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Abstract Objective: Assessing
limits of agreement with helium
dilution and repeatability of a new
system (lung funcution, LUFU) that
measures end-expiratory lung volume
(EELV) in mechanically ventilated
patients using the O2 washin
(EELVWin) and washout (EELVWout)
technique. LUFU consists of an Evita
4 ventilator, a side-stream oxygen
analyzer, and a dedicated PC soft-
ware. Design and
setting: Prospective human study in
a general ICU of a University hospi-
tal. Patients: Thirty-six
mechanically ventilated patients.
Interventions: We obtained 36 cou-
ples of both EELVWin and EELVWout

measurements in each patient (5 with
healthy lungs, 9 with ALI, 22 with
ARDS). Measurements were obtained
with patients ventilated either by
assisted (ASB, 16 measurements) or
controlled (CMV, 20 measurements)
ventilation. In 19 of 20 cases in CMV,
we obtained helium dilution mea-
surements (EELVHe). Measurements
and results: Bias for agreement
with EELVHe was -16 ± 156 and

8 ± 161 ml, respectively, for EELV-

Win and EELVWout. Bias for
agreement between EELVWin and
EELVWout was 28 ± 78 and
23 ± 168 ml, respectively, for CMV
and ASB. During CMV bias for
repeatability were 8 ± 92 and
23 ± 165 ml, respectively, for
EELVWin and EELVWout. During
ASB bias for repeatability were
32 ± 160 and -15 ± 147 ml,
respectively, for EELVWin and
EELVWout. Conclusions: The
LUFU method showed good agree-
ment with helium, and good
repeatability during partial and con-
trolled mechanical ventilation. The
technique is simple and safe.

Keywords Oxygen washin–
washout � Functional residual
capacity � End-expiratory lung
volume � Helium dilution �
ARDS mechanical ventilation

Introduction

Alveolar collapse, pulmonary edema with alveolar
flooding, pulmonary inflammation, reduction of thoracic
compliance are common causes of decrease in functional
residual capacity (FRC). Restoration of FRC by means of
positive end-expiratory pressure (PEEP), recruitment

maneuvers, or prone positioning, is a pivotal principle of
modern ventilatory strategy, especially for patients with
acute lung injury and acute respiratory distress syndrome
(ALI/ARDS) [1]. Theoretically, measurement of FRC (or
end-expiratory lung volume during mechanical ventila-
tion with PEEP, EELV) is the ideal method to monitor the
effect of ventilatory strategies and the course of a lung
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disease in terms of alveolar recruitment/derecruitment.
However, the real relevance of EELV measurement in
critically ill patients, even if suggested by several ele-
ments, has still to be proven. This is likely due to the lack
of a simple measurement system that would increase the
diffusion of EELV assessments and help the clinician and
the researcher to become more familiar with these data.

Many systems have been proposed to measure EELV
in mechanically ventilated patients. Several investigators
have used computed tomography (CT) to measure chan-
ges in EELV and to quantify alveolar recruitment both in
animal [2] and human studies [3–7]. Unfortunately CT
scan needs transfer of the patient to the CT suite, has
radiological exposure risks, and is relatively expensive.
All these factors limit the possibility of obtaining serial
measurements of EELV that would allow close monitor-
ing of the effects of the ventilatory strategy and of the
evolution of lung injury.

Alternatively, several techniques based on dilution of
tracer gases have been adapted to measure EELV in
mechanically ventilated patients [8–19]. Techniques based
on rebreathing of a tracer inert gas, e.g. helium, in closed
circuit require major modifications in the ventilator
breathing circuit [8–11], or discontinuation of basal ven-
tilation [12]. Non rebreathing multibreaths techniques,
based on analysis of washin/washout of a tracer gas, e.g.
sulphur hexafluoride (SF6) [13, 14], helium [15], nitrogen
[16–19], or oxygen [20, 21], require fast and sensitive gas
analyzers and a precise synchronization between gas
concentration and airway flow signals. Unlike nitrogen
and oxygen, foreign inert gases such as SF6 and helium are
limited by the need of additional gas tank and dedicated
dispensing devices to deliver a constant concentration of
gas. Though nitrogen has the advantage over oxygen of
being inert and not metabolized, nitrogen fast sensors are
relatively expensive for clinical application. On the con-
trary, fast medical sensors are already available for side-
stream oxygen concentration measurements. Thus, one of
the problems to be solved remains the synchronization
between oxygen concentration and gas flow signals. In
order to overcome this problem, Weismann et al. have
recently developed an automated method for measuring
EELV based on oxygen washin and washout, called
LUFU, which uses a side-stream fast oxygen analyzer, the
flow sensor of the ventilator, and a mathematical correc-
tion for synchronization of the oxygen concentration and
gas flow signals [22]. Compared with helium dilution and
body plethysmography, the method proved clinically
acceptable accuracy in healthy [23, 24] and lung diseased
[23] not intubated, spontaneously breathing volunteers.
Since the system described requires only a fast response
oxygen analyzer and a commercial ventilator, the simple
instrumentation required might increase the diffusion of
EELV measurement in the clinical practice.

