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Abstract Purpose: Extracorpo-
real CO2 removal is an effective
procedure to allow a protective ven-
tilatory strategy in ARDS patients,
but it is technically challenging due to
the high blood flow required.
Increasing the CO2 transfer through
the membrane lung (ML) may lower
the demand of extracorporeal blood
flow and consequently allow for a
wider clinical application of this
technique. Since only the dissolved
CO2 (5% of the total CO2 content) is
easily removed by the ML, we tested
whether acidifying the blood entering
the ML to convert bicarbonate ions
towards dissolved CO2 could enhance
the CO2 transfer though the ML.
Methods: Six pigs were connected
to an extracorporeal circuit compris-
ing a ML. The extracorporeal blood
flow was 500 ml/min, while the gas
flow was 10 l/min. A 15-min

continuous infusion of 0.5 N lactic
acid was added to the extracorporeal
blood flow before the ML at a rate of
1, 2 and 5 mEq/min. Between steps
we waited for a reequilibration time
of at least 30 min. Results: Acid
infusion at 0, 1, 2 and 5 mEq/min
increased pCO2 (56.19 ± 7.92,
68.24 ± 11.73, 84.28 ± 11.17 and
136.66 ± 18.46 mmHg, respectively)
and decreased pH (7.39 ± 0.05,
7.30 ± 0.05, 7.20 ± 0.05 and
6.91 ± 0.05, respectively). ML CO2

removal increased 11, 23 and 70%
during acid infusion at 1, 2 and
5 mEq/min, respectively. Conclu-
sions: Blood acidification at the
inlet of a ML with infusion of 1, 2 and
5 mEq/min of lactic acid can increase
the CO2 removal capacity of the ML
up to 70%.

Keywords Extracorporeal CO2

removal (ECCO2R) � Ventilator-
induced lung injury (VILI) �
Lactic acid � Acute respiratory
distress syndrome (ARDS) �
Extracorporeal life support (ECLS)

Introduction

Acute respiratory distress syndrome (ARDS) is a severe
clinical syndrome characterized by hypoxaemia and
decreased respiratory system compliance [1]. Mechanical

ventilation may further damage the lung of ARDS patients
leading to ventilator-induced lung injury (VILI) [2]. Pro-
tective ventilatory strategies aimed at reducing VILI are
based on tidal volumes lower than 6 ml/kg and plateau
airway pressures lower than 28 cm H2O. An effective
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protective ventilation, even tolerating hypercapnia, may be
difficult to achieve in the more severe patients, since
alveolar over distension may occur despite the use of low
tidal volumes [3]. In such patients a substantial fraction
(say, higher than 50%) of the body CO2 production may be
extracorporeally removed through a membrane lung (ML)
to allow an effective protective ventilation [4, 5]. To
achieve this goal, however, the available technology
requires an extracorporeal blood flow of at least 1 l/min
[6, 7]. This is due to the fact that just the physically dis-
solved CO2 can cross the artificial lung membranes, and
this is less than 10% of the total blood CO2 content. Such a
large extracorporeal blood flow, which requires a large
bore cannulas, is technically challenging and may be
associated with side effects limiting the clinical application
of extracorporeal CO2 removal (ECCO2R). Increasing the
CO2 transfer through the membrane lung (ML) may lower
the demand of extracorporeal blood flow and therefore
decrease the complications related to this technique.

Since the majority of blood CO2 is chemically com-
bined with water to form bicarbonate ion (see Eq. 1), we
tested whether by acidifying the blood entering the ML,
and therefore shifting the equilibrium from bicarbonate
ion towards dissolved CO2 (and consequently increasing
pCO2 and the transmembrane gradient), we could enhance
the CO2 transfer capacity of the ML. In doing so, we
expected to be able to remove the CO2 production of a
human adult with a blood flow as low as 500 ml/min.

CO2 þ H2O $ H2CO3 $ Hþ þ HCO�3 ð1Þ
We present a proof of this concept in a preliminary

experimental study in swine. We studied the effect upon
the ML CO2 removal capacity of scalar acidification rates.
We aimed at identifying the relationship between acid
load and CO2 removal through the membrane lung.

