose during weaning, mg ,0.0001
Median (IQR) 14 (0 to 40) 40 (9 to 78)
Mean (SD) 30 (50) 47 (41)

Cumulative fluid balance during weaning, ml ,0.0001
Median (IQR) 2180 (22,556 to 2,832) 22,320 (24,735 to 738)
Mean (SD) 847 (6,569) 21,402 (5,818)

Average daily fluid balance during weaning, ml ,0.0001
Median (IQR) 237 (2731 to 586) 2640 (21,811 to 225)
Mean (SD) 2136 (1,312) 2852 (1,456)

Average daily fluid intake during weaning, ml 0.105
Median (IQR) 2,226 (1,758 to 2,730) 2,040 (1,650 to 2,629)
Mean (SD) 2,324 (876) 2,188 (774)

Average daily urine output during weaning, ml
Median (IQR) 2,273 (1,838 to 2,973) 2,836 (2,057 to 3,905) ,0.0001
Mean (SD) 2,461 (1,039) 3,044 (1,240)

Fluid balance on extubation day,* ml 0.318
Median (IQR) 21,180 (22,124 to 42) 21,047 (22,540 to 2350)
Mean (SD) 21,078 (1,639) 21,263 (1,759)

Fluid balance the day after extubation,* ml 0.223
Median (IQR) 2715 (21,526 to 30) 2479 (21,360 to 277)
Mean (SD) 751 (1,339) 2646 (1,469)

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; IQR ¼ interquartile range.
Negative fluid balance was defined as urine output exceeding fluid intake.
* Fluid balances on extubation day and the day after extubation were available in 274 and 229 patients, respectively.

Mekontso Dessap, Roche-Campo, Kouatchet, et al.: BNP for Fluid Management during Ventilator Weaning 1259

Mekontso-Dessap AJRCCM 2012

Gray model (21, 22). Two-sided P values less than 0.05 were considered
significant.

This study was registered on ClinicalTrials.gov with the number
NCT00473148.

RESULTS

Enrollment and Baseline Characteristics

Patients eligible for weaning (1,464) were screened for enroll-
ment between May 2007 and July 2009. Among them, 306 were
enrolled and randomized (Figure 1) to the control group (n ¼

152) or BNP-guided group (n ¼ 154). Two patients (assigned to
the BNP-guided group) were excluded from the data analysis
because of lack of continued consent to use their data. The with-
drawal of consent was not related to any particular aspect of the
protocol. The two groups were similar at baseline regarding
demographic characteristics, reason for intubation, severity of
illness, respiratory function, duration of invasive mechanical ven-
tilation, and urine output before study initiation (Table 1). BNP
values at randomization and the proportions of patients with
COPD and LVD were also similar between the two groups (Ta-
ble 1). In the overall population, BNP values at randomization

Figure 2. Probability of successful extubation within 60
days after randomization. BNP ¼ B-type natriuretic peptide.

TABLE 3. MAIN OUTCOMES

Usual Care Group (n ¼ 152) BNP-guided Group (n ¼ 152) P Value

Time to first extubation, h
Median (IQR) 47.7 (22.9–124.8) 39.8 (20.0–72.4) 0.019
Mean (SD) 92.8 (110.2) 70.6 (106.8)

Time to successful extubation, h
Median (IQR) 58.6 (23.3–139.8) 42.4 (20.8–107.5) 0.034
Mean (SD) 112.2 (147.1) 86.2 (127.9)

Time to successful weaning from invasive and noninvasive ventilation, h
Median (IQR) 74.4 (31.7–160.5) 49.3 (21.9–140.6) 0.051
Mean (SD) 134.3 (187.6) 107.1 (141.0)

Ventilator-free days from randomization to Day 14, d
Median (IQR) 9.7 (2.3–12.9) 12.0 (6.5–13.1) 0.026
Mean (SD) 8.2 (5.2) 9.3 (4.9)

Ventilator-free days from randomization to Day 28, d
Median (IQR) 23.3 (14.7–26.7) 25.9 (19.3–27.1) 0.038
Mean (SD) 18.9 (10.4) 20.3 (10.4)

Ventilator-free days from randomization to Day 60, d
Median (IQR) 54.9 (38.7–58.3) 57.9 (50.4–59.1) 0.015
Mean (SD) 42.8 (23.7) 45.7 (22.7)

ICU stay length, d
Median (IQR) 8.0 (4.0–13.0) 8.0 (4.0–14.0) 0.995
Mean (SD) 11.6 (12.3) 11.4 (11.2)

Hospital stay length, d
Median (IQR) 20.0 (12.0–33.0) 20.0 (13.0–33.0) 0.796
Mean (SD) 27.3 (37.3) 24.0 (14.2)

ICU mortality 19 (12.5%) 18 (11.8%) 0.861
Hospital mortality 25 (16.4%) 20 (13.2%) 0.433
Day-60 mortality 28 (18.4%) 21 (13.8%) 0.275

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; ICU ¼ intensive care unit; IQR ¼ interquartile range.
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were predefined for stratification: (1) presence of known chronic obstructive
pulmonary disease (COPD), (2) presence of known left ventricular systolic
dysfunction (LVD, ejection fraction , 45%), and (3) absence of both
disorders. Patients with both disorders were classified in the COPD sub-
group. The main purpose of stratification was to ensure a homogeneous
distribution of COPD and LVD in the two arms. Careful attention was paid
to minimizing changes in diuretic therapy practices caused by the research
protocol during weaning in the control group. All randomized patients were
ventilated using the AWS during weaning and monitored until discharge
from the hospital or Day 60 after randomization.

B-Type Natriuretic Peptide Assay

A blood sample was collected each morning for a BNP assay in all ran-
domized patients during the weaning phase (while ventilated using the
AWS). BNP was assayed using a rapid immunofluorescence test and
a bedside measuring device (Triage BNP test; Biosite, Jouy-en-Josas,
France; see the online supplement). Two devices were supplied per
center: the first, which was used in the BNP-guided group, displayed
the BNP result; the second did not show the result in visual display or
print form and was used in the control group.

Fluid and Electrolyte Management

In the control group, the clinicians were blinded to the BNP assay
results, and all treatments, including diuretics, were performed accord-
ing to usual care, with no explicit protocol. BNP results were uploaded
from the device memory at study completion. In the BNP-guided group,
on days with a BNP level equal to or greater than 200 pg/ml, fluid intake
was restricted (baseline infusion < 500 ml/24 h, parenteral nutrition <
1,000 ml/24 h, no saline solutions apart from nutrition and drugs) and
furosemide was administered (as intravenous bolus doses of 10 to
30 mg every 3 h, to achieve a target urine output of 4.5 to 9 ml/kg/3 h)
(see the online supplement). The 200-pg/ml threshold was chosen on
the basis of a previous study showing that BNP levels were higher in
patients who failed weaning from mechanical ventilation than in suc-
cessfully weaned patients (12). Fluid intake restriction and diuretic
administration (according to BNP levels on extubation day) were con-
tinued for at least 24 hours after extubation in the BNP-guided group.

Sodium, potassium, urea, creatinine, and arterial blood gases were
monitored daily in all patients. Recommendations were given to prevent
and/or treat possible adverse events related to diuretic treatment in the
BNP-guided group, as detailed in the online supplement.

TABLE 1. BASELINE CHARACTERISTICS

Usual Care Group
(n ¼ 152)

BNP-guided Group
(n ¼ 152)

Age, yr 65 (52–74) 66 (55–76)
Sex, male 102 (67.1%) 93 (61.2%)
McCabe class

0 96 (63.2%) 93 (61.2%)
1 48 (31.6%) 42 (27.6%)
2 8 (5.3%) 17 (11.2%)

SAPS II at ICU admission 44 (34–56) 43 (34–54)
SOFA score at ICU admission 7 (4–9) 7 (4–9)
Reason for intubation

Coma 22 (14.5%) 15 (9.9%)
Septic shock 18 (11.8%) 21 (13.8%)
COPD exacerbation 10 (6.6%) 15 (9.9%)
Cardiogenic pulmonary edema 19 (12.5%) 14 (9.2%)
Pneumonia 40 (26.3%) 50 (32.9%)
Cardiac arrest 10 (6.6%) 6 (3.9%)
Surgery 19 (12.5%) 23 (15.1%)
Other 14 (9.2%) 8 (5.3%)

Events between ICU admission and randomization
Septic shock* 61 (40.1%) 70 (46.1%)
Ventilator-associated pneumonia 32 (21.1%) 25 (16.4%)
Acute respiratory distress syndrome* 55 (36.2%) 53 (34.9%)
Use of neuromuscular blockers 35 (23.0%) 32 (21.1%)
Steroid treatment 53 (34.9%) 60 (39.5%)

Duration of invasive mechanical ventilation before inclusion, d
Median (IQR) 4.4 (2.7–7.8) 5.0 (3.0–9.1)
Mean (SD) 6.5 (5.7) 7.5 (7.6)

Diuretic treatment on the day before randomization 64 (42.1%) 64 (42.1%)
Urine output on the day before randomization, ml 1,925 (1,400–2,750) 1,928 (1,200–3,080)
Pressure support test at inclusion

Pressure support level, cm H2O 14 (10–15) 13 (10–15)
PEEP level, cm H2O 5 (5–8) 5 (5–6)
FIO2

level 40 (35–50) 40 (30–50)
Cardiopulmonary disease at randomization
COPD 38 (25.0%) 41 (27.0%)
LVD 24 (15.8%) 20 (13.2%)
Neither 90 (59.2%) 91 (59.9%)

SOFA score at randomization 4 (2–6) 4 (3–5)
Arterial blood gases at randomization
pH 7.43 (7.39–7.48) 7.43 (7.40–7.46)
PaCO2

, mm Hg 40 (34–45) 41 (37–47)
PaO2

/FIO2
ratio, mm Hg 218 (176–266) 225 (174–297)

BNP value at randomization, pg/ml 296 (113–555) 256 (91–700)

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; COPD ¼ chronic obstructive pulmonary disease; FIO2
¼ fraction of

inspired oxygen; ICU ¼ intensive care unit; IQR ¼ interquartile range; LVD ¼ left ventricular systolic dysfunction; PEEP ¼ positive
end-expiratory pressure; SAPS II ¼ Simplified Acute Physiology Score II; SOFA ¼ Sequential Organ Failure Assessment.

Data are presented as n (%) or median (IQR).
* At admission or later during the ICU stay.
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end-expiratory pressure; SAPS II ¼ Simplified Acute Physiology Score II; SOFA ¼ Sequential Organ Failure Assessment.
Data are presented as n (%) or median (IQR).
* At admission or later during the ICU stay.
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Ventilatory Management

During ventilation using the AWS in both groups, sedation was stopped
whenever possible, whereas analgesia could be continued, with a target
Ramsay score of 2–3. The AWS gradually decreased the PS level while
maintaining the patient within a zone of respiratory comfort, as previ-
ously described (see the online supplement) (15). When the AWS de-
clared the patient “ready for separation,” extubation was performed as
soon as possible (including during the night), after checking for the
other required extubation criteria (see the online supplement).

Assist-control ventilation was resumed during AWS ventilation
in case of respiratory worsening with a respiratory rate greater than
40/minute or hypoxemia (FIO2

. 60% and PEEP . 8 cm H2O required
to obtain SpO2

> 90%). The tidal volume target under assist-control
ventilation was 6 ml/kg (predicted body weight). BNP was no longer
assayed in controlled mode ventilation. When the daily PS test became
positive again, the patient was switched back to ventilation using the
AWS and managed according to his or her randomization group. The
diagnosis of ventilator-associated pneumonia was based on the follow-
ing usual criteria: systemic signs of infection, new or worsening infil-
trates on the chest roentgenogram, purulent tracheal secretions, and
bacteriological evidence of pulmonary parenchymal infection (chiefly
from distal airway sampling using a protected telescoping catheter or
bronchoscopy) (17). Noninvasive ventilation was allowed after extuba-
tion if deemed necessary by the attending physician (based on prede-
fined criteria). In the event of reintubation (see the online supplement),
the patient was not reventilated using the AWS. Last, a general rec-
ommendation was made to investigators to wait until Day 10 after
randomization before deciding to perform a tracheotomy, if at all
possible.

End Points

The primary end point was the time from randomization to successful
extubation (patient alive and without reintubation 72 h after extuba-
tion). Secondary end points included time to first extubation, time to
successful weaning from invasive and noninvasive ventilation (defined

as the time from randomization to completion of 72 h of unassisted
spontaneous breathing without noninvasive ventilation for > 3 h/d),
ventilator-free days calculated as the number of days without mechan-
ical ventilation within 60 days after randomization (patients who died
or were dependent on mechanical ventilation for more than 60 d had
zero ventilator-free days), ICU and hospital lengths of stay, ICU and
hospital deaths, and mortality on Day 60 after randomization.

Statistical Analysis

We estimated the sample size needed to detect an at least 40% decrease
in weaning duration in the BNP-guided fluid management group com-
pared with the control group, with an a risk of 5% and a b risk of 10%
(power of 90%). In a previous multicenter trial, weaning duration in
patients ventilated using the AWS was 4.4 6 4.0 days (15). Assuming
a slightly higher standard deviation equal to the mean (4.4), and con-
sidering that the use of nonparametric tests might require up to 15%
additional subjects (18), a sample size of 150 patients per group was
deemed necessary. The data were analyzed with SPSS Base 18 (SPSS
Inc, Chicago, IL) and R 2.10.1 (R Foundation for Statistical Com-
puting, Vienna, Austria). Categorical variables were expressed as
percentages and continuous data were expressed as medians (25th–
75th percentiles) or means (SD). We used the chi-square or Fisher
exact test to compare categorical variables between study groups
and the Mann-Whitney test to compare continuous variables, includ-
ing the primary end point. The primary end point was also analyzed
in the three predefined subgroups (COPD, LVD, and neither). We
also used the Kaplan-Meier method to assess the effect of BNP-
guided fluid management on the cumulative probability of successful
extubation. Because the proportional hazards assumption was not met
during the 60-day follow-up, we used the Breslow-Gehan-Wilcoxon
test to assess differences between groups (19). This test allows weight-
ing of time points by the number of cases at risk at each time point (20).
Last, the effect of BNP-guided fluid management on the cumulative
incidence of successful extubation was assessed while considering the
need for continuous sedation as a competing event, according to the
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Mean (SD) 2,324 (876) 2,188 (774)

Average daily urine output during weaning, ml
Median (IQR) 2,273 (1,838 to 2,973) 2,836 (2,057 to 3,905) ,0.0001
Mean (SD) 2,461 (1,039) 3,044 (1,240)

Fluid balance on extubation day,* ml 0.318
Median (IQR) 21,180 (22,124 to 42) 21,047 (22,540 to 2350)
Mean (SD) 21,078 (1,639) 21,263 (1,759)

Fluid balance the day after extubation,* ml 0.223
Median (IQR) 2715 (21,526 to 30) 2479 (21,360 to 277)
Mean (SD) 751 (1,339) 2646 (1,469)

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; IQR ¼ interquartile range.
Negative fluid balance was defined as urine output exceeding fluid intake.
* Fluid balances on extubation day and the day after extubation were available in 274 and 229 patients, respectively.
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Gray model (21, 22). Two-sided P values less than 0.05 were considered
significant.

