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Abstract Objective: Controlled me-
chanical ventilation can impair sys-
temic and renal blood flow and func-
tion, which may be aggravated by
respiratory acidosis. We hypothesized
that partial ventilatory support using
airway pressure release ventilation
(APRV) with spontaneous breathing
provides better cardiopulmonary and
renal function than full ventilatory
support using APRV without sponta-
neous breathing. Design: Prospective
randomized study. Setting: Intensive
care unit of a university hospital. 
Patients: Twelve patients with acute
lung injury (ALI). Interventions: Air-
way pressure release ventilation 
with and without spontaneous breath-
ing, maintaining either the same
minute ventilation (VE) or the same
airway pressure (Paw) limits. 
Measurements: Systemic hemody-
namics were estimated by double-
indicator dilution, effective renal
blood flow (ERBF) by para-amino-
hippurate, and glomerular filtration
rate (GFR) by inulin clearance. Re-
sults: Compared to APRV with spon-
taneous breathing, cardiac index (CI)
was decreased when the upper Paw
limit was increased to provide the

same VE (4.26±1.21 l min–1 m–2 vs
3.72±0.99 l min–1 m–2; p<0.05) 
while CI was increased when 
Paw limits were held constant
(4.91±1.41 l min–1 m–2; p<0.05). 
Effective renal blood flow and 
GFR were higher during APRV 
with spontaneous breathing
(858±388 ml min–1 m–2 and 94±
47 ml min–1 m–2) than during APRV
without spontaneous breathing and the
same VE (714±236 ml min–1 m–2 and
82±35 ml min–1 m–2) or the same Paw
(675±287 ml min–1 m–2 and
80±41 ml min–1 m–2;p<0.05). Urine
volume did not change. Conclusions:
Spontaneous breathing during APRV
was associated with better renal perfu-
sion and function than APRV without
spontaneous breathing applying either
the same VE or the same Paw limits.
Maintaining spontaneous breathing
during ventilatory support may, there-
fore, be advantageous in preventing
deterioration of renal function in pa-
tients with ALI.
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Effects of spontaneous breathing 
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with acute lung injury

Introduction

Mechanical ventilation is commonly applied during
acute lung injury (ALI) to improve gas exchange. How-
ever, patients with ALI rarely die of hypoxia and/or hy-
percarbia but commonly develop multiple organ system

dysfunction syndrome, including renal failure, which is a
cause of increased mortality [1, 2].

Positive pressure ventilation has been shown to wors-
en renal excretory function, resulting in retention of water
and sodium [3]. Increased airway and intrathoracic pres-
sures associated with mechanical ventilation not only
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compromise systemic [4], but also renal, hemodynamics
and subsequently may lead to renal dysfunction [5, 6].
However, ventilatory strategies limiting peak inspiratory
pressure can result in hypercapnia and respiratory acido-
sis [7, 8, 9], which may also worsen renal function [10].

Facilitation of renal perfusion and function has been
documented during intermittent mandatory ventilation,
which adds mechanical cycles to unsupported spontaneous
breathing [5]. In patients with ALI, partial ventilatory sup-
port is increasingly used even in the early course of the dis-
ease [11, 12, 13]. Spontaneous breathing with airway pres-
sure release ventilation (APRV), which provides mechani-
cal assistance by time-cycled switching between two levels
of continuous positive airway pressure (CPAP) [14], has
been shown in experimental and clinical studies to improve
systemic hemodynamics and gas exchange [15, 16]. In
these patients an improvement in systemic perfusion has
been considered an advantage of partial ventilatory support
compared to controlled mechanical ventilation [16], pre-
sumably because a fall in intrathoracic pressure during
spontaneous inspiration improves venous return and cardi-
ac index (CI). However, it is not known whether spontane-
ous breathing with APRV is associated with better renal
blood flow and function in patients with ALI.

We hypothesized that spontaneous breathing during
APRV will improve cardiopulmonary and renal function
in patients with ALI. To test this hypothesis we investi-
gated the cardiorespiratory and renal function during
APRV with and without spontaneous breathing using ei-
ther the same minute ventilation (VE) or the same airway
pressure (Paw) limits on a random basis.