Aim of the present study was to assess repeatability of
this new monitoring system in mechanically ventilated

patients receiving either total or partial ventilatory sup-
port. The new technique was compared with a simplified
helium dilution technique that we have recently compared
to CT [12].

Materials and methods

Study population

The study population consisted of 36 mechanically ven-
tilated patients admitted to the ICU of San Gerardo
Hospital from December 2003 to January 2005. The study
protocol was approved by the Institutional Ethical Com-
mittee and informed consent was obtained according to
the Committee recommendations. Exclusion criteria
were: presence of air leaks from bronchopleural fistulae,
oxygen inspired fraction (FiO2) higher than 0.8, contra-
indication (according to the attending physician) to
perform an FiO2 change of at least 0.2 (required by the
LUFU system), hemodynamic instability.

Among the 36 patients, 20 were undergoing controlled
mechanical ventilation (4 volume controlled, VC-PPV; 16
pressure controlled, PC-PPV) while the remaining 16
were on partial ventilatory support (2 airway pressure
release ventilation, APRV; 10 pressure support ventila-
tion, PSV, 4 continuous positive airway pressure, CPAP).

Throughout the duration of the study, invasive arterial
blood pressure, heart rate, and arterial oxygen saturation
(SpO2) were continuously monitored.

Study protocol

Once enrolled in the study, the patients were connected to
an Evita 4 ventilator (Draeger, Lubeck, Germany) with
respiratory parameters unmodified from those previously
set by the attending physician. After a period of stabil-
ization of at least 30 min, a stepwise increase in FiO2

triggered the beginning of the first EELV measurement by
O2 washin (EELVWin1), which lasted less than 5 min.
Within a few minutes from the end of the procedure, the
FiO2 was brought back to the baseline value, and a
washout measurement was obtained (EELVWout1). In
order to investigate repeatability of the technique, after at
least 5 min the procedure was repeated and duplicate
measurements of both washin (EELVWin2) and washout
(EELVWout2) were obtained.

Moreover, in 19 of the patients undergoing controlled
mechanical ventilation, after the washin–washout proce-
dure, two consecutive EELV measurements were obtained
10 min apart by helium dilution technique (see below). To
be included in the part of the study comparing O2 washin–
washout with helium dilution, patients have to be already
paralyzed at the time of study. In none of the patients
neuromuscular blockade was initiated or reversed just for
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the purpose of the study. Conversion to controlled or
assisted ventilation was a decision of the attending phy-
sician according to the clinical evolution of the patient.

Oxygen washin–washout technique

An extensive description of the technique can be found
elsewhere [22–24]. Instrumentation setup consisted of a
portable PC connected to an Evita4 ventilator for flow and
airway pressure recording, and to a sidestream O2 ana-
lyzer suctioning at flow of 200 ml/min and using a fast
paramagnetic O2 sensor with a response time to a step
change of O2 concentration of 200 ms (Pm1111E, Ser-
vomex Group, Crowborough, England). A dedicated
software allowed: (1) automatic recognition of a mini-
mum 10% increase (O2 washin) or decreased (O2

washout) in FiO2; (2) automatic match of flow and O2

concentration signals by running a model of sampling
instrumentation to correct continuously for sampling
delay time, gas viscosity, and sensor response time.