This study was registered on ClinicalTrials.gov with the number
NCT00473148.

RESULTS

Enrollment and Baseline Characteristics

Patients eligible for weaning (1,464) were screened for enroll-
ment between May 2007 and July 2009. Among them, 306 were
enrolled and randomized (Figure 1) to the control group (n ¼

152) or BNP-guided group (n ¼ 154). Two patients (assigned to
the BNP-guided group) were excluded from the data analysis
because of lack of continued consent to use their data. The with-
drawal of consent was not related to any particular aspect of the
protocol. The two groups were similar at baseline regarding
demographic characteristics, reason for intubation, severity of
illness, respiratory function, duration of invasive mechanical ven-
tilation, and urine output before study initiation (Table 1). BNP
values at randomization and the proportions of patients with
COPD and LVD were also similar between the two groups (Ta-
ble 1). In the overall population, BNP values at randomization

Figure 2. Probability of successful extubation within 60
days after randomization. BNP ¼ B-type natriuretic peptide.

TABLE 3. MAIN OUTCOMES

Usual Care Group (n ¼ 152) BNP-guided Group (n ¼ 152) P Value

Time to first extubation, h
Median (IQR) 47.7 (22.9–124.8) 39.8 (20.0–72.4) 0.019
Mean (SD) 92.8 (110.2) 70.6 (106.8)

Time to successful extubation, h
Median (IQR) 58.6 (23.3–139.8) 42.4 (20.8–107.5) 0.034
Mean (SD) 112.2 (147.1) 86.2 (127.9)

Time to successful weaning from invasive and noninvasive ventilation, h
Median (IQR) 74.4 (31.7–160.5) 49.3 (21.9–140.6) 0.051
Mean (SD) 134.3 (187.6) 107.1 (141.0)

Ventilator-free days from randomization to Day 14, d
Median (IQR) 9.7 (2.3–12.9) 12.0 (6.5–13.1) 0.026
Mean (SD) 8.2 (5.2) 9.3 (4.9)

Ventilator-free days from randomization to Day 28, d
Median (IQR) 23.3 (14.7–26.7) 25.9 (19.3–27.1) 0.038
Mean (SD) 18.9 (10.4) 20.3 (10.4)

Ventilator-free days from randomization to Day 60, d
Median (IQR) 54.9 (38.7–58.3) 57.9 (50.4–59.1) 0.015
Mean (SD) 42.8 (23.7) 45.7 (22.7)

ICU stay length, d
Median (IQR) 8.0 (4.0–13.0) 8.0 (4.0–14.0) 0.995
Mean (SD) 11.6 (12.3) 11.4 (11.2)

Hospital stay length, d
Median (IQR) 20.0 (12.0–33.0) 20.0 (13.0–33.0) 0.796
Mean (SD) 27.3 (37.3) 24.0 (14.2)

ICU mortality 19 (12.5%) 18 (11.8%) 0.861
Hospital mortality 25 (16.4%) 20 (13.2%) 0.433
Day-60 mortality 28 (18.4%) 21 (13.8%) 0.275

Definition of abbreviations: BNP ¼ B-type natriuretic peptide; ICU ¼ intensive care unit; IQR ¼ interquartile range.
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predicted mortality. At 12 hrs, compared
with quartile 4, the risk of mortality (ad-
justed hazard ratio) in quartiles 1–2 were
significantly reduced (Table 2). Quartile 3
showed a nonsignificant trend to decreased
mortality as well with an adjusted hazard ra-

tio of 0.762 (0.562–1.033). Cumulative fluid
balance on day 4 also correlated with mortal-
ity with quartile 1 and 2 having survival ad-
vantages compared with quartile 4 (Table 2).
Again quartile 3 demonstrated a nonsignifi-
cant trend toward decreased mortality.

Fluid Balance Correlates Modestly
With Central Venous Pressure and Dose
of Norepinephrine at 12 Hrs, Whereas
There Is No Significant Association by
Day 4. We assessed whether the incident
fluid balance can predict central venous
pressure at 12 hrs and whether the pre-
ceding 24-hr fluid balance can predict
central venous pressure thereafter. Using
linear regression analysis, we found that
fluid balance only correlated with central
venous pressure in a statistically signifi-
cant manner at 12 hrs. This correlation
was very modest with an R correlation of
0.2 and p ! .001. Fluid balance also cor-
relates modestly with dose of norepineph-
rine at 12 hrs (r " .2 and p ! .001). Even
this modest correlation between central
venous pressure and fluid balance disap-
peared during the next 24 hrs with an R
correlation of ! .02 on each subsequent
day until day 4. Similarly, after enroll-
ment, there was no significant correla-
tion between dose of norepinephrine and
fluid balance. Figure 3 graphically repre-
sents the relationship between incident
fluid balance and central venous pressure
or dose of norepinephrine at 12 hrs as
well as day 4.

A Central Venous Pressure of !8 mm
Hg at 12 Hrs Is Associated With Im-
proved Survival, Whereas Central Venous
Pressure Does Not Correlate With Mor-
tality on Subsequent Days. Given the
2008 Surviving Sepsis Guideline recom-
mendation to target a central venous
pressure of 8–12 mm Hg to ensure ade-
quate intravascular volume, we assessed
whether achieving this target was associ-
ated with improved survival. We grouped
patients into those with a 12 hrs central
venous pressure !8 mm Hg, those with a
central venous pressure 8–12 mm Hg,
and those in whom central venous pres-
sure was #12 mm Hg. We used Cox re-
gression analysis stratified according to
central venous pressure group and in-
cluded age and APACHE II score as co-

Figure 2. A, Cox survival curves, adjusted for age, Acute Physiology and Chronic Health Evaluation
(APACHE) II score, and severity of shock (dose of norepinephrine), are shown for fluid balance
quartiles at 12 hrs. Quartiles 3 and 4 have significant increases in mortality compared with both
quartiles 1 and 2. B, Cox survival curves, adjusted for age, APACHE II score, and dose of norepineph-
rine, are shown for cumulative fluid balance quartiles at day 4. Quartiles 3 and 4 have significant
increases in mortality compared with both quartiles 1 and 2.

Table 1. Fluid intake, urine output, and net fluid balance at 12 hrs and cumulative day 4 balance

Quartile 1 (Dry) Quartile 2 Quartile 3 Quartile 4 (Wet)

12 hrs
Intake, mL 2900 (2050–3900) 4520 (3700–5450) 6110 (5330–7360) 10,100 (8430–12,100)
Output, mL 2200 (1100–3920) 1590 (960–2560) 1180 (600–2070) 1260 (600–2400)
Balance, mL 710 ($132–1480) 2880 (2510–3300) 4900 (4290–5530) 8150 (7110–10,100)

Day 4
Intake, mL 16,100 (12,800–19700) 18,500 (15,700–22,500) 22,800 (19,700–26,700) 30,600 (26,200–36,000)
Output, mL 14,600 (11,500–20100) 11,000 (8210–14,500) 9960 (6940–12,900) 8350 (5100–12,300)
Balance, mL 1560 ($723–3210) 8120 (6210–9090) 13,000 (11,800–14,700) 20,500 (17,700–24,500)

Volumes are expressed as median (25–75%).
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model was developed to predict the estimated fluid require-
ments based on baseline patient and injury characteristics.
Inclusion in the prediction model was determined by regres-
sion of baseline and injury characteristics against total fluids
administered in the first 24 hours following injury, with a P
value of !0.10 used to determine inclusion. Logistic regres-
sion models were then used to study the relationship between
patient outcome and deviation from predicted fluid require-
ment where deviation from predicted fluids was calculated as
the relative percent increase (or decrease) over predicted:
"(fluids received # fluids predicted)/fluids predicted$ % 100.
The percentage deviation from predicted was categorized as
less than or equal to predicted (reference); 0% to 25% above
predicted; &25% predicted.

RESULTS

Baseline Patient and Injury Characteristics
Seventy-six patients were enrolled in the study at the

time of data analysis. Complete fluid and outcome data were
available for 72 patients, and these form the subjects of this
analysis. The 4 patients who were still hospitalized at the time
of analysis were excluded. Baseline and injury characteristics
of the 72 patients are summarized in Table 3 and Figure 1.
The majority of burns were caused by flame or flash injuries
(76% and 11%, respectively). Average patient age was 40.6
years (range, 18–86 years) and average total body surface
area burned (% TBSA) was 44.5% (range, 20%–90%). Pa-
tients were admitted to the burn center 3.4 hours following

injury (range, 1–12 hours) and had an admission APACHE II
score of 20.1 (range, 6–36). Inhalation injury was diagnosed
in 30 patients (42%). Average base deficit was 4.5 (range, #9
to 15) on admission to the burn center.

Fluids Administered
A summary of fluids administered over the first 48

hours following injury is shown in Table 4. The average total
volume of fluid administered over the first 24 hours following
injury was 17.2 L ('9.4 L); nearly all fluid was crystalloid.
This fluid volume is equivalent to an average of 5.2 mL/kg/
TBSA (Parkland score of 1.3). Average hourly urine output in
the first 24 hours following injury was 1.1 mL/kg per hour.

Patient Outcomes
Patient outcomes are shown in Table 5. Overall mor-

tality was 25%; 21% of patients developed multiple organ
failure. Bloodstream infections occurred in 11% of patients,
and 35% of patients developed ARDS. A total of 54% of
patients developed pneumonia, and all but 2 of these patients
had a pneumonia diagnosed by bronchoalveolar lavage. On
average, each patient had 3.1 nosocomial infections and 3.2
other hospital events. Three patients were diagnosed with
abdominal compartment syndrome. These 3 patients had an
average TBSA burn of 47% and received an average of 18.8 L
of fluid in the first 24 hours following injury.

Predictors of Fluid Requirements and Effects of
Fluids on Outcome

For each 5 L increase in fluid received, there was a
significant increase in the unadjusted odds of developing
pneumonia (OR ( 1.92; CI, 1.35–2.74), bloodstream infec-
tions (OR ( 2.33; CI, 1.38–3.93), ARDS (OR (1.55; CI,
1.16–2.06), multiorgan failure (OR (1.49; CI, 1.02–2.01),
and death (OR (1.74; CI, 1.26–2.42).

Since baseline injury characteristics are associated with
both fluid requirements and outcome, we developed a multi-
variate prediction model to estimate fluid requirements as
described in Methods. Multivariate regression identified 4
parameters strongly predictive of fluid received: % TBSA,
age (inversely), weight, and intubation status on burn center
admission (Table 6).

The impact of excessive fluid received in excess of
predicted affects the development of complications as shown
in Table 7. For fluids in excess of 25% of predicted volumes,
the estimated increase in odds for adverse outcome were:
ARDS (OR ( 1.69; CI, 0.48–5.9), pneumonia (OR ( 5.67,
CI, 1.1–29.1), multiple organ failure (OR ( 1.6; CI, 0.38–
6.6), bloodstream infections (OR ( 2.9; CI, 0.51–16.5), and

TABLE 2. Denver Multiple Organ Failure Score24

Organ System Dysfunction Grade 0 Grade 1 Grade 2 Grade 3

Pulmonary (PaO2/FiO2) &250 201–250 101–200 !100
Renal: creatinine (mg/dL) !1.8 1.9–2.5 2.6–5.0 &5.0
Hepatic: total bilirubin (mg/dL) !2.0 2.1–4.0 4.1–8.0 &8.0
Cardiovascular No inotropes and cardiac index &3.0 Minimal inotropes and CI !3.0 Moderate inotropes High inotropes

*Sum of grades from each component are added to determine total score.

TABLE 3. Baseline Patient and Injury Characteristics

Variable Average (range) or %

Total patients 72
Age (yr) 40.6 (18–86)
Weight (kg) 80.6 (49–124)
Total body surface area (TBSA) burn 44.5 (20–90)
Total full-thickness burn 30.7 (1–90)
Inhalation injury 42%
Time to admission postinjury (hr) 3.4 (0–12)
Admitted on ventilator 57%
Apache II score 20.1 (6–36)
Initial base deficit 4.5 (#9 to 15)
Burn mechanism (%)

Flame 76
Flash 11
Other 13

Gender (male) (%) 71
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death (OR ! 5.33; CI, 1.4–20.4). In addition, all patients
receiving !25% above predicted fluid volumes developed at
least one of the adverse outcomes.

Fluid Analysis by Parkland score and
Fluid/Weight Score

Comparison of patients stratified by Parkland score and
fluid/weight score (above or below 250 mL/kg) is shown in
Table 8. There was no statistically significant difference in
the incidence of multiorgan failure, total number of nosoco-

mial infections, incidence of ARDS, and mortality rate be-
tween patients who were stratified by a Parkland score above
and below 1.5. Similarly, no difference in patient outcome
was found when dichotomizing patients by a Parkland score
of 2.0 (data not shown). However, when stratified by fluid
weight score, differences in injury characteristics and out-
come were significant. Patients who received over 250 mL/kg
of crystalloid in the first 24 hours following injury had
significantly higher incidence of multiple organ failure (34%
vs. 13%), total nosocomial infections per patient (4.8 vs. 2.2),
incidence of ARDS (50% vs. 27%), and mortality (42.3% vs.
15.6%). The patients who received over 250 mL/kg of fluid
also had larger burn size and higher rate of inhalation injury.

DISCUSSION
Decisions regarding fluid resuscitation comprise a crit-

ical component of the early care of the thermally injured
patient. However, despite the development of simple for-
mulae and guidelines for fluid administration, a great deal
of controversy over fluid resuscitation remains.6,12,14,25

Recently, a trend toward the administration of larger fluid
volumes has been noted, and the potential negative impact of
this practice has similarly received a great deal of atten-

FIGURE 1. Box plots of patient age (A), burn size (% TBSA) (B), and patient weight (C).

TABLE 4. Fluid Resuscitation Data

0–24 Hours
"mean (SD)#

24–48 Hours
"mean (SD)#

Crystalloids (L) 17.2 (9.4) 6.2 (4.8)
Colloids (L) 0.33 (0.92) 0.39 (0.69)
Total fluids (L) 17.5 (9.7) 6.6 (5.0)
Urine (L) 2.0 (1.3) 2.0 (1.0)
Urine (mL/kg per hour) 1.1 (0.77) 1.1 (0.59)
Parkland score 1.3 (0.6) 0.5 (0.4)

TABLE 5. Patient Outcomes

Outcome Variable Mean (SD) or %

Mortality 25%
Multiorgan failure* 21%
Total nosocomial infections 3.1 (4.4)
Total no. of events 3.2 (3.1)
Bloodstream infections 11%
Pneumonia 54.9%
ARDS 35%
Abdominal compartment syndrome 4.2%

*Maximum Denver Score !4.