Materials and methods

We sedated, tracheotomized and mechanically ventilated
six female pigs (weight 37 ± 2 kg). We maintained anes-
thesia with propofol. A femoral artery and the external right
jugular vein were cannulated for pressure monitoring,
blood gas analysis and drug infusion. A Foley catheter was
introduced into the bladder to measure urinary flow and
internal body temperature. Before surgical preparation,
500 mg of ciprofloxacin was administered. The left femoral
and jugular veins were surgically cannulated, respectively,
with 12- and 15-F cannula for connection to a veno-venous
extracorporeal circuit. The extracorporeal circuit consisted
of a Jostra rotaflow centrifugal pump and a Quadrox D ML
(Maquet, Hechingen, Germany). Immediately before the
centrifugal pump chamber a small catheter, to be used for
the acid infusion, was introduced into the circuit through a
side port; the tip of the catheter was positioned at the

entrance of the pump chamber to allow an almost instan-
taneous mixing between blood and the acid. The
extracorporeal blood flow was set to 500 ml/min while
the gas side was ventilated with 10 l/min of oxygen. The
extracorporeal circuit was thermostated at 38�C. An acti-
vated clotting time value 50% above the baseline was
maintained by continuous infusion of heparin. After sur-
gical preparation, a 200-ml airway dead space was added,
and the ventilator was set to obtain a mild hypercapnia (TV
430 ± 42 ml, RR 10 ± 4, FiO2 40%, PEEP 10, PaCO2

47 ± 5 mmHg). ECG, systemic arterial pressure, central
venous pressure, urinary flow and bladder temperature
were continuously monitored.

Lactic acid (0.5 N) was infused at rates of 1, 2 and
5 mEq/min in successive runs of 15 min each, separated by
an interval of at least 30 min. The entire three-run proce-
dure was then repeated after 1 h interruption. Each of the
two runs in all studied animals was considered as a different
experiment, for a total of 12 experiments. The CO2

removed by the ML (ml/min) was calculated as the partial
pressure of CO2 of the gases exiting the ML (mmHg,
measured by a capnograph, Datex-Ohmeda 4700) divided
by 713 (mmHg), and multiplied by the gas flow (ml/min).
Before starting each acid infusion (baseline) and after
10 min of acid infusion, we measured the CO2 removed by
the ML, and we obtained blood samples from the artery and
the extracorporeal circuit, before and after the injection
point of the acid and after the ML for blood gas analysis.
Plasma-free hemoglobin, as a marker of hemolysis, was
measured before starting the extracorporeal circulation
(baseline value) and at the end of each acid infusion.

Statistics

Data are expressed as mean ±SD. A level of p \ 0.05
was considered significant. One-way analysis of variance
for repeated measurements with Bonferroni correction for
post hoc tests was used to evaluate the effect of different
acid infusion (SPSS 15, Chicago, IL).

Results

Physiological parameters and arterial blood gas values at
baseline were not statistically different throughout the
study (see Table 1).

pH, pCO2, HCO3
-, BE and lactate at baseline and

during acid infusion of blood withdrawn before and after
the injection point of the acid and after the ML are shown
in Table 2. Baseline values were not statistically different
throughout the study (p [ 0.13). As expected, incremen-
tal loads of L-lactic acid led to incremental reductions in
pH and increases in pCO2, while transiting through the
ML resulted in reductions of pCO2 and consequently
increases in pH.
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The CO2 removed by the ML increased with increasing
acid loads from a baseline of 104 ± 20 to 121 ± 21,
131 ± 24 and 171 ± 32 ml/min, during 1, 2 and 5 mEq/
min L-lactic acid infusion, respectively (see Fig. 1).

Plasma levels of free hemoglobin did not change
during each acid infusion (baseline: 177 ± 58 lg/ml;
171 ± 32, 160 ± 37 and 143 ± 19 lg/ml, respectively,
during 1, 2 and 5 mEq/min L-lactic acid infusion).

Discussion

This study demonstrates that blood acidification at the
inlet of a ML, converting the blood bicarbonate into

physically dissolved CO2, can significantly increase the
CO2 removal by the ML. Several investigators have been
testing various approaches to enhance CO2 removal from
a low extracorporeal blood flow. In 1987, Snider et al. [8]
infused 2–8 mEq/min of L-lactic acid (0.25 and 0.5 N) at
the inlet of a ML in an awake sheep connected to a venous
arterial by-pass (blood flow 500 ml/min and gas flow
4 l/min) and showed an increase of 120–170% in CO2

transfer rate from a baseline of 60 ml/min. However,
visible hemolysis was present during infusion of
8 mEq/min of 0.5 N lactic acid. By using a lower acidi-
fication rate (5 vs. 8 mEq/min of lactic acid), we obtained
comparable increases of CO2 transfer. The newer ML
Quadrox D, a polymethylpentene hollow-fiber ML, per-
formed better in terms of absolute CO2 transfer with a

Table 1 Physiological parameters and arterial blood gas values at the beginning of the study (start) and at baseline of each acid infusion
rates