Helium dilution technique

During an expiratory pause, a clampable tube, inserted
between the ETT and the circuit Y, was clamped and,
after a disconnection from the ventilator, it was connected
to a bag containing a 1.5 l mixture of gas with a known
concentration of helium (13.44%). A tidal volume was
delivered 15 times by periodical compressions of the
balloon. At the end of the procedure, the helium con-
centration in the bag was measured, and EELVHe

computed using standard formula [12].

Statistics

Data are presented as mean ± SD, unless otherwise
specified. Bland and Altman method was used to evaluate
either repeatability between duplicate measurements

(washin and washout measurements) or agreement in
order to compare the three clinically relevant methods.

Repeatability of two duplicate measurements was
assessed by plotting the difference between two consec-
utive measurements of each parameter versus their mean.

Agreement between the methods (washin vs. helium
dilution system, washout vs. helium dilution system, and
washin vs. washout) was assessed by plotting the differ-
ence between two measurements versus their mean,
providing estimation of the bias and its limits of
agreement.

The EELV measurements obtained in each patient
were grouped according to the presence and severity of
lung illness in normal, ALI, and ARDS. Differences
between the three groups were assessed by means of one-
way analysis of variance between independent groups
with Bonferroni correction for post hoc analysis. All tests
were made at a significance level of P \ 0.05.

Results

Main physiologic characteristics and demographic data of
the patients are reported in Table 1. Twenty-two patients
had ARDS, nine patients had ALI and five patients had
normal lungs and were undergoing mechanical ventilation
for extrapulmonary causes (Table 1); five patients had
history of COPD. Every patient tolerated well the change
in FiO2 required by the washin–washout procedures,
without developing significant desaturation or hemody-
namic instability during the measurement maneuvers. The
ARDS group had significantly lower EELV than both the
normal and ALI group; the ALI group had significantly
lower EELV than the normal group (Table 1).

Bias and 95% confidence limits for agreement
between washin or washout and helium dilution are
reported in Fig 1. The bias between washin–washout
method and helium method was not correlated with the
level of FiO2, tidal volume, minute ventilation, or respi-
ratory system compliance.

Table 1 Demographic characteristics, FiO2, PEEP, main diagnosis, and end-expiratory lung volume measurements by O2 washin
(EELVWin) and washout (EELVWout) of patients enrolled in the studies

Group (count) Age (years)
mean ± SD

FiO2

mean ± SD
PEEP (cmH2O)
mean ± SD

Diagnosis EELVWin

mean ± SD
EELVWout

mean ± SD

NORM (n = 5) 53 ± 19 0.35 ± 0.05*$ 4.8 ± 1*$ Cardiac arrest (3)
Subarachnoid hemorrage (2)

3750 ± 830*$ 3800 ± 780*$

ALI (n = 9) 60 ± 16 0.4 ± 0.07$ 6.8 ± 1.7$ Pneumonia (5)
Sepsis (4)

1930 ± 510$ 1910 ± 520$

ARDS (n = 22) 62 ± 12 0.6 ± 0.2 10 ± 2.9 Pneumonia (13)
Sepsis (9)

1750 ± 480 1760 ± 480

Total (N = 36) 61 ± 14 0.54 ± 0.2 8.8 ± 3.2 2120 ± 900 2130 ± 910

Patients are grouped in patients without significant lung pathology (NORM), patients with acute lung injury (ALI), and patients with acute
respiratory distress syndrome (ARDS)
* P \ 0.0133 vs. ALI group, $ P \ 0.0133 vs. ARDS group
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Bland and Altman plots for repeatability of EELVWin,
and EELVWout, and for agreement between EELVWin and
EELVWout are reported in Fig. 2.

Biases between EELVWin and EELVWout were
28 ± 78 ml (1.4 ± 3.5%) and 23 ± 165 ml (1.9 ± 9%),
respectively, for measurements obtained during controlled
and assisted mechanical ventilation.

Biases for repeatability of EELVWin were 8 ± 92 ml
(0.1 ± 4.4%) and 32 ± 160 ml (0.8 ± 7%), respectively,
for measurements obtained during controlled and assisted
mechanical ventilation.

Biases for repeatability of EELVWout were -16 ±
84 ml (-0.7 ± 4.7 %) and -15 ± 147 ml (-1.5 ± 7 %)
respectively for measurements obtained during controlled
and assisted mechanical ventilation.