TABLE 6. Variables Effecting Fluid Requirements

Predictor Coefficient P

% TBSA 0.120 $0.001
Admitted on ventilator 6.39 $0.001
Age %0.111 0.02
Weight 0.095 0.03

TABLE 7. Effect of Proportion of Fluid Above Volume
Predicted

Outcome OR (95% CI)*

ARDS
0%–25% above predicted 0.52 (0.17–7.3)
&25% above predicted 1.69 (0.48–5.9)

Pneumonia
0%–25% above predicted 0.71 (0.23–2.1)
&25% above predicted 5.67 (1.1–29.9)

Multiple organ failure
0%–25% above predicted 0.94 (0.24–3.7)
&25% above predicted 1.6 (0.38–6.6)

Bloodstream infections
0%–25% above predicted 1.12 (0.17–7.33)
&25% above predicted 2.91 (0.51–16.5)

Death
0%–25% above predicted 0.42 (0.08–2.5)
&25% above predicted 5.33 (1.4–20.4)

*Reference: less than or equal to predicted volume.
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overload are often inaccurate and unreliable when com-
pared with daily weights in ICU [32, 33] or general floor
settings [34]. Fluid balance calculations are generally

unable to account for insensible fluid losses, and so
weight-based calculations could provide for improved
control of this variable. It is worth noting that daily
weights also have the potential for inaccuracy related to
the use of differing scales and techniques for weighing
patients. There are potential safety issues around weighing
ECLS patients daily; if done improperly, weighing
patients on ECLS can pose dangers to the patient,
including decannulation.

Nearly all previous studies examining fluid overload
have defined baseline weight at the time point of ICU
admission. However, fluid overload can begin to develop
during the hospital stay prior to ICU admission, and thus
ICU admission weights may underestimate the degree of
fluid overload. We compared fluid overload definitions
based on hospital admission (method 3) and ICU admis-
sion (method 2) weights. As expected, fluid overload was
consistently higher using method 3. Interestingly, both
methods demonstrated significant differences in percent-
age fluid overload between survivors and nonsurvivors,

Table 4 Patient characteristics by survival status

Variable Survival p-Value

Yes (N = 50) No (N = 63)

Age (months), median (IQR) 131.5 (19,203) 1 (0, 85) \0.0001
Sex: female, N (%) 21 (42.0) 25 (39.6) 0.8033
Hospital days prior to CRRT, median (IQR) 3 (2, 10) 8 (4, 19) 0.0104
ICU days prior to CRRT, median (IQR) 2 (1, 4) 4 (2, 11) 0.0009
Vasoactive medications at initiation, N (%) 29 (58.0) 56 (88.8) 0.0002
[2 vasoactive medications at initiation, N (%) 10 (20.0) 36 (57.1) 0.0001
Number of vasoactive agents at initiation, median (IQR) 1 (0, 2) 3 (1, 4) \0.0001
Diuretic exposure, N (%) 29 (58.0) 52 (82.5) 0.0040
Diuretic infusion, N (%) 20 (40.0) 31 (49.2) 0.3287
Mechanical ventilation at initiation, N (%) 36 (72.0) 62 (98.4) \0.0001
Presence of ECLS, N (%) 16 (32.0) 34 (53.9) 0.0195
Therapeutic plasma exchange, N (%) 10 (20.0) 9 (14.2) 0.4198
Patients qualifying as failure by RIFLE, N (%) 32 (64.0) 35 (55.5) 0.3641
Patients qualifying as failure by pRIFLE, N (%) 30 (60.0) 29 (46.0) 0.1398
PRISM III score at ICU admission, median (IQR) 11.5 (5, 16) 13 (10, 19) 0.0838

CRRT continuous renal replacement therapy, ECLS extracorporeal life support

Table 5 Degree of fluid overload at CRRT initiation, overall and among ECLS patients, stratified by survival status

Variable Overall Survival p-Value

All patients N = 113 Yes (N = 50) No (N = 63)

Method 1 fluid overload %, median (IQR) 14 (6, 32) 8 (2, 14) 25 (13, 38) \0.0001
Method 2 fluid overload %, median (IQR) 8 (0, 27) 3 (0, 15) 18 (2, 41) 0.0006
Method 3 fluid overload %, median (IQR) 16 (2, 30) 5 (0, 24) 23 (9, 47) \0.0001

Patients on ECLS N = 50 Yes (N = 16) No (N = 34)

Method 1 fluid overload %, median (IQR) 26.5 (14, 42) 13 (8.5, 27.5) 35 (22, 46) 0.0012
Method 2 fluid overload %, median (IQR) 29.5 (16, 49) 24 (5.5, 26.5) 38 (21, 51) 0.0093
Method 3 fluid overload %, median (IQR) 34 (22, 50) 24 (5.5, 26.5) 41 (30, 51) 0.0009

CRRT continuous renal replacement therapy, ECLS extracorporeal life support
Methods 1–3 are defined in text

Table 6 Results of logistic regression analysis assessing odds of
death based on degree of fluid overload at CRRT initiation

Variablea Odds ratio 95% CI p-Value

Univariate analysis
Method 1 fluid overload 1.056 1.025, 1.087 0.0002
Method 2 fluid overload 1.044 1.019, 1.069 0.0005
Method 3 fluid overload 1.045 1.022, 1.07 0.0002

Multivariate analysisb

Method 1 fluid overload 1.04 1.00, 1.07 0.0529
Method 2 fluid overload 1.03 0.99, 1.07 0.0829
Method 3 fluid overload 1.03 0.99, 1.06 0.1

CRRT continuous renal replacement therapy
a Methods 1–3 are defined in text
b Model adjusting for age, hospital days pre CRRT, extracorporeal
life support status, pRIFLE score of failure, and number of vaso-
active agents
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not demonstrate statistically significant associations either
(data not shown).

Comparison of methods

There was a high degree of correlation between meth-
ods 1 and 2 (Pearson’s coefficient 0.77), methods 1 and 3

(Pearson’s coefficient 0.75), and methods 2 and 3 (Pear-
son’s coefficient 0.92). All three methods shared similar
predictive ability as assessed by the construction of ROC
curves. The AUC for the multiple logistic regression
models for method 1 was 0.881 compared with 0.858 for
method 2 and 0.855 for method 3.

Discussion

This study is the first to systematically evaluate weight-
based methods as a means to calculate fluid overload in
pediatric patients at initiation of CRRT and its association
with mortality. Our study is consistent with previous
reports showing an association between fluid overload at
CRRT initiation and mortality [9, 12–14] while providing
a more practical weight-based approach to determining
degree of fluid overload. Our study extends this finding to
a broader pediatric patient population that includes a
significant number of neonatal and ECLS patients.

In their recent analysis of the multicenter Prospective
Pediatric CRRT (ppCRRT) registry of 297 patients,
Sutherland and colleagues reported an adjusted mortality
odds ratio of 1.03 (95% CI 1.01–1.05) [12] associated with
increasing fluid overload at time of CRRT initiation. Using
both fluid balance and weight-based methods to define
fluid overload, we found nearly identical results. We
observed high correlation and comparable predictive val-
ues (AUC) between the methods, suggesting that they may
be used interchangeably. We chose to assess the weight-
based method because this is a more practical and less
labor-intensive approach compared with calculating
cumulative fluid balance. In addition, studies have repor-
ted that methods utilizing fluid balance to determine fluid

Table 1 Patient characteristics, overall and by ECLS status

Variable Overall ECLS p-Value*

N = 113 Yes (N = 50) No (N = 63)

Survival to ICU discharge, N (%) 50 (44) 16 (32) 34 (54) 0.0195
Age (months), median (IQR) 19 (0.2, 181) 0.8 (0, 10) 151 (19, 213) \0.0001
Sex: female, N (%) 46 (40.7) 20 (40) 26 (41.3) 0.8915
Hospital days prior to CRRT, median (IQR) 6 (2, 16) 6 (3, 13) 4 (2, 17) 0.3491
ICU days prior to CRRT, median (IQR) 3 (2, 6) 4 (3, 11) 2 (1, 6) 0.0015
Vasoactive medications at initiation, N (%) 85 (75) 47 (94) 38 (60.3) \0.0001
[2 vasoactive medications at initiation, N (%) 46 (40.7) 31 (62) 15 (23.8) \0.0001
Number of vasoactive agents at initiation, median (IQR) 2 (1, 3) 3 (2, 4) 1 (0, 2) \0.0001
Diuretic exposure, N (%) 81 (71.7) 45 (90) 36 (57.1) \0.0001
Diuretic infusion, N (%) 51 (45.1) 33 (66) 18 (28.6) \0.0001
Mechanical ventilation at initiation, N (%) 98 (86.7) 50 (100) 48 (76.2) 0.0002
Therapeutic plasma exchange, N (%) 19 (16.8) 8 (16) 11 (17.5) 0.8367
Patients qualifying as failure by RIFLE, N (%) 67 (59.3) 28 (56) 39 (61.9) 0.5257
Patients qualifying as failure by pRIFLE, N (%) 59 (52.2) 25 (50) 34 (54) 0.6749
PRISM III score at ICU admission, median (IQR) 13.0 (7, 18) 16 (9, 21) 11 (7, 15) 0.0085

ECLS extracorporeal life support, CRRT continuous renal replacement therapy
* Comparisons are between ECLS and non-ECLS groups

Table 2 Indication for continuous renal replacement therapy

Indication Total 113 patients

Number % of total patients

Fluid overload 73 64.6
Uremia 7 6.2
Electrolyte abnormalities 10 8.9
Acute on chronic renal failure 2 1.8
Hyperammonemia/intoxication 8 7.1
Multiple indications 13 11.5

Table 3 Primary disease

Primary disease Total 113 patients

Number % of total patients

Heart disease 41 36.3
Primary renal disease 6 5.3
Bone marrow transplant 12 10.6
Oncologic disease 10 8.9
Metabolic 8 7.1
Poisoning 2 1.8
Liver disease 15 13.3
Sepsis without underlying disease 8 7.1
Congenital diaphragmatic hernia 5 4.4
Other 6 5.3
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Bissel Critical care 2020enrolled in the protocol before or after modification (see
Additional file 1), and the subgroup analysis excluding
those patients based on subjective clinical criteria (phys-
ical exam findings, concern for pulmonary edema)
showed similar findings (see Additional file 1). In the
interrupted time series accounting for potential practice
variation over time, no significance was demonstrated
relative to time before or after intervention (see Add-
itional file 1). However, a significant difference was dem-
onstrated in 72-h post-shock fluid balance with protocol
use (see Additional file 1). For the secondary outcomes,
while patients had an additional ventilator-free day in
the intervention group, this difference was not statisti-
cally significant. Within the intervention cohort, there
was a statistically significant increase in the rate of elec-
trolyte disturbances, primarily driven by an increase in
hypernatremia and hypokalemia, despite higher total po-
tassium replacement in the intervention group.
In-hospital mortality in the intervention group was

lower compared to the historical group (5.5% vs 16.1%;
p = 0.008). There was also a higher rate of ICU-free days,
with these patients having 2 more days free of ICU care
(p = 0.03). In multivariable analysis, protocolized therapy
was associated with a 75% (32–91%) decreased odds of
hospital mortality after adjustment for SOFA, fluid bal-
ance upon furosemide initiation, time on mechanical
ventilation prior to furosemide therapy, and age (see

Additional file 1). Given known limitations of serum cre-
atinine as a marker of kidney function during acute ill-
ness, a post hoc analysis was performed of RRT
dependence at discharge. RRT dependence at discharge
was found to be significantly higher in the standard ther-
apy cohort compared to the protocol group.
Regarding protocol compliance, a total of 204 patient

days on protocol were available for evaluation. The most
common indication for a furosemide hold was due to
protocol discontinuation (see Additional file 1). A total
of 27 deviations occurred within the 204 patient days, 8
for a decrease in dosing frequency prior to protocol
modification, 2 for doses administered despite hold cri-
teria, 2 missed nursing activations of conditional orders,
and 12 inappropriate holds, 7 of which for unknown rea-
sons, 1 for nursing concern regarding furosemide inter-
val, and 4 for urine output. Eighteen patient days
required a dose adjustment per protocol, 11 of which
were driven by conditional orders.

Discussion
This study was the first to evaluate a volume de-
resuscitation protocol utilizing pharmacologic diuresis in
the medical intensive care unit. This study has several
strengths, including the protocol with easily obtainable
bedside monitoring parameters within the EHR, the
multi-disciplinary approach to protocol development,

Fig. 1 Selection of patients for study population
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intervention group. Known correlates of mortality within
the sepsis population, including baseline weight and ad-
mission source, were included as parameters within the
regression model [16–18]. The variables previously cor-
related with mortality were accounted for in the match-
ing criteria of this cohort. Studies demonstrate that
almost ubiquitous organ dysfunction has been associated
with positive volume status in the ICU. It is possible that
the implication of volume de-resuscitation seen in the
current study could be casually linked with mortality, in
line with a vast number of previous studies demonstrat-
ing the impact of fluid status on survival rates aside of
its effect on ventilator days; however, this study can only
show correlation given the nature of its design. Particu-
larly, patients in the intervention group also had a de-
crease in RRT dependence at discharge. RRT receipt
prior to hospital discharge has been associated with pro-
gression to end stage renal disease, cardiovascular dis-
ease, and increased mortality [19, 20].