Materials and methods

Patients

After approval by the Bonn university ethics committee and writ-
ten informed consent obtained from the next of kin, 12 mechani-

cally ventilated patients with ALI were studied. The criteria of the
American-European Consensus Conference were used to define
ALI [17]. Patients receiving catecholaminergic or dopaminergic
drugs and diuretics, and those with renal transplants or renal re-
placement therapy were excluded, as were patients with cerebral
injury. Organ Failure Score [18], Simplified Acute Physiology
Score II [19] and duration of ventilatory support before the study
were recorded at a patient’s inclusion in the study (Table 1).

Routine clinical management of the patients included the use
of a central venous and a thermistor-tipped fiberoptic artery cathe-
ter (Pulsiocath PV2024–4F, Pulsion Medical Systems, Munich,
Germany) advanced via the femoral artery into the aorta.

Ventilatory measurements

Gas flow was measured at the proximal end of the tracheal tube
with a heated pneumotachograph (No.2; Fleisch, Lausanne, 
Switzerland) connected to a differential pressure transducer (Huba
Control, Würenlos, Switzerland). Tidal volume (VT) and VE were
derived from the integrated gas flow signal. Airway pressure was
measured at the same position with another differential pressure
transducer (SMT, Munich, Germany). Esophageal pressure (Pes)
was measured with a balloon catheter (International Medical, Zut-
phen, Netherlands) connected to a differential pressure transducer
(SMT, Munich, Germany) as described by Brunner and Wolff
[20].

Cardiovascular measurements

Heart rate (HR) was obtained from the electrocardiogram. Mean
arterial blood pressure (MAP) and central venous pressure (CVP)
were transduced (Combitrans, Braun, Melsungen, Germany) and
recorded (CS/3, Datex-Engström, Helsinki, Finland). The trans-
pulmonary double-indicator dilution method was used to estimate
cardiac output and intrathoracic blood volume as described previ-
ously [21]. Indocyanine green dye (ICG) (Becton Dickinson, 
Cockeysville, Md., USA), 25 mg dissolved in 15 ml iced 5% glu-
cose solution, was used as double-indicator and injected into the
right atrium via the central venous line. Simultaneously dilution
curves for dye and temperature were recorded in the aorta with the
thermistor-tipped fiberoptic artery catheter. From these curves a
computer (COLD-Z-021, Pulsion Medical Systems, Munich, Ger-
many) estimated cardiac output with the dye-dilution method and
determined the mean transit time of the first pass of the dye indi-
cator (mttICG) for calculating intrathoracic blood volume [21]. An

Table 1 Demographic data and clinical characteristics (SAPS II Simplified Acute Physiology Score II [19]; MOF score Multiple Organ
Failure score [18])

Patient Sex Age Cause of acute lung injury Time from SAPS II MOF score Outcome
onset* score

1 m 74 Sepsis 34 28 5 Died
2 m 53 Sepsis 5 23 2 Survived
3 f 57 Multiple trauma, lung contusion 5 14 2 Survived
4 f 58 Sepsis 13 28 5 Survived
5 m 75 Hemorrhagic shock 8 27 4 Survived
6 m 24 Multiple trauma, lung contusion 5 20 3 Survived
7 m 58 Pneumonia 4 20 5 Survived
8 m 57 Multiple trauma, flail chest 11 27 3 Survived
9 m 62 Aortocoronary bypass, pneumonia 8 18 4 Survived

10 m 61 Peritonitis, sepsis 11 26 3 Survived
11 f 31 Hemorrhagic shock 7 14 4 Survived
12 m 34 Pneumonia 13 34 2 Died

* Days on mechanical ventilation before the study
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average of three measurements were performed at random mo-
ments during the ventilatory cycle.

Blood gas analysis

Arterial blood gases and pH were determined immediately after
sampling in duplicate with standard blood gas electrodes (ABL
510, Radiometer, Copenhagen, Denmark). In each sample hemo-
globin and oxygen saturation (SO2) were analyzed using spectro-
photometry (OSM 3, Radiometer, Copenhagen, Denmark).