Start Baseline

1 mEq/min 2 mEq/min 5 mEq/min

T (�C) 37.6 ± 0.9 37.8 ± 0.8 38.1 ± 0.4 38.0 ± 0.4
MAP (mmHg) 114 ± 16 113 ± 18 114 ± 19 113 ± 15
HR (beat/min) 114 ± 24 114 ± 29 111 ± 30 114 ± 32
pHa 7.453 ± 0.019 7.447 ± 0.035 7.440 ± 0.024 7.446 ± 0.032
PaO2 (mmHg) 230 ± 130 222 ± 98 186 ± 60 196 ± 57
PaCO2 (mmHg) 45.7 ± 3.6 46.4 ± 4.3 47.0 ± 4.5 48.5 ± 5.4
HCO3

- (arterial) (mmol/l) 32.2 ± 1.8 32.2 ± 3.3 32.5 ± 2.2 33.7 ± 2.6

Table 2 pH, pCO2, HCO3
-, BE and lactate levels of blood withdrawn before and after the injection point of the acid and after the ML at

baseline and during incremental acid infusion rates

Acid infusion (mEq/min) Pre-acid injection point Post-acid injection point Post-membrane lung

pH
Baseline 7.41 ± 0.05 – 7.85 ± 0.09
1 7.42 ± 0.06 7.30 ± 0.05 7.80 ± 0.11
2 7.39 ± 0.03 7.20 ± 0.05 7.71 ± 0.10
5 7.36 ± 0.03 6.91 ± 0.05 7.51 ± 0.14

pCO2 (mmHg)
Baseline 55.1 ± 8.4 – 13.7 ± 5.3
1 54.8 ± 9.5 68.2 ± 11.7 14.3 ± 6.3
2 56.4 ± 6.9 84.3 ± 11.1 16.3 ± 6.9
5 57.4 ± 7.5 136.7 ± 18.5 21.4 ± 11.5

HCO3
- (mmol/l)

Baseline 34.6 ± 2.9 – 22.5 ± 3.5
1 34.3 ± 3.3 33.7 ± 2.9 21.0 ± 3.3
2 34.0 ± 3.0 32.7 ± 2.7 20.1 ± 3.3
5 32.0 ± 3.9 27.0 ± 2.1 15.7 ± 3.1

BE (mmol/l)
Baseline 10.0 ± 2.4 – 6.0 ± 2.7
1 9.3 ± 2.4 7.5 ± 2.2 3.6 ± 2.4
2 8.8 ± 2.7 4.8 ± 2.2 1.4 ± 2.4
5 6.3 ± 3.7 -4.6 ± 2.7 -4.0 ± 4.5

Lactate (mmol/l)
Baseline 1.2 ± 0.4 – –
1 1.6 ± 0.3 3.9 ± 0.4 –
2 2.1 ± 0.5 6.7 ± 1.2 –
5 4.2 ± 1.1 15.1 ± 1.9 –
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baseline value of 104 ml/min: 70% higher than the SCI-
MED II SM-35 used by Snider. Furthermore, we observed
no hemolysis during the whole experiment. Livigni et al.
[9] presented a low-flow ECCO2R system comprising a
hemofilter and a ML. This system allowed a 20%
reduction of PaCO2 in a sheep model. No data on absolute
CO2 transfer or blood pH were however reported.

In our study, the maximum CO2 removal was achieved
at the highest acid infusion rate (5 mEq/min). The
resulting pH drop was constantly around 0.5 pH units,

bringing the pH to 6.9, which is reasonably safe since a
similar pH level can be measured in human muscle cap-
illaries during heavy exercise [10]. As expected, the
decrease in pH caused an increase in pCO2, which
reached levels as high as 140 mmHg. Despite these high
levels, the outlet pCO2 was always lower than 25 mmHg,
primarily due to an extremely efficient ML combined
with a transit time of 30 s.

On the other hand, the high efficiency of the ML and
the long transit time caused the pH at the outlet of the
ML, during baseline non-acidified conditions, to reach a
level as high as 7.85 ± 0.09, which may be very dan-
gerous for blood cells. Adding an acid not only increased
the CO2 removal, but also buffered the respiratory alka-
losis resulting in a safer level of pH at the ML outlet. This
is a proof of concept, acute study aimed at identifying a
safe but effective range of acid infusion sufficient to
obtain substantial CO2 removal from a low extracorporeal
blood flow. Lactic acid was chosen as a physiological
metabolite and substrate for many tissues. Knowing the
target acid load required to achieve the desired CO2

removal, further laboratory investigations will be required
to devise a strategy applicable for long-term application;
particularly, it will be mandatory to study the systemic
effects of sustained acid infusion. Possible strategies
might use different acids and/or additional techniques to
remove the acid load directly from the extracorporeal
circuit.
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Fig. 1 Membrane lung CO2 removal during different acid infu-
sions. *Versus baseline CO2 (p \ 0.021); $versus baseline, 1 and
2 mEq/min acid infusion (p \ 0.015)
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