Regarding ventilator days, ventilation wean procedures
are not standardized at this institution. Daily spontan-
eous breathing trials are performed in all patients who
meet criteria; however, extubation orders are left to pro-
vider discretion. This lack of ventilator wean protocoli-
zation may have affected ventilator-free days between
groups. However, reintubation rates were in alignment
with previous studies with ranges 13.8–22.6% and were
not significantly different between groups which sup-
ports relative uniformity on wean strategies [21].
Further of note, changes to the institutional nursing-

driven electrolyte replacement protocol occurred mid-
implementation (see Additional file 1). The protocol
modification sought more aggressive potassium replace-
ment; however, nursing adherence was not evaluated. As
follow-up potassium evaluations were mandated with
protocol implementation, it is possible that incidences of
hypokalemia were increased secondary to more frequent
monitoring relative to the historical cohort; however,

Table 2 Pharmacotherapy
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Furosemide dosing

Starting dose (mg) a 40 (20–40) 40 (40–40) 0.003

Day one total daily dose (mg) a 40 (40–60) 80 (40–120) < 0.0001

Day two total daily dose (mg)a 0 (0–40) 80 (20–120) < 0.0001

Day three total daily dose (mg) a 0 (0–20) 0 (0–80) 0.0007

Total cumulative dose (mg)a 80 (40–200) 240 (120–420) < 0.0001

Conversion to continuous infusion b 32 (11.7) 8 (8.8) 0.562

First to last dose furosemide (days) a 4.9 (1.4–12.4) 4.8 (3.1–9.8) 0.165

Diuresis adjuncts

Metolazoneb 15 (5.5) 30 (32.9) < 0.0001

Chlorothiazidec 48 (17.6) 6 (6.6) 0.402

Acetazolamideb 14 (5.1) 14 (15.4) 0.001

Albuminc 29 (10.6) 2 (2.2) 0.009

Day one potassium supplementationa 40 (40–60) 60 (40–80) 0.007

Day two potassium supplementationa 40 (40–60) 60 (40–100) 0.002

Day three potassium supplementationa 50 (40–80) 70 (60–100) 0.002

Other medication exposure

Total nephrotoxin exposurea 1 (1–2) 1 (1–2) 0.288

Aminoglycosideb 27 (9.9) 8 (8.8) 0.758

Beta-lactamb 227 (83.2) 75 (92.4) 0.872

Intravenous antiviralb 11 (4.0) 12 (13.2) 0.002

ACE inhibitor and/or ARBb 49 (17.9) 13 (14.3) 0.421

Amphotericin Bc 5 (1.8) 3 (3.3) 0.418

Intravenous sulfamethoxazole-trimethoprimc 19 (6.9) 4 (7.7) 0.465

Intravenous vancomycinb 153 (56.0) 51 (56.0) 1.000

Combination vancomycin and piperacillin-tazobactamb 88 (32.2) 30 (32.9) 0.897

ACE angiotensin-converting enzyme, ARB angiotensin receptor blocker
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
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objectiveness versus retrospective chart review. Regard-
less, it is still possible for potential residual confounders
on illness severity to have been missed. Given that vol-
ume overload and positive fluid balance may be markers
of severity of illness rather than a parameter for early di-
uresis intervention, the differences in mortality and
length of stay must be replicated in a larger, randomized
controlled trial for confirmation. Worth nothing, true
blinding in a randomized controlled trial would likely be
unfeasible by nature of the protocol design and a parallel
design could subject the trial to potential for a signifi-
cant Hawthorne effect.
Protocol modifications in the study may also be seen

as a potential limiting factor. However, in the subgroup
analysis performed, protocol inclusion did not appear to
significantly impact the primary result. Additionally, the
inclusion rate appeared relatively low at 11%. Recent
studies have demonstrated small recruitment rates
within the critically ill [24, 25]. A significant portion of

our patients were excluded for active vasoactive therapy
or AKI. Clinical inertia is a consideration, particularly
given this protocol’s pilot nature. Further, consideration
must be made for a lag in adaptation, particularly in
times of low staffing.
Lastly, the selection of outcome parameters is worth

mentioning. We evaluated 72-h net cumulative fluid
balance in accordance with previous literature; how-
ever, evidence suggests that fluid balance documenta-
tion is not always accurate. The utilization of EHR
flowsheets decreases potential for error in ICU docu-
mentation. The frequency in documentation required
via the protocol aligns with standard of care within
the ICU. Recent studies have challenged the validity
of net cumulative fluid balance in the ICU and its re-
lationship to body weight or clinical signs of fluid
overload [26, 27]. Because this practice is not tightly
protocolized, we did not utilize body weight as a
monitoring parameter. However, it is possible that

Table 3 Clinical outcomes
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Clinical outcomes

72 h fluid balance (mL)d 265 (− 2283–3025) − 2257 (− 5676–920) < 0.0001

48-h fluid balance (mL) d 309 (− 1267–2434) − 1799(− 3884–1092) < 0.0001

24-h fluid balance (mL)a 101 (− 963–1622) − 692 (− 1833–697) 0.0002

Ventilator-free days (days) a 19 (10–22) 20 (15–23) 0.098

Overall adverse eventb,e 74 (27.1) 37 (40.6) 0.015

Ventilator days (days) a 8 (5–13) 5 (5–12) 0.441

Furosemide to extubation (hours) a 70 (24–147) 58 (23–122) 0.282

Re-intubation rateb 57 (20.8) 17 (18.6) 0.652

ICU-free days (days) a 17 (7–21) 19 (13–22) 0.030

ICU days (days) a 8.6 (6.2–13.5) 8.1 (5.9–12.8) 0.513

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

Safety outcomes

Bolus administration after furosemidec 4 (1.5) 0 (0) 0.576

Vasopressor administration after furosemideb 65 (23.8) 19 (20.9) 0.566

Tachyarrhythmiab 50 (18.3) 15 (16.4) 0.693

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

RRT receipt in ICUc 17 (6.2) 0 (0) < 0.0001

RRT dependence at dischargec 14 (5.1) 0 (0) 0.025

Acute kidney injuryf 62 (22.7) 22 (24.2) 0.775

Hypokalemiac 0 3 (3.3) 0.015

Hypernatremiab 19 (6.9) 19 (20.9) 0.001

Metabolic alkalosisc 3 (1.1) 1 (1.1) 1.000
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
dStudent’s t test, average (standard deviation)
eOverall adverse event; serum creatinine rise, hypokalemia, hypernatremia, or metabolic alkalosis
fAcute kidney injury; serum creatinine 1.5 times baseline serum creatinine, serum creatinine increase of at least 0.3 mg/dL
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objectiveness versus retrospective chart review. Regard-
less, it is still possible for potential residual confounders
on illness severity to have been missed. Given that vol-
ume overload and positive fluid balance may be markers
of severity of illness rather than a parameter for early di-
uresis intervention, the differences in mortality and
length of stay must be replicated in a larger, randomized
controlled trial for confirmation. Worth nothing, true
blinding in a randomized controlled trial would likely be
unfeasible by nature of the protocol design and a parallel
design could subject the trial to potential for a signifi-
cant Hawthorne effect.
Protocol modifications in the study may also be seen

as a potential limiting factor. However, in the subgroup
analysis performed, protocol inclusion did not appear to
significantly impact the primary result. Additionally, the
inclusion rate appeared relatively low at 11%. Recent
studies have demonstrated small recruitment rates
within the critically ill [24, 25]. A significant portion of

our patients were excluded for active vasoactive therapy
or AKI. Clinical inertia is a consideration, particularly
given this protocol’s pilot nature. Further, consideration
must be made for a lag in adaptation, particularly in
times of low staffing.
Lastly, the selection of outcome parameters is worth

mentioning. We evaluated 72-h net cumulative fluid
balance in accordance with previous literature; how-
ever, evidence suggests that fluid balance documenta-
tion is not always accurate. The utilization of EHR
flowsheets decreases potential for error in ICU docu-
mentation. The frequency in documentation required
via the protocol aligns with standard of care within
the ICU. Recent studies have challenged the validity
of net cumulative fluid balance in the ICU and its re-
lationship to body weight or clinical signs of fluid
overload [26, 27]. Because this practice is not tightly
protocolized, we did not utilize body weight as a
monitoring parameter. However, it is possible that

Table 3 Clinical outcomes
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Clinical outcomes

72 h fluid balance (mL)d 265 (− 2283–3025) − 2257 (− 5676–920) < 0.0001

48-h fluid balance (mL) d 309 (− 1267–2434) − 1799(− 3884–1092) < 0.0001

24-h fluid balance (mL)a 101 (− 963–1622) − 692 (− 1833–697) 0.0002

Ventilator-free days (days) a 19 (10–22) 20 (15–23) 0.098

Overall adverse eventb,e 74 (27.1) 37 (40.6) 0.015

Ventilator days (days) a 8 (5–13) 5 (5–12) 0.441

Furosemide to extubation (hours) a 70 (24–147) 58 (23–122) 0.282

Re-intubation rateb 57 (20.8) 17 (18.6) 0.652

ICU-free days (days) a 17 (7–21) 19 (13–22) 0.030

ICU days (days) a 8.6 (6.2–13.5) 8.1 (5.9–12.8) 0.513

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

Safety outcomes

Bolus administration after furosemidec 4 (1.5) 0 (0) 0.576

Vasopressor administration after furosemideb 65 (23.8) 19 (20.9) 0.566

Tachyarrhythmiab 50 (18.3) 15 (16.4) 0.693

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

RRT receipt in ICUc 17 (6.2) 0 (0) < 0.0001

RRT dependence at dischargec 14 (5.1) 0 (0) 0.025

Acute kidney injuryf 62 (22.7) 22 (24.2) 0.775

Hypokalemiac 0 3 (3.3) 0.015

Hypernatremiab 19 (6.9) 19 (20.9) 0.001

Metabolic alkalosisc 3 (1.1) 1 (1.1) 1.000
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
dStudent’s t test, average (standard deviation)
eOverall adverse event; serum creatinine rise, hypokalemia, hypernatremia, or metabolic alkalosis
fAcute kidney injury; serum creatinine 1.5 times baseline serum creatinine, serum creatinine increase of at least 0.3 mg/dL
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enrolled in the protocol before or after modification (see
Additional file 1), and the subgroup analysis excluding
those patients based on subjective clinical criteria (phys-
ical exam findings, concern for pulmonary edema)
showed similar findings (see Additional file 1). In the
interrupted time series accounting for potential practice
variation over time, no significance was demonstrated
relative to time before or after intervention (see Add-
itional file 1). However, a significant difference was dem-
onstrated in 72-h post-shock fluid balance with protocol
use (see Additional file 1). For the secondary outcomes,
while patients had an additional ventilator-free day in
the intervention group, this difference was not statisti-
cally significant. Within the intervention cohort, there
was a statistically significant increase in the rate of elec-
trolyte disturbances, primarily driven by an increase in
hypernatremia and hypokalemia, despite higher total po-
tassium replacement in the intervention group.
In-hospital mortality in the intervention group was

lower compared to the historical group (5.5% vs 16.1%;
p = 0.008). There was also a higher rate of ICU-free days,
with these patients having 2 more days free of ICU care
(p = 0.03). In multivariable analysis, protocolized therapy
was associated with a 75% (32–91%) decreased odds of
hospital mortality after adjustment for SOFA, fluid bal-
ance upon furosemide initiation, time on mechanical
ventilation prior to furosemide therapy, and age (see

Additional file 1). Given known limitations of serum cre-
atinine as a marker of kidney function during acute ill-
ness, a post hoc analysis was performed of RRT
dependence at discharge. RRT dependence at discharge
was found to be significantly higher in the standard ther-
apy cohort compared to the protocol group.
Regarding protocol compliance, a total of 204 patient

days on protocol were available for evaluation. The most
common indication for a furosemide hold was due to
protocol discontinuation (see Additional file 1). A total
of 27 deviations occurred within the 204 patient days, 8
for a decrease in dosing frequency prior to protocol
modification, 2 for doses administered despite hold cri-
teria, 2 missed nursing activations of conditional orders,
and 12 inappropriate holds, 7 of which for unknown rea-
sons, 1 for nursing concern regarding furosemide inter-
val, and 4 for urine output. Eighteen patient days
required a dose adjustment per protocol, 11 of which
were driven by conditional orders.

Discussion
This study was the first to evaluate a volume de-
resuscitation protocol utilizing pharmacologic diuresis in
the medical intensive care unit. This study has several
strengths, including the protocol with easily obtainable
bedside monitoring parameters within the EHR, the
multi-disciplinary approach to protocol development,

Fig. 1 Selection of patients for study population
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intervention group. Known correlates of mortality within
the sepsis population, including baseline weight and ad-
mission source, were included as parameters within the
regression model [16–18]. The variables previously cor-
related with mortality were accounted for in the match-
ing criteria of this cohort. Studies demonstrate that
almost ubiquitous organ dysfunction has been associated
with positive volume status in the ICU. It is possible that
the implication of volume de-resuscitation seen in the
current study could be casually linked with mortality, in
line with a vast number of previous studies demonstrat-
ing the impact of fluid status on survival rates aside of
its effect on ventilator days; however, this study can only
show correlation given the nature of its design. Particu-
larly, patients in the intervention group also had a de-
crease in RRT dependence at discharge. RRT receipt
prior to hospital discharge has been associated with pro-
gression to end stage renal disease, cardiovascular dis-
ease, and increased mortality [19, 20].

Regarding ventilator days, ventilation wean procedures
are not standardized at this institution. Daily spontan-
eous breathing trials are performed in all patients who
meet criteria; however, extubation orders are left to pro-
vider discretion. This lack of ventilator wean protocoli-
zation may have affected ventilator-free days between
groups. However, reintubation rates were in alignment
with previous studies with ranges 13.8–22.6% and were
not significantly different between groups which sup-
ports relative uniformity on wean strategies [21].
Further of note, changes to the institutional nursing-

driven electrolyte replacement protocol occurred mid-
implementation (see Additional file 1). The protocol
modification sought more aggressive potassium replace-
ment; however, nursing adherence was not evaluated. As
follow-up potassium evaluations were mandated with
protocol implementation, it is possible that incidences of
hypokalemia were increased secondary to more frequent
monitoring relative to the historical cohort; however,

Table 2 Pharmacotherapy
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Furosemide dosing

Starting dose (mg) a 40 (20–40) 40 (40–40) 0.003

Day one total daily dose (mg) a 40 (40–60) 80 (40–120) < 0.0001

Day two total daily dose (mg)a 0 (0–40) 80 (20–120) < 0.0001

Day three total daily dose (mg) a 0 (0–20) 0 (0–80) 0.0007

Total cumulative dose (mg)a 80 (40–200) 240 (120–420) < 0.0001

Conversion to continuous infusion b 32 (11.7) 8 (8.8) 0.562

First to last dose furosemide (days) a 4.9 (1.4–12.4) 4.8 (3.1–9.8) 0.165

Diuresis adjuncts

Metolazoneb 15 (5.5) 30 (32.9) < 0.0001

Chlorothiazidec 48 (17.6) 6 (6.6) 0.402

Acetazolamideb 14 (5.1) 14 (15.4) 0.001

Albuminc 29 (10.6) 2 (2.2) 0.009

Day one potassium supplementationa 40 (40–60) 60 (40–80) 0.007

Day two potassium supplementationa 40 (40–60) 60 (40–100) 0.002

Day three potassium supplementationa 50 (40–80) 70 (60–100) 0.002

Other medication exposure

Total nephrotoxin exposurea 1 (1–2) 1 (1–2) 0.288

Aminoglycosideb 27 (9.9) 8 (8.8) 0.758

Beta-lactamb 227 (83.2) 75 (92.4) 0.872

Intravenous antiviralb 11 (4.0) 12 (13.2) 0.002

ACE inhibitor and/or ARBb 49 (17.9) 13 (14.3) 0.421

Amphotericin Bc 5 (1.8) 3 (3.3) 0.418

Intravenous sulfamethoxazole-trimethoprimc 19 (6.9) 4 (7.7) 0.465

Intravenous vancomycinb 153 (56.0) 51 (56.0) 1.000

Combination vancomycin and piperacillin-tazobactamb 88 (32.2) 30 (32.9) 0.897

ACE angiotensin-converting enzyme, ARB angiotensin receptor blocker
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
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objectiveness versus retrospective chart review. Regard-
less, it is still possible for potential residual confounders
on illness severity to have been missed. Given that vol-
ume overload and positive fluid balance may be markers
of severity of illness rather than a parameter for early di-
uresis intervention, the differences in mortality and
length of stay must be replicated in a larger, randomized
controlled trial for confirmation. Worth nothing, true
blinding in a randomized controlled trial would likely be
unfeasible by nature of the protocol design and a parallel
design could subject the trial to potential for a signifi-
cant Hawthorne effect.
Protocol modifications in the study may also be seen

as a potential limiting factor. However, in the subgroup
analysis performed, protocol inclusion did not appear to
significantly impact the primary result. Additionally, the
inclusion rate appeared relatively low at 11%. Recent
studies have demonstrated small recruitment rates
within the critically ill [24, 25]. A significant portion of

our patients were excluded for active vasoactive therapy
or AKI. Clinical inertia is a consideration, particularly
given this protocol’s pilot nature. Further, consideration
must be made for a lag in adaptation, particularly in
times of low staffing.
Lastly, the selection of outcome parameters is worth

mentioning. We evaluated 72-h net cumulative fluid
balance in accordance with previous literature; how-
ever, evidence suggests that fluid balance documenta-
tion is not always accurate. The utilization of EHR
flowsheets decreases potential for error in ICU docu-
mentation. The frequency in documentation required
via the protocol aligns with standard of care within
the ICU. Recent studies have challenged the validity
of net cumulative fluid balance in the ICU and its re-
lationship to body weight or clinical signs of fluid
overload [26, 27]. Because this practice is not tightly
protocolized, we did not utilize body weight as a
monitoring parameter. However, it is possible that