Renal measurements

Urine was collected at 60min intervals after air-washout of the uri-
nary bladder using a Foley catheter. Effective renal plasma flow
(ERPF) and glomerular filtration rate (GFR) were determined by
the steady-state clearance technique of para-aminohippuric acid
(PAH) (Merck, West Point, USA) and inulin (Laevosan, Linz,
Austria) [22]. Urine and plasma samples were analyzed for PAH
and inulin (DU-40, Beckman Instruments, Brea, Calif., USA) so-
dium, creatinine (Synchron CX 7, Beckman Instruments, Brea,
Calif., USA) and osmolality (semi-micro osmometer, Knauer, Ber-
lin, Germany).

Data analysis

Tidal volume was indexed for predicted body weight (VTpbw)
which was calculated as equal to 50+0.91 (centimeters of height
–152.4) in male and 45.5+0.91 (centimeters of height –152.4) in
female patients [11]. Mean changes in Pes (∆Pes) for each measur-
ing period were derived from the amplitudes of Pes swings; trans-
mural central venous pressure (CVPtm) was derived by subtracting
averaged Pes from CVP. Standard formulas were used to calculate
cardiac index (CI), stroke volume index (SVI), systemic vascular
resistance index (SVRI) and oxygen delivery index (DO2I). Intra-
thoracic blood volume index (ITBVI) was calculated as CI ×
mttICG [21]. Effective renal plasma flow and GFR were deter-
mined using the standard clearance formula and corrected to body
surface area. Effective renal blood flow (ERBF) was calculated as
ERPF × (1–hematocrit)–1 [22], renal fraction of cardiac output
(RF) as ERBFI × CI, renal vascular resistance index (RVRI) as
MAP × ERBF–1 × 80,000, and filtration fraction (FF) as GFR ×
ERBF–1 [22]. Fractional sodium excretion (FENa), and osmolar
clearance (Cosm) were calculated using standard formulas [22].

Protocol

After inclusion in the study, patients were positioned supine and
received a continuous infusion of sufentanil (42±16 µg h–1) and
midazolam (9±4 mg h–1) to achieve a Ramsay sedation score of 4
[23]. Only crystalloid fluids were given and fluid replacement and
infusion of all drugs remained unchanged throughout the study ex-
cept for cis-atracurium, which was given during the periods of full
ventilatory support to suppress spontaneous breathing efforts.

Pressure-limited ventilatory support was provided with a de-
mand valve CPAP circuit of a standard ventilator (Evita 4, Dräger,
Lübeck, Germany). The low pressure level was titrated corre-
sponding to the highest PaO2/FIO2 and the high pressure level was
adjusted to produce a VT of approximately 6 ml kg–1 predicted
body weight during transient neuromuscular blockade (1 mg kg–1

intravenous succinylcholine). After recovery of spontaneous
breathing, the ventilator rate was set to maintain PaCO2 between
45 and 55 mmHg and FIO2 to maintain PaO2 above 80 mmHg. All
patients resumed spontaneous breathing during ventilatory support
with the settings described above. After a 60min equilibration pe-

riod on APRV with spontaneous breathing, baseline ventilatory
data were recorded.

Then all patients received APRV with or without spontaneous
breathing in random order, using either identical low and high air-
way pressure levels or the same VE. To maintain VE constant with-
out spontaneous breathing, the high airway pressure level was in-
creased. To guarantee the absence of spontaneous breathing during
the periods without spontaneous breathing, neuromuscular block-
ade was induced with intravenous cis-atracurium (bolus 11±4 mg
followed by 8±4 mg h–1 as a continuous infusion). Train-of-four
stimulation was used to monitor muscle relaxation (N-NMT moni-
tor, Datex-Engström, Helsinki, Finland). The neuromuscular
blockade was considered sufficient with the disappearance of the
twitch response to a train-of-four supramaximal ulnar nerve stimu-
lation at 2.0 Hz for 1.5 s every 2 min. The absence of spontaneous
breathing was verified by online registration of the Pes tracings.

A 60min equilibration period followed each intervention be-
fore measurements. Prior to each intervention, at least 30 min
were allowed for cardiopulmonary variables to return to baseline
values (±10%) and the patients’ lungs were inflated manually
twice to an airway pressure of 40 cmH2O for 20 s to restore lung
history.