Table 3 Clinical outcomes
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Clinical outcomes

72 h fluid balance (mL)d 265 (− 2283–3025) − 2257 (− 5676–920) < 0.0001

48-h fluid balance (mL) d 309 (− 1267–2434) − 1799(− 3884–1092) < 0.0001

24-h fluid balance (mL)a 101 (− 963–1622) − 692 (− 1833–697) 0.0002

Ventilator-free days (days) a 19 (10–22) 20 (15–23) 0.098

Overall adverse eventb,e 74 (27.1) 37 (40.6) 0.015

Ventilator days (days) a 8 (5–13) 5 (5–12) 0.441

Furosemide to extubation (hours) a 70 (24–147) 58 (23–122) 0.282

Re-intubation rateb 57 (20.8) 17 (18.6) 0.652

ICU-free days (days) a 17 (7–21) 19 (13–22) 0.030

ICU days (days) a 8.6 (6.2–13.5) 8.1 (5.9–12.8) 0.513

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

Safety outcomes

Bolus administration after furosemidec 4 (1.5) 0 (0) 0.576

Vasopressor administration after furosemideb 65 (23.8) 19 (20.9) 0.566

Tachyarrhythmiab 50 (18.3) 15 (16.4) 0.693

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

RRT receipt in ICUc 17 (6.2) 0 (0) < 0.0001

RRT dependence at dischargec 14 (5.1) 0 (0) 0.025

Acute kidney injuryf 62 (22.7) 22 (24.2) 0.775

Hypokalemiac 0 3 (3.3) 0.015

Hypernatremiab 19 (6.9) 19 (20.9) 0.001

Metabolic alkalosisc 3 (1.1) 1 (1.1) 1.000
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
dStudent’s t test, average (standard deviation)
eOverall adverse event; serum creatinine rise, hypokalemia, hypernatremia, or metabolic alkalosis
fAcute kidney injury; serum creatinine 1.5 times baseline serum creatinine, serum creatinine increase of at least 0.3 mg/dL

Bissell et al. Critical Care           (2020) 24:70 Page 8 of 10

objectiveness versus retrospective chart review. Regard-
less, it is still possible for potential residual confounders
on illness severity to have been missed. Given that vol-
ume overload and positive fluid balance may be markers
of severity of illness rather than a parameter for early di-
uresis intervention, the differences in mortality and
length of stay must be replicated in a larger, randomized
controlled trial for confirmation. Worth nothing, true
blinding in a randomized controlled trial would likely be
unfeasible by nature of the protocol design and a parallel
design could subject the trial to potential for a signifi-
cant Hawthorne effect.
Protocol modifications in the study may also be seen

as a potential limiting factor. However, in the subgroup
analysis performed, protocol inclusion did not appear to
significantly impact the primary result. Additionally, the
inclusion rate appeared relatively low at 11%. Recent
studies have demonstrated small recruitment rates
within the critically ill [24, 25]. A significant portion of

our patients were excluded for active vasoactive therapy
or AKI. Clinical inertia is a consideration, particularly
given this protocol’s pilot nature. Further, consideration
must be made for a lag in adaptation, particularly in
times of low staffing.
Lastly, the selection of outcome parameters is worth

mentioning. We evaluated 72-h net cumulative fluid
balance in accordance with previous literature; how-
ever, evidence suggests that fluid balance documenta-
tion is not always accurate. The utilization of EHR
flowsheets decreases potential for error in ICU docu-
mentation. The frequency in documentation required
via the protocol aligns with standard of care within
the ICU. Recent studies have challenged the validity
of net cumulative fluid balance in the ICU and its re-
lationship to body weight or clinical signs of fluid
overload [26, 27]. Because this practice is not tightly
protocolized, we did not utilize body weight as a
monitoring parameter. However, it is possible that

Table 3 Clinical outcomes
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Clinical outcomes

72 h fluid balance (mL)d 265 (− 2283–3025) − 2257 (− 5676–920) < 0.0001

48-h fluid balance (mL) d 309 (− 1267–2434) − 1799(− 3884–1092) < 0.0001

24-h fluid balance (mL)a 101 (− 963–1622) − 692 (− 1833–697) 0.0002

Ventilator-free days (days) a 19 (10–22) 20 (15–23) 0.098

Overall adverse eventb,e 74 (27.1) 37 (40.6) 0.015
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Re-intubation rateb 57 (20.8) 17 (18.6) 0.652

ICU-free days (days) a 17 (7–21) 19 (13–22) 0.030

ICU days (days) a 8.6 (6.2–13.5) 8.1 (5.9–12.8) 0.513

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

Safety outcomes

Bolus administration after furosemidec 4 (1.5) 0 (0) 0.576

Vasopressor administration after furosemideb 65 (23.8) 19 (20.9) 0.566

Tachyarrhythmiab 50 (18.3) 15 (16.4) 0.693

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

RRT receipt in ICUc 17 (6.2) 0 (0) < 0.0001

RRT dependence at dischargec 14 (5.1) 0 (0) 0.025

Acute kidney injuryf 62 (22.7) 22 (24.2) 0.775

Hypokalemiac 0 3 (3.3) 0.015

Hypernatremiab 19 (6.9) 19 (20.9) 0.001

Metabolic alkalosisc 3 (1.1) 1 (1.1) 1.000
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
dStudent’s t test, average (standard deviation)
eOverall adverse event; serum creatinine rise, hypokalemia, hypernatremia, or metabolic alkalosis
fAcute kidney injury; serum creatinine 1.5 times baseline serum creatinine, serum creatinine increase of at least 0.3 mg/dL
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enrolled in the protocol before or after modification (see
Additional file 1), and the subgroup analysis excluding
those patients based on subjective clinical criteria (phys-
ical exam findings, concern for pulmonary edema)
showed similar findings (see Additional file 1). In the
interrupted time series accounting for potential practice
variation over time, no significance was demonstrated
relative to time before or after intervention (see Add-
itional file 1). However, a significant difference was dem-
onstrated in 72-h post-shock fluid balance with protocol
use (see Additional file 1). For the secondary outcomes,
while patients had an additional ventilator-free day in
the intervention group, this difference was not statisti-
cally significant. Within the intervention cohort, there
was a statistically significant increase in the rate of elec-
trolyte disturbances, primarily driven by an increase in
hypernatremia and hypokalemia, despite higher total po-
tassium replacement in the intervention group.
In-hospital mortality in the intervention group was

lower compared to the historical group (5.5% vs 16.1%;
p = 0.008). There was also a higher rate of ICU-free days,
with these patients having 2 more days free of ICU care
(p = 0.03). In multivariable analysis, protocolized therapy
was associated with a 75% (32–91%) decreased odds of
hospital mortality after adjustment for SOFA, fluid bal-
ance upon furosemide initiation, time on mechanical
ventilation prior to furosemide therapy, and age (see

Additional file 1). Given known limitations of serum cre-
atinine as a marker of kidney function during acute ill-
ness, a post hoc analysis was performed of RRT
dependence at discharge. RRT dependence at discharge
was found to be significantly higher in the standard ther-
apy cohort compared to the protocol group.
Regarding protocol compliance, a total of 204 patient

days on protocol were available for evaluation. The most
common indication for a furosemide hold was due to
protocol discontinuation (see Additional file 1). A total
of 27 deviations occurred within the 204 patient days, 8
for a decrease in dosing frequency prior to protocol
modification, 2 for doses administered despite hold cri-
teria, 2 missed nursing activations of conditional orders,
and 12 inappropriate holds, 7 of which for unknown rea-
sons, 1 for nursing concern regarding furosemide inter-
val, and 4 for urine output. Eighteen patient days
required a dose adjustment per protocol, 11 of which
were driven by conditional orders.

Discussion
This study was the first to evaluate a volume de-
resuscitation protocol utilizing pharmacologic diuresis in
the medical intensive care unit. This study has several
strengths, including the protocol with easily obtainable
bedside monitoring parameters within the EHR, the
multi-disciplinary approach to protocol development,

Fig. 1 Selection of patients for study population
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intervention group. Known correlates of mortality within
the sepsis population, including baseline weight and ad-
mission source, were included as parameters within the
regression model [16–18]. The variables previously cor-
related with mortality were accounted for in the match-
ing criteria of this cohort. Studies demonstrate that
almost ubiquitous organ dysfunction has been associated
with positive volume status in the ICU. It is possible that
the implication of volume de-resuscitation seen in the
current study could be casually linked with mortality, in
line with a vast number of previous studies demonstrat-
ing the impact of fluid status on survival rates aside of
its effect on ventilator days; however, this study can only
show correlation given the nature of its design. Particu-
larly, patients in the intervention group also had a de-
crease in RRT dependence at discharge. RRT receipt
prior to hospital discharge has been associated with pro-
gression to end stage renal disease, cardiovascular dis-
ease, and increased mortality [19, 20].

Regarding ventilator days, ventilation wean procedures
are not standardized at this institution. Daily spontan-
eous breathing trials are performed in all patients who
meet criteria; however, extubation orders are left to pro-
vider discretion. This lack of ventilator wean protocoli-
zation may have affected ventilator-free days between
groups. However, reintubation rates were in alignment
with previous studies with ranges 13.8–22.6% and were
not significantly different between groups which sup-
ports relative uniformity on wean strategies [21].
Further of note, changes to the institutional nursing-

driven electrolyte replacement protocol occurred mid-
implementation (see Additional file 1). The protocol
modification sought more aggressive potassium replace-
ment; however, nursing adherence was not evaluated. As
follow-up potassium evaluations were mandated with
protocol implementation, it is possible that incidences of
hypokalemia were increased secondary to more frequent
monitoring relative to the historical cohort; however,

Table 2 Pharmacotherapy
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Furosemide dosing

Starting dose (mg) a 40 (20–40) 40 (40–40) 0.003

Day one total daily dose (mg) a 40 (40–60) 80 (40–120) < 0.0001

Day two total daily dose (mg)a 0 (0–40) 80 (20–120) < 0.0001

Day three total daily dose (mg) a 0 (0–20) 0 (0–80) 0.0007

Total cumulative dose (mg)a 80 (40–200) 240 (120–420) < 0.0001

Conversion to continuous infusion b 32 (11.7) 8 (8.8) 0.562

First to last dose furosemide (days) a 4.9 (1.4–12.4) 4.8 (3.1–9.8) 0.165

Diuresis adjuncts

Metolazoneb 15 (5.5) 30 (32.9) < 0.0001

Chlorothiazidec 48 (17.6) 6 (6.6) 0.402

Acetazolamideb 14 (5.1) 14 (15.4) 0.001

Albuminc 29 (10.6) 2 (2.2) 0.009

Day one potassium supplementationa 40 (40–60) 60 (40–80) 0.007

Day two potassium supplementationa 40 (40–60) 60 (40–100) 0.002

Day three potassium supplementationa 50 (40–80) 70 (60–100) 0.002

Other medication exposure

Total nephrotoxin exposurea 1 (1–2) 1 (1–2) 0.288

Aminoglycosideb 27 (9.9) 8 (8.8) 0.758

Beta-lactamb 227 (83.2) 75 (92.4) 0.872

Intravenous antiviralb 11 (4.0) 12 (13.2) 0.002

ACE inhibitor and/or ARBb 49 (17.9) 13 (14.3) 0.421

Amphotericin Bc 5 (1.8) 3 (3.3) 0.418

Intravenous sulfamethoxazole-trimethoprimc 19 (6.9) 4 (7.7) 0.465

Intravenous vancomycinb 153 (56.0) 51 (56.0) 1.000

Combination vancomycin and piperacillin-tazobactamb 88 (32.2) 30 (32.9) 0.897

ACE angiotensin-converting enzyme, ARB angiotensin receptor blocker
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
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objectiveness versus retrospective chart review. Regard-
less, it is still possible for potential residual confounders
on illness severity to have been missed. Given that vol-
ume overload and positive fluid balance may be markers
of severity of illness rather than a parameter for early di-
uresis intervention, the differences in mortality and
length of stay must be replicated in a larger, randomized
controlled trial for confirmation. Worth nothing, true
blinding in a randomized controlled trial would likely be
unfeasible by nature of the protocol design and a parallel
design could subject the trial to potential for a signifi-
cant Hawthorne effect.
Protocol modifications in the study may also be seen

as a potential limiting factor. However, in the subgroup
analysis performed, protocol inclusion did not appear to
significantly impact the primary result. Additionally, the
inclusion rate appeared relatively low at 11%. Recent
studies have demonstrated small recruitment rates
within the critically ill [24, 25]. A significant portion of

our patients were excluded for active vasoactive therapy
or AKI. Clinical inertia is a consideration, particularly
given this protocol’s pilot nature. Further, consideration
must be made for a lag in adaptation, particularly in
times of low staffing.
Lastly, the selection of outcome parameters is worth

mentioning. We evaluated 72-h net cumulative fluid
balance in accordance with previous literature; how-
ever, evidence suggests that fluid balance documenta-
tion is not always accurate. The utilization of EHR
flowsheets decreases potential for error in ICU docu-
mentation. The frequency in documentation required
via the protocol aligns with standard of care within
the ICU. Recent studies have challenged the validity
of net cumulative fluid balance in the ICU and its re-
lationship to body weight or clinical signs of fluid
overload [26, 27]. Because this practice is not tightly
protocolized, we did not utilize body weight as a
monitoring parameter. However, it is possible that

Table 3 Clinical outcomes
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Clinical outcomes

72 h fluid balance (mL)d 265 (− 2283–3025) − 2257 (− 5676–920) < 0.0001

48-h fluid balance (mL) d 309 (− 1267–2434) − 1799(− 3884–1092) < 0.0001

24-h fluid balance (mL)a 101 (− 963–1622) − 692 (− 1833–697) 0.0002

Ventilator-free days (days) a 19 (10–22) 20 (15–23) 0.098

Overall adverse eventb,e 74 (27.1) 37 (40.6) 0.015

Ventilator days (days) a 8 (5–13) 5 (5–12) 0.441

Furosemide to extubation (hours) a 70 (24–147) 58 (23–122) 0.282

Re-intubation rateb 57 (20.8) 17 (18.6) 0.652

ICU-free days (days) a 17 (7–21) 19 (13–22) 0.030

ICU days (days) a 8.6 (6.2–13.5) 8.1 (5.9–12.8) 0.513

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

Safety outcomes

Bolus administration after furosemidec 4 (1.5) 0 (0) 0.576

Vasopressor administration after furosemideb 65 (23.8) 19 (20.9) 0.566

Tachyarrhythmiab 50 (18.3) 15 (16.4) 0.693

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

RRT receipt in ICUc 17 (6.2) 0 (0) < 0.0001

RRT dependence at dischargec 14 (5.1) 0 (0) 0.025

Acute kidney injuryf 62 (22.7) 22 (24.2) 0.775

Hypokalemiac 0 3 (3.3) 0.015

Hypernatremiab 19 (6.9) 19 (20.9) 0.001

Metabolic alkalosisc 3 (1.1) 1 (1.1) 1.000
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
dStudent’s t test, average (standard deviation)
eOverall adverse event; serum creatinine rise, hypokalemia, hypernatremia, or metabolic alkalosis
fAcute kidney injury; serum creatinine 1.5 times baseline serum creatinine, serum creatinine increase of at least 0.3 mg/dL
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objectiveness versus retrospective chart review. Regard-
less, it is still possible for potential residual confounders
on illness severity to have been missed. Given that vol-
ume overload and positive fluid balance may be markers
of severity of illness rather than a parameter for early di-
uresis intervention, the differences in mortality and
length of stay must be replicated in a larger, randomized
controlled trial for confirmation. Worth nothing, true
blinding in a randomized controlled trial would likely be
unfeasible by nature of the protocol design and a parallel
design could subject the trial to potential for a signifi-
cant Hawthorne effect.
Protocol modifications in the study may also be seen

as a potential limiting factor. However, in the subgroup
analysis performed, protocol inclusion did not appear to
significantly impact the primary result. Additionally, the
inclusion rate appeared relatively low at 11%. Recent
studies have demonstrated small recruitment rates
within the critically ill [24, 25]. A significant portion of

our patients were excluded for active vasoactive therapy
or AKI. Clinical inertia is a consideration, particularly
given this protocol’s pilot nature. Further, consideration
must be made for a lag in adaptation, particularly in
times of low staffing.
Lastly, the selection of outcome parameters is worth

mentioning. We evaluated 72-h net cumulative fluid
balance in accordance with previous literature; how-
ever, evidence suggests that fluid balance documenta-
tion is not always accurate. The utilization of EHR
flowsheets decreases potential for error in ICU docu-
mentation. The frequency in documentation required
via the protocol aligns with standard of care within
the ICU. Recent studies have challenged the validity
of net cumulative fluid balance in the ICU and its re-
lationship to body weight or clinical signs of fluid
overload [26, 27]. Because this practice is not tightly
protocolized, we did not utilize body weight as a
monitoring parameter. However, it is possible that
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Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Clinical outcomes

72 h fluid balance (mL)d 265 (− 2283–3025) − 2257 (− 5676–920) < 0.0001

48-h fluid balance (mL) d 309 (− 1267–2434) − 1799(− 3884–1092) < 0.0001

24-h fluid balance (mL)a 101 (− 963–1622) − 692 (− 1833–697) 0.0002

Ventilator-free days (days) a 19 (10–22) 20 (15–23) 0.098

Overall adverse eventb,e 74 (27.1) 37 (40.6) 0.015

Ventilator days (days) a 8 (5–13) 5 (5–12) 0.441

Furosemide to extubation (hours) a 70 (24–147) 58 (23–122) 0.282

Re-intubation rateb 57 (20.8) 17 (18.6) 0.652

ICU-free days (days) a 17 (7–21) 19 (13–22) 0.030

ICU days (days) a 8.6 (6.2–13.5) 8.1 (5.9–12.8) 0.513

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

Safety outcomes

Bolus administration after furosemidec 4 (1.5) 0 (0) 0.576

Vasopressor administration after furosemideb 65 (23.8) 19 (20.9) 0.566

Tachyarrhythmiab 50 (18.3) 15 (16.4) 0.693

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

RRT receipt in ICUc 17 (6.2) 0 (0) < 0.0001

RRT dependence at dischargec 14 (5.1) 0 (0) 0.025

Acute kidney injuryf 62 (22.7) 22 (24.2) 0.775

Hypokalemiac 0 3 (3.3) 0.015

Hypernatremiab 19 (6.9) 19 (20.9) 0.001

Metabolic alkalosisc 3 (1.1) 1 (1.1) 1.000
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
dStudent’s t test, average (standard deviation)
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enrolled in the protocol before or after modification (see
Additional file 1), and the subgroup analysis excluding
those patients based on subjective clinical criteria (phys-
ical exam findings, concern for pulmonary edema)
showed similar findings (see Additional file 1). In the
interrupted time series accounting for potential practice
variation over time, no significance was demonstrated
relative to time before or after intervention (see Add-
itional file 1). However, a significant difference was dem-
onstrated in 72-h post-shock fluid balance with protocol
use (see Additional file 1). For the secondary outcomes,
while patients had an additional ventilator-free day in
the intervention group, this difference was not statisti-
cally significant. Within the intervention cohort, there
was a statistically significant increase in the rate of elec-
trolyte disturbances, primarily driven by an increase in
hypernatremia and hypokalemia, despite higher total po-
tassium replacement in the intervention group.
In-hospital mortality in the intervention group was

lower compared to the historical group (5.5% vs 16.1%;
p = 0.008). There was also a higher rate of ICU-free days,
with these patients having 2 more days free of ICU care
(p = 0.03). In multivariable analysis, protocolized therapy
was associated with a 75% (32–91%) decreased odds of
hospital mortality after adjustment for SOFA, fluid bal-
ance upon furosemide initiation, time on mechanical
ventilation prior to furosemide therapy, and age (see

Additional file 1). Given known limitations of serum cre-
atinine as a marker of kidney function during acute ill-
ness, a post hoc analysis was performed of RRT
dependence at discharge. RRT dependence at discharge
was found to be significantly higher in the standard ther-
apy cohort compared to the protocol group.
Regarding protocol compliance, a total of 204 patient

days on protocol were available for evaluation. The most
common indication for a furosemide hold was due to
protocol discontinuation (see Additional file 1). A total
of 27 deviations occurred within the 204 patient days, 8
for a decrease in dosing frequency prior to protocol
modification, 2 for doses administered despite hold cri-
teria, 2 missed nursing activations of conditional orders,
and 12 inappropriate holds, 7 of which for unknown rea-
sons, 1 for nursing concern regarding furosemide inter-
val, and 4 for urine output. Eighteen patient days
required a dose adjustment per protocol, 11 of which
were driven by conditional orders.

Discussion
This study was the first to evaluate a volume de-
resuscitation protocol utilizing pharmacologic diuresis in
the medical intensive care unit. This study has several
strengths, including the protocol with easily obtainable
bedside monitoring parameters within the EHR, the
multi-disciplinary approach to protocol development,

Fig. 1 Selection of patients for study population
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intervention group. Known correlates of mortality within
the sepsis population, including baseline weight and ad-
mission source, were included as parameters within the
regression model [16–18]. The variables previously cor-
related with mortality were accounted for in the match-
ing criteria of this cohort. Studies demonstrate that
almost ubiquitous organ dysfunction has been associated
with positive volume status in the ICU. It is possible that
the implication of volume de-resuscitation seen in the
current study could be casually linked with mortality, in
line with a vast number of previous studies demonstrat-
ing the impact of fluid status on survival rates aside of
its effect on ventilator days; however, this study can only
show correlation given the nature of its design. Particu-
larly, patients in the intervention group also had a de-
crease in RRT dependence at discharge. RRT receipt
prior to hospital discharge has been associated with pro-
gression to end stage renal disease, cardiovascular dis-
ease, and increased mortality [19, 20].

Regarding ventilator days, ventilation wean procedures
are not standardized at this institution. Daily spontan-
eous breathing trials are performed in all patients who
meet criteria; however, extubation orders are left to pro-
vider discretion. This lack of ventilator wean protocoli-
zation may have affected ventilator-free days between
groups. However, reintubation rates were in alignment
with previous studies with ranges 13.8–22.6% and were
not significantly different between groups which sup-
ports relative uniformity on wean strategies [21].
Further of note, changes to the institutional nursing-

driven electrolyte replacement protocol occurred mid-
implementation (see Additional file 1). The protocol
modification sought more aggressive potassium replace-
ment; however, nursing adherence was not evaluated. As
follow-up potassium evaluations were mandated with
protocol implementation, it is possible that incidences of
hypokalemia were increased secondary to more frequent
monitoring relative to the historical cohort; however,

Table 2 Pharmacotherapy
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Furosemide dosing

Starting dose (mg) a 40 (20–40) 40 (40–40) 0.003

Day one total daily dose (mg) a 40 (40–60) 80 (40–120) < 0.0001

Day two total daily dose (mg)a 0 (0–40) 80 (20–120) < 0.0001

Day three total daily dose (mg) a 0 (0–20) 0 (0–80) 0.0007

Total cumulative dose (mg)a 80 (40–200) 240 (120–420) < 0.0001

Conversion to continuous infusion b 32 (11.7) 8 (8.8) 0.562

First to last dose furosemide (days) a 4.9 (1.4–12.4) 4.8 (3.1–9.8) 0.165

Diuresis adjuncts

Metolazoneb 15 (5.5) 30 (32.9) < 0.0001

Chlorothiazidec 48 (17.6) 6 (6.6) 0.402

Acetazolamideb 14 (5.1) 14 (15.4) 0.001

Albuminc 29 (10.6) 2 (2.2) 0.009

Day one potassium supplementationa 40 (40–60) 60 (40–80) 0.007

Day two potassium supplementationa 40 (40–60) 60 (40–100) 0.002

Day three potassium supplementationa 50 (40–80) 70 (60–100) 0.002

Other medication exposure

Total nephrotoxin exposurea 1 (1–2) 1 (1–2) 0.288

Aminoglycosideb 27 (9.9) 8 (8.8) 0.758

Beta-lactamb 227 (83.2) 75 (92.4) 0.872

Intravenous antiviralb 11 (4.0) 12 (13.2) 0.002

ACE inhibitor and/or ARBb 49 (17.9) 13 (14.3) 0.421

Amphotericin Bc 5 (1.8) 3 (3.3) 0.418

Intravenous sulfamethoxazole-trimethoprimc 19 (6.9) 4 (7.7) 0.465

Intravenous vancomycinb 153 (56.0) 51 (56.0) 1.000

Combination vancomycin and piperacillin-tazobactamb 88 (32.2) 30 (32.9) 0.897

ACE angiotensin-converting enzyme, ARB angiotensin receptor blocker
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
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objectiveness versus retrospective chart review. Regard-
less, it is still possible for potential residual confounders
on illness severity to have been missed. Given that vol-
ume overload and positive fluid balance may be markers
of severity of illness rather than a parameter for early di-
uresis intervention, the differences in mortality and
length of stay must be replicated in a larger, randomized
controlled trial for confirmation. Worth nothing, true
blinding in a randomized controlled trial would likely be
unfeasible by nature of the protocol design and a parallel
design could subject the trial to potential for a signifi-
cant Hawthorne effect.
Protocol modifications in the study may also be seen

as a potential limiting factor. However, in the subgroup
analysis performed, protocol inclusion did not appear to
significantly impact the primary result. Additionally, the
inclusion rate appeared relatively low at 11%. Recent
studies have demonstrated small recruitment rates
within the critically ill [24, 25]. A significant portion of

our patients were excluded for active vasoactive therapy
or AKI. Clinical inertia is a consideration, particularly
given this protocol’s pilot nature. Further, consideration
must be made for a lag in adaptation, particularly in
times of low staffing.
Lastly, the selection of outcome parameters is worth

mentioning. We evaluated 72-h net cumulative fluid
balance in accordance with previous literature; how-
ever, evidence suggests that fluid balance documenta-
tion is not always accurate. The utilization of EHR
flowsheets decreases potential for error in ICU docu-
mentation. The frequency in documentation required
via the protocol aligns with standard of care within
the ICU. Recent studies have challenged the validity
of net cumulative fluid balance in the ICU and its re-
lationship to body weight or clinical signs of fluid
overload [26, 27]. Because this practice is not tightly
protocolized, we did not utilize body weight as a
monitoring parameter. However, it is possible that

Table 3 Clinical outcomes
Parameter Historical cohort (n = 273) Intervention cohort (n = 91) p value

Clinical outcomes

72 h fluid balance (mL)d 265 (− 2283–3025) − 2257 (− 5676–920) < 0.0001

48-h fluid balance (mL) d 309 (− 1267–2434) − 1799(− 3884–1092) < 0.0001

24-h fluid balance (mL)a 101 (− 963–1622) − 692 (− 1833–697) 0.0002

Ventilator-free days (days) a 19 (10–22) 20 (15–23) 0.098

Overall adverse eventb,e 74 (27.1) 37 (40.6) 0.015

Ventilator days (days) a 8 (5–13) 5 (5–12) 0.441

Furosemide to extubation (hours) a 70 (24–147) 58 (23–122) 0.282

Re-intubation rateb 57 (20.8) 17 (18.6) 0.652

ICU-free days (days) a 17 (7–21) 19 (13–22) 0.030

ICU days (days) a 8.6 (6.2–13.5) 8.1 (5.9–12.8) 0.513

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

Safety outcomes

Bolus administration after furosemidec 4 (1.5) 0 (0) 0.576

Vasopressor administration after furosemideb 65 (23.8) 19 (20.9) 0.566

Tachyarrhythmiab 50 (18.3) 15 (16.4) 0.693

In-hospital mortalityc 44 (16.1) 5 (5.5) 0.008

RRT receipt in ICUc 17 (6.2) 0 (0) < 0.0001

RRT dependence at dischargec 14 (5.1) 0 (0) 0.025

Acute kidney injuryf 62 (22.7) 22 (24.2) 0.775
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Hypernatremiab 19 (6.9) 19 (20.9) 0.001

Metabolic alkalosisc 3 (1.1) 1 (1.1) 1.000
aWilcoxon rank sum, median (interquartile range)
bChi-square test; number (percentage)
cFisher’s exact, number (percentage)
dStudent’s t test, average (standard deviation)
eOverall adverse event; serum creatinine rise, hypokalemia, hypernatremia, or metabolic alkalosis
fAcute kidney injury; serum creatinine 1.5 times baseline serum creatinine, serum creatinine increase of at least 0.3 mg/dL
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objectiveness versus retrospective chart review. Regard-
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on illness severity to have been missed. Given that vol-
ume overload and positive fluid balance may be markers
of severity of illness rather than a parameter for early di-
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controlled trial for confirmation. Worth nothing, true
blinding in a randomized controlled trial would likely be
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design could subject the trial to potential for a signifi-
cant Hawthorne effect.
Protocol modifications in the study may also be seen

as a potential limiting factor. However, in the subgroup
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inclusion rate appeared relatively low at 11%. Recent
studies have demonstrated small recruitment rates
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our patients were excluded for active vasoactive therapy
or AKI. Clinical inertia is a consideration, particularly
given this protocol’s pilot nature. Further, consideration
must be made for a lag in adaptation, particularly in
times of low staffing.
Lastly, the selection of outcome parameters is worth

mentioning. We evaluated 72-h net cumulative fluid
balance in accordance with previous literature; how-
ever, evidence suggests that fluid balance documenta-
tion is not always accurate. The utilization of EHR
flowsheets decreases potential for error in ICU docu-
mentation. The frequency in documentation required
via the protocol aligns with standard of care within
the ICU. Recent studies have challenged the validity
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Diurétiques et pronostic?