Statistical analysis

At least 12 patients have to be studied to detect differences in CI,
renal blood flow and GFR between two levels of the three ventila-
tory settings with the Tukey HSD test in the given cross-over de-
sign at a significance level of 5% (α=0.05) with a probability of
79.8% (β=0.798) based on a detectable contrast of 1.405 for a
within-patient SD of 1.0 and a residual SD of 0.5.

The results are expressed as means ± standard deviation (SD).
The data were evaluated for normal distribution with Shapiro-
Wilk’s W test. Data obtained during the different ventilatory
modes were compared using the one-way ANOVA test followed
by the Tukey HSD test. Differences were considered to be statisti-
cally significant if p was less than 0.05.

Results

Ventilatory variables, lung mechanics and gas exchange
variables are shown in Table 2. During APRV, spontane-
ous breathing accounted for more than 30% of the total
VE. Spontaneous breathing during APRV was associated
with an increase in PaO2 (p<0.05) when compared to full
ventilatory support. When airway pressure limits were
held constant in the absence of spontaneous breathing, as
compared to APRV with spontaneous breathing, VE and
pHa were lowest and PaCO2 highest (p<0.05). To maintain
VE at the same level when spontaneous breathing was
abolished, the high Paw level had to be elevated, resulting
in an increase in VT and mean Paw (p<0.05) and no
change in PaCO2. Mean Pes was lowest and ∆Pes highest
during APRV with spontaneous breathing (p<0.05).

Changes in gas exchange and cardiovascular variables
are shown in Table 3. In the absence of spontaneous
breathing at the same Paw limits, HR and CI increased
(p<0.05) and SVRI decreased (p<0.05) with hypercapnia
and respiratory acidosis. Intrathoracic blood volume,
CVPtm, CI, SVI and DO2I were lowest when spontane-
ous breathing was abolished and the high airway pres-
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sure level was elevated to keep VE constant (p<0.05).
Arterial Hb and MAP remained unchanged for all condi-
tions tested.

The variables reflecting renal perfusion and function
are given in Table 4. Effective renal blood flow, GFR
and Cosm were highest in the presence of spontaneous
breathing (p<0.05). Suppression of spontaneous breath-
ing at the same Paw limits was associated with a signifi-
cant reduction in RF and an increase in RVRI (p<0.05).
Urine output, FF and FENa remained unchanged through-
out the study.

Discussion

This study was designed to evaluate the effects of spon-
taneous breathing during APRV on renal perfusion and
function in patients with ALI. We found that spontane-
ous breathing with APRV was associated with an im-
provement in renal hemodynamics and function. In the
presence of spontaneous breathing the concomitant in-
crease in systemic blood flow and arterial oxygenation
improved oxygen delivery as compared to full ventila-
tory support with increased upper Paw limits to maintain
VE constant. In contrast, full ventilatory support without
spontaneous breathing at the same Paw limits resulted in
hypercapnia, which was associated with higher CI and

Table 2 Ventilation, lung me-
chanic and gas exchange vari-
ables (APRV airway pressure
release ventilation, VE minute
ventilation, Paw airway pres-
sure, FIO2 fractional inspired
oxygen, PEEP positive end-ex-
piratory pressure, PIP peak in-
spiratory pressure, RR respira-
tory rate, VT tidal volume,
VTpbw tidal volume indexed for
predicted body weight, VEspontan
minute ventilation during spon-
taneous breathing, Pes esopha-
geal pressure, ∆Pes mean
changes in esophageal pres-
sure, PaO2 arterial partial pres-
sure of oxygen, PaCO2 arterial
partial pressure of carbon diox-
ide)

APRV with APRV without APRV without 
spontaneous spontaneous spontaneous 
breathinga breathing, breathing, 

same VE
a same Pawa

FIO2 (%) 0.48±0.1 0.48±0.1 0.48±0.1
PEEP (cmH2O) 16±2 16±2 16±2
PIP (cmH2O) 24±3 29±4 24±3
RR (min–1) 21±6 14±3b 14±3b

VT (ml) 432±192 632±160b 418±112c

VTpbw (ml kg–1) 6±2 9±2b 6±1c

VE (l min–1) 9.38±0.86 8.92±0.29 5.71±1.13b,c

VEspontan (l min–1) 3.67±1.52 0 0
VEspontan (%) 38±15 0 0
Mean Paw (cmH2O) 19±2 23±2b 19±2c

Mean Pes (cmH2O) 12±4 15±4b 13±3c

∆Pes (cmH2O) 9±3 4±2b 3±2b

PaCO2/FIO2 (mmHg) 294±58 265±74b 254±62b

PaCO2 (mmHg) 52±11 50±9 72±30b,c

pH 7.36±0.06 7.37±0.06 7.24±0.14b,c

Values are mean ± SD
a Tested on a randomized basis
b p<0.05 compared with APRV with spontaneous breathing
c p<0.05 compared with APRV without spontaneous breathing, same VE

Table 3 Cardiovascular vari-
ables (APRV airway pressure
release ventilation, VE minute
ventilation, Paw airway pres-
sure, HR heart rate, MAP mean
arterial pressure, CVPtm trans-
mural central venous pressure,
ITBVI intrathoracic blood vol-
ume index, CI cardiac index,
SVI stroke volume index, SVRI
systemic vascular resistance in-
dex, DO2I oxygen delivery in-
dex)

APRV with APRV without APRV without 
spontaneous spontaneous spontaneous 
breathinga breathing, breathing, 

same VE
a same Pawa

HR (min–1) 97±22 95±22 110±24b,c

MAP (mmHg) 81±8 79±6 85±12
CVPtm (mmHg) 5±4 2±4b 4±3c

ITBVI (ml m–2) 891±238 802±270b 912±238c

CI (l min–1 m–2) 4.26±1.21 3.72±0.99b 4.91±1.41b,c

SVI (l beat–1 m–2) 45±13 41±13b 46±13c

SVRI (dyne s cm–5 m2) 1434±523 1559±537 1292±509b,c

Hemoglobin (g dl–1) 10.8±1.4 10.8±1.4 10.8±1.5
DO2I (ml min–1 m–2) 629±143 544±121b 709±160b,c

Values are mean ± SD
a Tested on a randomized basis
b p<0.05 compared with APRV with spontaneous breathing
c p<0.05 compared with APRV without spontaneous breathing, same VE
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Table 4 Renal function vari-
ables (APRV airway pressure
release ventilation, VE minute
ventilation, Paw airway pres-
sure, Uvol urine volume, ERBF
effective renal blood flow, RF
renal fraction of cardiac output,
RVRI renal vascular resistance
index, GFR glomerular filtra-
tion rate, FF filtration fraction,
FENa fractional excretion of so-
dium, Cosm osmolar clearance)

and respiratory acidosis [7, 8, 9]. Although it was not the
purpose of our study to investigate the effects of differ-
ent lung protective ventilatory strategies on renal func-
tion, it is noteworthy that VT and acid base balance dur-
ing APRV with spontaneous breathing were quite similar
to the target values proposed by the ARDS network
study [11].

In our patients controlled mechanical ventilation with
higher Paw limits to keep VE constant was associated
with an increase of mean Pes, as a surrogate for intratho-
racic pressure, and a decrease in ITBVI, CVPtm, SVI and
CI. The higher cardiac preload and systemic blood flow
found with spontaneous breathing during APRV, when
compared to APRV without spontaneous breathing and
the same VE, may be attributed to the periodic fall in in-
trathoracic pressure during spontaneous inspiration,
which may improve venous return and cardiac output
[16]. Consistent with our findings, an increase of right
ventricular end-diastolic volume, right ventricular ejec-
tion fraction and CI has been demonstrated recently dur-
ing APRV with spontaneous breathing in patients with
ALI [16]. A marked increase in HR and CI at unchanged
SVI, ITBVI and CVPtm, found during APRV without
spontaneous breathing at the same Paw limits when com-
pared to APRV with spontaneous breathing, may be at-
tributed to hypercapnia and respiratory acidosis [25, 26,
27, 28, 29]. Compatible with these investigations [25,
26, 27, 28, 29], an increase in CI during permissive hy-
percapnia was associated with decreased systemic vascu-
lar resistance, reflecting systemic vasodilation, which ef-
fected no change in MAP in our patients.