• Etude multicentrique

• Randomisée-contrôlée

• Simple aveugle

• Critère ppal: diminuer l’inflation hydro-sodée

• Critères secondaires: tolérance (rein, cœur, métabolique) / efficacité

Design

Cinotti Critical care 2021

IRIHS-REA



• Ventilation mécanique invasive ≥ 24 heures

• Sevrage NAD

• Inflation poids: Augmentation ≥ 3% par rapport au « poids sec »

• Intervention: Furosemide ou autre diuretique QSP poids sec jusqu’au 
sevrage de la VM

• Contrôle

Protocole

Cinotti Critical care 2021

IRIHS-REA



Control Group. N=89
Intervention Group. N=82

Day 28 (N = 89)
13 patients dead in the ICU
3 patients dead during hospitalization 

Day 28 (N = 77)
10 patients dead in the ICU
No patients dead during hospitalization

Day 60 (N = 73)
3 patients dead in the ICU 
1 patient dead during hospitalization

Day-60 (N = 66)
1 patient dead in the ICU
2 patients dead during hospitalization

5 patients excluded
1 intubation after admission
1 without 3% of weight increase
1 with FiO2 ≥ 60% at inclusion
1 chronic kidney disease
1 with catecholamine infusion

171 randomized patients

942 patients assessed for eligibility

Not randomized (n=771)
420 did not meet inclusion criteria
57 refused to participate
75 included in another study
219 other reason

Cinotti Critical care 2021

Flowchart



Groupe Contrôle
N=89

Groupe Diurétiques
N=77

Age 66 [60 - 74] 66 [58 - 72]
Genre F/H 28(31.5%) / 61(68.6%) 16(20.8%) / 61(79.2%)

SAPS II 53 [45 - 59] 52 [41 - 58]
SOFA 7 [5 - 10] 8 [6 - 10]
IMC 25.5 [22.6 - 29.2] 28.4 [25.5 - 34.5]
HTA 13 (14.6%) 5 (6.5%)
BPCO 10 (11.2%) 5 (6.5%)
IRC 3 (3.4%) 1 (1.3%)
Diurétiques au long cours 11 (12.4%) 8 (10.4%)
Diabète 9 (10.1%) 11 (14.3%)
Admission
Sepsis/choc septique 28 (31.4%) 21 (27.2%)
Détresse respi 42 (47.2%) 33 (42.9%)
Trauma 7 (7.9%) 6 (7.8%)
EER/AKI avant inclusion 27 (30.3%) 21 (27.3%)Cinotti Critical care 2021

Démographie



Contrôle
N=89

Intervention
N=77

Difference
95% IC

P

Analyse permière
Cas complets (N=144) 6.4 [5-11.2] 1.4 [1-4.5] <0.001
Imputation multiple 
(N=160)

-4.9 [-7.4;-2.5] <0.001

Analyse de sensibilité
Biais maximal (N=160) 4.5 [-1.5;10.5] 1.5 [-2;7.7] -0.5 [-3.2;2.3] 0.7
Per protocol (N=130) 5 [0.5;11.3] 1 [-2.5;4.5] -4.8 [-7.2;-2.2] <0.001

Cinotti Critical care 2021

Inflation hydro-sodée



Efficacité
Contrôle

N=89
Intervention

N=77
P

Ventilation mécanique
Durée (j) 14 [8-22] 12 [8-21] 0.7
Après rando (j) 7 [3-17] 6 [2-14] 0.2
VFD à J-28 19 [3-24] 22 [9-25] 0.3
Échec d’extubation 11 (15.3%) 6 (9%) 0.3
Durée séjour (j) 18 [10-32] 18 [11-29] 0.4
Mortalité en réa 16 (18%) 11 (14%) 0.5
Durée hôpital (j) 36 [22-55] 32 [18-53] 0.6
Mortalité à J-60 20 (22.5%) 13 (16.9%) 0.5

Cinotti Critical care 2021

Critères secondaires



Contrôle
N=89

Intervention
N=82

P

RIFLE (N) 0.2
None 22 (25.3%) 30 (40%)
Risk 33 (37.9%) 25 (33.3%)
Natrémie ≤ 135mmol/L (N) 42 (47.2%) 33 (42.9%) 0.7
Natrémi ≥ 145mmol/L (N) 40 (44.9%) 40 (52%) 0.5
Hypokaliémie (N) 51 (57.3%) 53 (68.8%) 0.1
Durée hypokaliémie (j) 1 [0-2] 1 [0-4] 0.2

Tolérance rénale-métabolique 

Critères secondaires



Contrôle
N=89

Intervention
N=82

P

Cardiac rhythm troubles (N)
Atrial fibrillation 14 (15.3%) 9 (11.7%) 0.5
Torsade de pointes 0 1 (1.3%) 0.5
Ventricular tachycardia 2 (2.3%) 2 (2.6%) 0.9
Ventricular fibrillation 2 (2.3%) 1 (2.6%) 0.9

Tolérance cardiaque 

Cinotti Critical care 2021

Critères secondaires



• Lutte efficace contre l’inflation hydro-sodée à la phase sub-aiguë en 
réanimation

• Intérêt dans le sevrage de la VM

• Données rassurantes sur la tolérance

• Manque de preuve formelles sur l’efficacité des diurétiques

Intérêts des diurétiques
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Diuretics, Mortality, and Nonrecovery
of Renal Function in Acute Renal Failure
Ravindra L. Mehta, MD
Maria T. Pascual, RN, MPH
Sharon Soroko, MS
Glenn M. Chertow, MD, MPH
for the PICARD Study Group

ACUTE RENAL FAILURE (ARF) IN
hospitalized patients may be
associated with low, nor-
mal, or excess extracellular

volume, depending on the cause of the
ARF, accompanying conditions (eg,
heart failure, liver disease), and pat-
terns of administration of crystalloids
and colloids. Diuretic agents are fre-
quently given to augment renal salt and
water excretion in the setting of extra-
cellular volume overload.

Diuretics are also frequently given
during ARF in an effort to “convert” oli-
guric to nonoliguric ARF, since oligu-
ria has been recognized as a proxy for
the severity of ARF and the likelihood
of requiring dialysis.1-4 Despite the ubiq-
uity of this practice, there is scant evi-
dence that diuretics provide any mate-
rial benefit to patients with ARF.
Indeed, the “conversion” of oliguric to
nonoliguric ARF may reflect the sever-
ity of disease (diuretic-responsive ARF)
rather than a valid (and favorable) re-
sponse to therapy.5-7 Moreover, the use
of diuretics may increase the risk of ARF
when given before radiocontrast expo-
sure8-10 and in other clinical set-
tings,11-13 raising the possibility that di-
uretics may be harmful in patients with
established ARF. Several randomized
clinical trials have explored the use of
diuretics in established ARF and have
not shown benefit in survival or recov-

ery of renal function, although all stud-
ies were hampered by low statistical
power.14-17

We hypothesized that the use of di-
uretics during ARF would be associ-

ated with an increase in mortality, hos-
pital length of stay, and nonrecovery of
renal function in critically ill patients
with ARF due to either direct effects or
indirect effects of delaying dialytic sup-
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Context Acute renal failure is associated with high mortality and morbidity. Diuretic
agents continue to be used in this setting despite a lack of evidence supporting their
benefit.

Objective To determine whether the use of diuretics is associated with adverse or
favorable outcomes in critically ill patients with acute renal failure.

Design Cohort study conducted from October 1989 to September 1995.

Patients and Setting A total of 552 patients with acute renal failure in intensive
care units at 4 academic medical centers affiliated with the University of California.
Patients were categorized by the use of diuretics on the day of nephrology consulta-
tion and, in companion analyses, by diuretic use at any time during the first week fol-
lowing consultation.

Main Outcome Measures All-cause hospital mortality, nonrecovery of renal func-
tion, and the combined outcome of death or nonrecovery.

Results Diuretics were used in 326 patients (59%) at the time of nephrology con-
sultation. Patients treated with diuretics on or before the day of consultation were older
and more likely to have a history of congestive heart failure, nephrotoxic (rather than
ischemic or multifactorial) origin of acute renal failure, acute respiratory failure, and
lower serum urea nitrogen concentrations. With adjustment for relevant covariates
and propensity scores, diuretic use was associated with a significant increase in the
risk of death or nonrecovery of renal function (odds ratio, 1.77; 95% confidence in-
terval, 1.14-2.76). The risk was magnified (odds ratio, 3.12; 95% confidence interval,
1.73-5.62) when patients who died within the first week following consultation were
excluded. The increased risk was borne largely by patients who were relatively unre-
sponsive to diuretics.

Conclusions The use of diuretics in critically ill patients with acute renal failure was
associated with an increased risk of death and nonrecovery of renal function. Al-
though observational data prohibit causal inference, it is unlikely that diuretics afford
any material benefit in this clinical setting. In the absence of compelling contradictory
data from a randomized, blinded clinical trial, the widespread use of diuretics in criti-
cally ill patients with acute renal failure should be discouraged.
JAMA. 2002;288:2547-2553 www.jama.com

See also p 2599 and Patient Page.

©2002 American Medical Association. All rights reserved. (Reprinted) JAMA, November 27, 2002—Vol 288, No. 20 2547

BUN levels, and median urine output
for patients stratified by diuretic use and
the dose equivalent per milliliter ra-
tio, with values censored at the initia-
tion of dialysis. FIGURE 2 shows the as-
sociation between the dose equivalent
per milliliter ratio and the time to death
or dialysis for ARF during hospitaliza-
tion, comparing patients not taking di-
uretics and those with high and low
dose equivalent per milliliter ratios (log-
rank !2, P".001).

COMMENT
Diuretics have been widely used in ARF
despite little evidence of benefit.25,26 In-
deed, several prospective clinical trials
have evaluated the effect of loop di-
uretic agents, usually at high doses, in
preventionand/or treatmentofARF.14,17,27

Most studies15-17 were relatively small and
confounded by cointerventions such as
low-dose dopamine hydrochloride or
mannitol. Aside from augmenting urine
output, few studies have demonstrated
any material benefit of diuretics in ARF,
whereas other studies have suggested po-
tential deleterious effects.12,26-28 For ex-
ample, Lassnigg et al12 showed that post-
operative ARF (defined as an increase in
serum creatinine level of #0.5 mg/dL [44
µmol/L]) was more frequent in patients
given furosemide (15%) compared with
dopamine (2%) or isotonic sodium chlo-
ride (0%).

In this study, 59% of patients were
taking diuretics at the time of nephrol-
ogy consultation and 12% started tak-
ing diuretics after consultation. Di-
uretic use at the time of consultation
was significantly associated with older
age, presumed nephrotoxic (rather than
ischemic or multifactorial) ARF ori-
gin, a lower BUN level, acute respira-
tory failure, and a history of conges-
tive heart failure. After adjusting for
covariates associated with the risk of
death,24 diuretic use was significantly
associated with in-hospital mortality
and nonrecovery of renal function, even
after adjustment for nonrandom treat-
ment assignment using propensity
scores.

Possible explanations for the associa-
tions observed include a direct toxic
effect of diuretics or indirect effects ei-
ther related or unrelated to renal func-
tion. Providers of care in ICUs may un-
derestimate the severity of renal injury
when urine output is sustained. Al-
though we and others have shown oli-
guria to be associated with adverse out-
comes in ARF,19,24,29-33 it is unclear
whether diuretic use modifies the effect
of oliguria on mortality or nonrecovery
of renal function. We have previously
shown that oliguria and a low serum cre-
atinine level (associated either with low
creatinine generation or dilution with ex-
tracellular volume overload) are the 2

factors most closely related to delay in
nephrology consultation among pa-
tients who have ARF on ICU admis-
sion.34 If nonoliguria delays recogni-
tion of ARF or recognition of the severity
of ARF, then the use of diuretics might
influence ICU management, including

Figure 2. Time to Death or Dialysis From
Day of Consultation in Intensive Care Unit
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Groups are stratified by day 1 status. For those pa-
tients who were diuretic resistant (furosemide equiva-
lent per milliliter ratio #1.0), the No. at risk for days
1, 2, 3, and 5 were 35, 19, 10, and 3, respectively.
Analysis includes 411 of the 416 patients who sur-
vived at least 7 days after nephrology consultation in
the intensive care unit. Data are excluded for 5 pa-
tients who died at an unknown time.

Figure 1. Time Trends in Mean Serum Creatinine Levels, Mean Blood Urea Nitrogen Levels, and Median Urine Output Among the 416
Patients Who Survived for at Least 7 Days After Nephrology Consultation in the Intensive Care Unit (ICU)
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Toxicité rénale!



with positive fluid balance in AKISCr stage 2–3 was
greater than that in AKISCr stage 0–1 (P < 0.001)
(Additional file 1: Table S7).