Spontaneous breathing during APRV consistently im-
proved arterial oxygenation. This observation is in agree-
ment with the experimental [15] and clinical [12, 13, 16]
findings that spontaneous breathing with APRV improves
arterial oxygenation by decreasing intrapulmonary shunt-
ing. Changes in CI caused by mechanical ventilation have
been reported to correlate positively with intrapulmonary
shunting [26]. However, the increase in CI associated

APRV with APRV without APRV without 
spontaneous spontaneous spontaneous 
breathing* breathing, breathing, 

same VEa same Pawa

Uvol (ml h–1) 143±54 130±34 132±84
ERBF (ml min–1 m–2) 858±388 714±236b 675±287b

RF (%) 20.8±9.0 19.4±6.0 14.5±6.6b,c

RVRI (dyne s cm–5 m2) 9379±4895 10002±3918 12853±8942b,c

GFR (ml min–1 m–2) 94±47 82±35b 80±41b

FF (%) 19.1±15.6 19±13.1 21.6±18.6
FENa (%) 1.85±1.71 2.17±1.93 2.12±2.67
Cosm (ml min–1) 3.36±1.04 3.27±1.1 3.17±2.23b

Values are mean ± SD
a Tested on a randomized basis
b p<0.05 compared with APRV with spontaneous breathing
c p<0.05 compared with APRV without spontaneous breathing, same VE

oxygen delivery. However, renal perfusion and function
consistently did not improve during mechanical ventila-
tion in the absence of spontaneous breathing.

Partial ventilatory support is used increasingly, not
only to separate patients from mechanical ventilation but
to provide stable ventilatory assistance of a desired de-
gree during ventilatory failure [11, 12, 13, 16]. We used
APRV that provides a constant degree of ventilatory sup-
port by time-cycled switching between two CPAP levels,
allowing spontaneous breathing in any phase of the me-
chanical ventilator cycle [14]. When spontaneous breath-
ing is abolished, APRV is no different from pressure-
controlled ventilation [14]. In the present study VT was
6±2 ml kg–1 predicted body weight during APRV with
spontaneous breathing and APRV without spontaneous
breathing at the same Paw limits. Because the ventilatory
rate remained unchanged during APRV, the absence of
spontaneous breathing while maintaining Paw limits
constant resulted in lower alveolar ventilation with a
marked increase in PaCO2. The upper Paw limit had to
be significantly increased in our patients to deliver the
same VE during APRV without spontaneous breathing at
an unchanged ventilatory rate; this resulted in VT of
9 ml kg–1 predicted body weight. A recent multicenter
trial in 861 patients with ALI observed 25% improve-
ment in outcome by reduction in VT from 12 to
6 ml kg–1 predicted body weight at moderate PEEP lev-
els while avoiding hypercapnia and respiratory acidosis
by allowing ventilatory rates to increase up to 35 min–1

during assist-controlled mechanical ventilation or admin-
istration of intravenous bicarbonate [11].

A previous study by Hickling et al. [24], in 53 pa-
tients with ALI, suggested improved outcome during
ventilation with low VT and toleration of permissive hy-
percapnia. In contrast, several randomized clinical trials
in patients with ALI could not demonstrate any advan-
tage or even improved outcome when low VT ranging
between 4 and 6 ml kg–1 body weight was used during
positive pressure inflation and toleration of hypercapnia



with respiratory acidosis did not essentially affect arterial
blood oxygenation in our patients, when compared to me-
chanical ventilation with higher Paw and normal acid
base balance. This may be explained by the physiologic
concept that, during permissive hypercapnia, the higher
CI decreases the arteriovenous O2 content difference,
thereby offsetting the effects of the higher intrapulmonary
shunt on arterial oxygenation [26]. In contrast, during
spontaneous breathing with APRV the increased CI was
associated with an increased PaO2 and a higher DO2I.
This supports previous findings that, during spontaneous
breathing with APRV, an increase in CI and PaO2 contrib-
utes to the higher DO2I [16]. However, the increase in
DO2I was highest during permissive hypercapnia.