Discussion
Our results demonstrated furosemide administration
was associated with reduced short-term mortality in crit-
ically ill patients with AKI. The results of the present co-
hort also suggest that furosemide may promote renal
function recovery. Consistent with our study, a previous
controlled study found that furosemide appeared to in-
crease renal function recovery rates [19]. Theoretically,
furosemide may prevent AKI by decreasing the GFR and
tubular workload, and then reduce renal medullary oxy-
genation [20, 21]. Additionally, some scholars assumed
that furosemide could act as renal vasodilators [22].
However, these theoretical arguments were proved in
experimental conditions, but not in clinical practice. The
results of several previous studies and meta-analysis did
not support the use of furosemide in AKI patients [3–5,
23], and the KDIGO clinical practice guideline for AKI
also suggested against the use of diuretics in AKI man-
agement [7]. A recent meta-analysis of 28 randomized
controlled trials found that furosemide administration
was not associated with increased mortality in patients
with or at risk for AKI, and it may reduce mortality
when used as a preventive measure [24]. Unfortunately,
the severity and fluid status of AKI was not included in

the study [24]. It is necessary to further analyze the in-
fluence of furosemide on outcomes in different subsets
of AKI patients.
Oliguria still represents one of the two main criteria

for the diagnosis of AKI, and it is also the main reason
for using diuretics. In our cohort, there were 7244 (82%)
patients with AKI according to UO criteria alone. Posi-
tive fluid balance is an expected complication of oliguria
in AKI patients. Furosemide is helpful in the manage-
ment of fluid overload. The results of the present study
showed that positive fluid balance was more common in
patients with AKI oliguria stage 2–3, and beneficial ef-
fect of furosemide on in-hospital mortality was especially
observed in this population. A multicenter ICU study
also found that, in patients with a higher fluid balance
and a lower volume of urine output, diuretic use was as-
sociated with better survival [25]. So, the beneficial ef-
fects of furosemide on mortality in oliguric AKI patients
may be mediated by fluid balance.
Unlike SCr criteria, defining AKI with the UO criteria

may be too liberal because several studies illustrated that
AKI defined by UO was not an independent predictor of
mortality [26, 27], and oliguria was not always indicative
of a reduced GFR or tubular dysfunction [28]. In AKI
patients with an increase in SCr by two or more times
the baseline, we found that furosemide use was not asso-
ciated with a significant decrease in in-hospital mortality,
even in those accompanied by UO less than 0.5 ml/kg

Table 2 Association between furosemide use and clinical outcomes in critically ill patients with acute kidney injury
Non-diuretic group Furosemide group P value HR Lower 95% CI Upper 95% CI

Pre-matched cohort n = 6269 n = 7885

Primary outcome

In-hospital mortality, n (%)a 1363(21.7) 1001(12.7) < 0.001 0.63 0.58 0.69

Secondary outcomes

90-day mortality, n (%)a 1981(31.6) 1673(21.2) < 0.001 0.66 0.61 0.70

Recovery of renal function, n (%)b 2939(46.9) 4209(53.4) < 0.001 1.29 1.21 1.38

Length of ICU stay, [median (IQR)]c 3.91(2.8, 6.8) 4.13(2.9, 7.4) 0.003 1.44 1.28 1.62

Length of hospital stay, [median (IQR)]c 9.57(6.0, 16.2) 10.08(6.8, 16.3) 0.013 1.37 1.12 1.68

Post-matched cohort n = 4427 n = 4427

Primary outcome

In-hospital mortality, n (%)a 974(22.0) 635(14.3) < 0.001 0.67 0.60 0.74

Secondary outcomes

90-day mortality, n (%)a 1442(32.6) 1054(23.8) < 0.001 0.69 0.64 0.75

Recovery of renal function, n (%)b 2620(59.2) 2991(67.6) < 0.001 1.44 1.31 1.57

Length of ICU stay, [median (IQR)]c 4.1(2.9, 7.1) 4.1(2.9, 7.2) 0.221 1.28 0.89 1.62

Length of hospital stay, [median (IQR)]c 10.0(6.4, 16.9) 10.5(6.5, 16.4) 0.032 1.71 1.04 2.85

Abbreviations: HR hazard ratio, CI confidence interval, ICU intensive care unit, IQR interquartile range
a Cox regression was used for estimating the impact of furosemide use on mortality outcomes adjusting for confounding variables selected based on P value <
0.05 in univariate analysis
b Recovery from acute kidney injury was defined as being discharged from ICU with serum creatinine below 1.5 times the baseline value and normal urine output
(> 0.5 ml/kg/h). Impact of furosemide use on the recovery of renal function was estimated using the logistic regression model
c Linear regression was used to evaluate the association between furosemide use and length of stay. HR was calculated using the formula HR = eβi
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Table 1 Baseline characteristics between groups before matching
Variables Non-diuretic group

n = 6269
Furosemide group
n = 7885

P value SMD

AKI stage, n (%) < 0.001 0.132

Stage 1 1953(31.2) 2293(29.1)

Stage 2 2715(43.3) 3908(49.6)

Stage 3 1601(25.5) 1684(21.4)

Age 67.8 (54.7,78.9) 69.9 (59.2,79.4) < 0.001 0.167

Gender, male, n (%) 3503 (55.9) 4419 (56.0) 0.844 0.003

Ethnicity, n (%) < 0.001 0.125

White 4271 (68.1) 5758 (73.0)

Black 721 (11.5) 648 (8.2)

Others 1277 (20.4) 1479(18.8)

Admission type, n (%) < 0.001 0.424

Elective surgery 421 (6.7) 1575 (20.0)

Emergency surgery 1073 (17.1) 1554 (19.7)

Medical 4775 (76.2) 4756 (60.3)

Co-morbidities, n (%)

CKD 639 (10.2) 661 (8.4) < 0.001 0.062

Diabetes 1969 (31.4) 2637 (33.4) 0.011 0.043

Heart failure 1774 (28.3) 3733 (47.3) < 0.001 0.401

Chronic lung disease 1151 (18.4) 1806 (22.9) < 0.001 0.112

Chronic liver disease 649 (10.4) 558 (7.1) < 0.001 0.116

Cancer 419 (6.7) 314 (4.0) < 0.001 0.120

Hypertension 3431 (54.7) 4985 (63.2) < 0.001 0.173

Sepsis 2484 (39.6) 3607 (45.7) < 0.001 0.124

ARDS 1413 (22.5) 1857 (23.5) 0.156 0.024

Acute lung edema 27 (0.4) 91 (1.2) < 0.001 0.082

Cardiac surgery 252(4.0) 1755(22.3) < 0.001 0.561

Mechanical ventilation, no. (%) 3016 (48.1) 5654 (71.7) < 0.001 0.496

RRT, n (%) 383 (6.1) 293 (3.7) < 0.001 0.111

MAPa 79.3 (68.0,93.0) 78.0 (68.0,90.0) < 0.001 0.082

Vasopressors use, n (%) 2616 (41.7) 4832 (61.3) < 0.001 0.399

Inotropes use, n (%) 301(4.8) 1135(14.4) < 0.001 0.330

Fluid balance < 0.001 0.144

Volume (ml) − 615(− 1500,450) − 393(− 1440,1025)

Positive, n (%) 1968(31.4) 3058(38.8)

Daily fluid input (ml) 201 (0, 580) 289 (51,756) < 0.001 0.084

Colloid input 378 (6.0) 969 (12.3) < 0.001 0.218

Serum creatininea 114.9(79.6203.3) 106.1(79.6168.0) < 0.001 0.191

eGFR, ml/min/1.73 m2b 49.9(23.5,82.0) 56.4(30.9,81.9) < 0.001 0.097

SAPSII scorec 39 (30,50) 39 (32,48) 0.745 0.010

Abbreviations: CKD chronic kidney diseases, ARDS acute respiratory distress syndrome, RRT renal replacement therapy, IQR interquartile range, MAP mean arterial
pressure, eGFR estimated glomerular filtration rate, SAPSII Simplified Acute Physiology Score II, SMD standardized mean difference
aThe first values during the first day after ICU admission were recorded
b eGFR was calculated using MDRD formula
c SAPSII score was calculated within the first 24 h after the ICU admission using the value associated with the greatest severity of illness
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with positive fluid balance in AKISCr stage 2–3 was
greater than that in AKISCr stage 0–1 (P < 0.001)
(Additional file 1: Table S7).

Discussion
Our results demonstrated furosemide administration
was associated with reduced short-term mortality in crit-
ically ill patients with AKI. The results of the present co-
hort also suggest that furosemide may promote renal
function recovery. Consistent with our study, a previous
controlled study found that furosemide appeared to in-
crease renal function recovery rates [19]. Theoretically,
furosemide may prevent AKI by decreasing the GFR and
tubular workload, and then reduce renal medullary oxy-
genation [20, 21]. Additionally, some scholars assumed
that furosemide could act as renal vasodilators [22].
However, these theoretical arguments were proved in
experimental conditions, but not in clinical practice. The
results of several previous studies and meta-analysis did
not support the use of furosemide in AKI patients [3–5,
23], and the KDIGO clinical practice guideline for AKI
also suggested against the use of diuretics in AKI man-
agement [7]. A recent meta-analysis of 28 randomized
controlled trials found that furosemide administration
was not associated with increased mortality in patients
with or at risk for AKI, and it may reduce mortality
when used as a preventive measure [24]. Unfortunately,
the severity and fluid status of AKI was not included in

the study [24]. It is necessary to further analyze the in-
fluence of furosemide on outcomes in different subsets
of AKI patients.
Oliguria still represents one of the two main criteria

for the diagnosis of AKI, and it is also the main reason
for using diuretics. In our cohort, there were 7244 (82%)
patients with AKI according to UO criteria alone. Posi-
tive fluid balance is an expected complication of oliguria
in AKI patients. Furosemide is helpful in the manage-
ment of fluid overload. The results of the present study
showed that positive fluid balance was more common in
patients with AKI oliguria stage 2–3, and beneficial ef-
fect of furosemide on in-hospital mortality was especially
observed in this population. A multicenter ICU study
also found that, in patients with a higher fluid balance
and a lower volume of urine output, diuretic use was as-
sociated with better survival [25]. So, the beneficial ef-
fects of furosemide on mortality in oliguric AKI patients
may be mediated by fluid balance.
Unlike SCr criteria, defining AKI with the UO criteria

may be too liberal because several studies illustrated that
AKI defined by UO was not an independent predictor of
mortality [26, 27], and oliguria was not always indicative
of a reduced GFR or tubular dysfunction [28]. In AKI
patients with an increase in SCr by two or more times
the baseline, we found that furosemide use was not asso-
ciated with a significant decrease in in-hospital mortality,
even in those accompanied by UO less than 0.5 ml/kg

Table 2 Association between furosemide use and clinical outcomes in critically ill patients with acute kidney injury
Non-diuretic group Furosemide group P value HR Lower 95% CI Upper 95% CI

Pre-matched cohort n = 6269 n = 7885

Primary outcome

In-hospital mortality, n (%)a 1363(21.7) 1001(12.7) < 0.001 0.63 0.58 0.69

Secondary outcomes

90-day mortality, n (%)a 1981(31.6) 1673(21.2) < 0.001 0.66 0.61 0.70

Recovery of renal function, n (%)b 2939(46.9) 4209(53.4) < 0.001 1.29 1.21 1.38

Length of ICU stay, [median (IQR)]c 3.91(2.8, 6.8) 4.13(2.9, 7.4) 0.003 1.44 1.28 1.62

Length of hospital stay, [median (IQR)]c 9.57(6.0, 16.2) 10.08(6.8, 16.3) 0.013 1.37 1.12 1.68

Post-matched cohort n = 4427 n = 4427

Primary outcome

In-hospital mortality, n (%)a 974(22.0) 635(14.3) < 0.001 0.67 0.60 0.74

Secondary outcomes

90-day mortality, n (%)a 1442(32.6) 1054(23.8) < 0.001 0.69 0.64 0.75

Recovery of renal function, n (%)b 2620(59.2) 2991(67.6) < 0.001 1.44 1.31 1.57

Length of ICU stay, [median (IQR)]c 4.1(2.9, 7.1) 4.1(2.9, 7.2) 0.221 1.28 0.89 1.62

Length of hospital stay, [median (IQR)]c 10.0(6.4, 16.9) 10.5(6.5, 16.4) 0.032 1.71 1.04 2.85

Abbreviations: HR hazard ratio, CI confidence interval, ICU intensive care unit, IQR interquartile range
a Cox regression was used for estimating the impact of furosemide use on mortality outcomes adjusting for confounding variables selected based on P value <
0.05 in univariate analysis
b Recovery from acute kidney injury was defined as being discharged from ICU with serum creatinine below 1.5 times the baseline value and normal urine output
(> 0.5 ml/kg/h). Impact of furosemide use on the recovery of renal function was estimated using the logistic regression model
c Linear regression was used to evaluate the association between furosemide use and length of stay. HR was calculated using the formula HR = eβi
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Table 1 Baseline characteristics between groups before matching
Variables Non-diuretic group

n = 6269
Furosemide group
n = 7885

P value SMD

AKI stage, n (%) < 0.001 0.132

Stage 1 1953(31.2) 2293(29.1)

Stage 2 2715(43.3) 3908(49.6)

Stage 3 1601(25.5) 1684(21.4)

Age 67.8 (54.7,78.9) 69.9 (59.2,79.4) < 0.001 0.167

Gender, male, n (%) 3503 (55.9) 4419 (56.0) 0.844 0.003

Ethnicity, n (%) < 0.001 0.125

White 4271 (68.1) 5758 (73.0)

Black 721 (11.5) 648 (8.2)

Others 1277 (20.4) 1479(18.8)

Admission type, n (%) < 0.001 0.424

Elective surgery 421 (6.7) 1575 (20.0)

Emergency surgery 1073 (17.1) 1554 (19.7)

Medical 4775 (76.2) 4756 (60.3)

Co-morbidities, n (%)

CKD 639 (10.2) 661 (8.4) < 0.001 0.062

Diabetes 1969 (31.4) 2637 (33.4) 0.011 0.043

Heart failure 1774 (28.3) 3733 (47.3) < 0.001 0.401

Chronic lung disease 1151 (18.4) 1806 (22.9) < 0.001 0.112

Chronic liver disease 649 (10.4) 558 (7.1) < 0.001 0.116

Cancer 419 (6.7) 314 (4.0) < 0.001 0.120

Hypertension 3431 (54.7) 4985 (63.2) < 0.001 0.173

Sepsis 2484 (39.6) 3607 (45.7) < 0.001 0.124

ARDS 1413 (22.5) 1857 (23.5) 0.156 0.024

Acute lung edema 27 (0.4) 91 (1.2) < 0.001 0.082

Cardiac surgery 252(4.0) 1755(22.3) < 0.001 0.561

Mechanical ventilation, no. (%) 3016 (48.1) 5654 (71.7) < 0.001 0.496

RRT, n (%) 383 (6.1) 293 (3.7) < 0.001 0.111

MAPa 79.3 (68.0,93.0) 78.0 (68.0,90.0) < 0.001 0.082

Vasopressors use, n (%) 2616 (41.7) 4832 (61.3) < 0.001 0.399

Inotropes use, n (%) 301(4.8) 1135(14.4) < 0.001 0.330

Fluid balance < 0.001 0.144

Volume (ml) − 615(− 1500,450) − 393(− 1440,1025)

Positive, n (%) 1968(31.4) 3058(38.8)

Daily fluid input (ml) 201 (0, 580) 289 (51,756) < 0.001 0.084

Colloid input 378 (6.0) 969 (12.3) < 0.001 0.218

Serum creatininea 114.9(79.6203.3) 106.1(79.6168.0) < 0.001 0.191

eGFR, ml/min/1.73 m2b 49.9(23.5,82.0) 56.4(30.9,81.9) < 0.001 0.097

SAPSII scorec 39 (30,50) 39 (32,48) 0.745 0.010

Abbreviations: CKD chronic kidney diseases, ARDS acute respiratory distress syndrome, RRT renal replacement therapy, IQR interquartile range, MAP mean arterial
pressure, eGFR estimated glomerular filtration rate, SAPSII Simplified Acute Physiology Score II, SMD standardized mean difference
aThe first values during the first day after ICU admission were recorded
b eGFR was calculated using MDRD formula
c SAPSII score was calculated within the first 24 h after the ICU admission using the value associated with the greatest severity of illness
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• Intérêt de la diminution de l’inflation hydro-sodée en réanimation

• Efficacité potentielle dans le sevrage VM

• Données rassurantes sur la tolérance

Conclusion