Despite the highest CI and DO2I, APRV without
spontaneous breathing resulting in hypercapnia was as-
sociated with essentially unchanged ERBF and GFR,
while RVRI markedly increased and RF decreased when
compared to APRV without spontaneous breathing at
higher Paw limits. Our findings are in agreement with
observations of impaired renal blood flow and function
in patients with hypercapnic respiratory failure [10, 30,
31]. In patients with ALI, hypercapnia and respiratory
acidosis have been suggested to be responsible for the
higher incidence of renal failure requiring dialysis during
mechanical ventilation with low VT [9]. Compatible with
our observations, recent findings indicate that hypercap-
nia reduces renal functional reserve [32] and increases
renal vascular resistance which cannot be reversed by
hyperoxemia or dopaminergic stimulation [30, 31].
Acute hypercapnia has been shown directly to induce re-
nal vasoconstriction [33] and to stimulate sympathetic
response pathways more than acidosis alone [34]. When
compared to APRV without spontaneous breathing at
higher Paw levels, the unchanged renal function during
permissive hypercapnia in the presence of renal vasocon-
striction can only be explained by the maintenance of the
same level of renal blood flow due to the increase in sys-
temic blood flow.

Despite the smaller increase in CI and DO2I, APRV
with spontaneous breathing was associated with an in-
crease in ERBF and GFR. Several studies observed a de-
crease in cardiac output, renal blood flow, GFR, sodium
excretion and urinary flow when increasing ventilatory
support [3, 5, 6, 35, 36, 37]. In contrast to our patients
breathing spontaneously with APRV, previous investiga-
tions have compared either unsupported spontaneous
breathing with positive pressure ventilation [3, 5, 35] or
spontaneous breathing at different CPAP levels [6, 36].
Our results are in agreement with those of Steinhoff and
coworkers [5, 35], who observed improvement in renal
function following switching from mechanical ventila-
tion to spontaneous breathing with intermittent mandato-
ry ventilation. Based on these findings, it was suggested
that improved renal function is associated with the peri-
odic decrease in intrathoracic pressure due to inspiratory

efforts between the mandatory cycles [5, 35]. However,
it is difficult to evaluate the effect of different ventilatory
support modalities on renal function on the basis of pre-
vious non-randomized trials, because the degree of me-
chanical lung inflation or ventilatory support was altered
considerably during the course of these investigations. In
our patients APRV with and without spontaneous breath-
ing was provided with the same VE or Paw limits. There-
fore, our results should reflect essentially the effect of
unassisted spontaneous breathing during ventilatory sup-
port on cardiovascular and renal function.

Arterial pH in the absence of spontaneous breathing
averaged 7.24 in our study. This is well above the pH
values proposed as a buffering threshold by several re-
cent multicenter study groups investigating lung protec-
tive mechanical ventilation [7, 8, 9]. We therefore saw
no need to buffer our patients. However, we can not
completely rule out that avoiding respiratory acidosis in
the absence of spontaneous breathing during APRV, by
increasing the ventilator rate, may have improved renal
perfusion and function to the same extent as observed
with spontaneous breathing. Despite an improvement in
GFR at unchanged excretion of sodium, urine output did
not increase in our patients with spontaneous breathing
during APRV. These results may be explained by too
short observation periods and by the fact that changes in
GFR and renal excretion of sodium and water are not
necessarily associated. Renal excretion is mainly deter-
mined by tubular, i.e. GFR-independent, processes un-
less GFR is extremely low.

Patients with acute renal failure receiving dopaminer-
gic and diuretic drugs were excluded from the study to
eliminate any confounding effects of those drugs. Thus,
the results presented may not be applicable to patients
with pre-existing renal dysfunction. However, since pa-
tients with ALI are at risk of developing acute renal fail-
ure, which is associated with an increase in mortality [1,
2], any intervention that prevents a worsening of renal
perfusion and function may be of clinical relevance.

The results of this study demonstrate that spontaneous
breathing with APRV provides better arterial blood oxy-
genation and systemic blood flow and, thereby, contrib-
utes to improved renal perfusion and function. Maintain-
ing spontaneous breathing during partial ventilatory sup-
port may therefore be of advantage in preventing a dete-
rioration of renal perfusion and function in patients with
ALI. Further studies are warranted to test our results ob-
tained during APRV, using other modalities of partial
ventilatory support and in patients with impaired renal
function.
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