Discussion

In the present study, we assessed agreement versus helium
dilution and repeatability of the LUFU system, a novel
method for the measurement of end-expiratory lung vol-
ume in mechanically ventilated patients, based on the O2

washin–washout procedure. Compared to the helium
dilution method both O2 washin and O2 washout showed
good agreement with an absolute percentage difference
from measurements by helium of 8%. The LUFU system
showed good repeatability during both controlled and
assisted mechanical ventilation.

The first report describing measurement of FRC by an O2

washin procedure dates back to 1982 with the seminal work
of Mitchell et al. As for any technique using washin–
washout of a tracer gas the most serious source of error is the
synchronization between tracer gas concentration and air-
way flow. Solution to this issue is particularly difficult for O2

washin–washout measurements, since suitable fast oxygen
sensors are available only for side-stream measurements.
The LUFU method has been recently devised and described
by Weismann et al [22] who improved the original Mitch-
ell’s method exploiting the possibility offered by modern
gas sensors and computer technology. Comparing LUFU
with helium dilution and body plethysmography in non-
intubated spontaneously breathing patients, Maisch et al.
[23] and Heinze et al. [24] found comparable accuracy and
clinically acceptable reproducibility.

Fig. 1 Bland and Altman’s plot
of agreement between helium
dilution (EELVHe) and O2

washin (EELVWin) (left panel),
EELVHe and O2 washout
(EELVWout) (right panel).
Mean differences (dotted line)
and 95% confidence limits
(dashed line) are indicated

Fig. 2 Bland and Altman’s plot of agreement between O2 washin
(EELVWin) and O2 washout (EELVWout) (top panel), two repeated
measurements of EELVWin (middle panel), and EELVWout (bottom
panel). Closed and open circles represent patients undergoing to
controlled mechanical ventilation or to partial ventilatory support,
respectively. Mean differences (dotted line) and 95% confidence
limits (dashed line) are indicated
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This is the first report of the application of LUFU in
intubated critically ill patients. We compared LUFU
measurements with those obtained with a helium dilu-
tion technique adapted for intubated patients that we
have recently validate against CT. Since we have vali-
dated the helium dilution technique only in patients
undergoing controlled mechanically ventilation, com-
parison between LUFU and helium dilution was limited
to paralyzed patients. Both O2 washin and washout
measurements showed good agreement compared to
helium dilution with 95% confidence intervals for
absolute differences within 400 ml. Even better was the
agreement between O2 washin and washout measure-
ments. Agreement between O2 washin and O2 washout
was comparable to repeatability of single techniques.
This is important, since with a single FiO2 change
procedure during which FiO2 is changed and then
restored we obtain two EELV measurements (one by O2

washin and the other by O2 washout) that could be
averaged to decrease measurement errors.

Bias and 95% CI for repeatability of both washin and
washout techniques were better during controlled than
assisted mechanical ventilation. This may be due to the
more variable flow profiles during spontaneous breath-
ing. However, it might also be possible that during
spontaneous breathing a true variability of EELV exists
[18].

We have studied a population of patients with dif-
ferent degree of pulmonary disease, ranging from
healthy lungs to ALI/ARDS, with a wide range of FiO2,
PEEP, tidal volume and respiratory rate levels. Values of
EELV measured were consistent with the clinical
severity of respiratory failure: patients with ARDS had a
significantly lower EELV, in spite of significantly higher
PEEP, than those with ALI. Other investigators have
reported average values of EELV for ALI/ARDS
patients ranging between 1,000 and 2,000 ml [3, 12, 17,
25]. Though the average EELV in our study was slightly
below 2,000 ml, a comparison with other studies is
rather difficult since many factors, not always reported
(PEEP level, type of injury, ventilatory mode, ventila-
tory management previous to the study, tidal volume,
size of the patient), greatly affect EELV. Taking in
account some of these factors, EELV measured in this
study are in our opinion, in line with those measured
with different techniques by other investigators in
patients with ALI/ARDS [3, 12, 17, 25].

Weismann et al. showed in vitro that at low tidal
volumes (less than 300 ml), i.e. with lower respiratory
system compliance, the accuracy of LUFU is decreased
while the repeatability is unaffected. In our study, the
tidal volume ranged from 250 to 620 ml. Differences
between LUFU and helium dilution, as well as between

repeated LUFU measurements, were not correlated with
tidal volume, respiratory rate, minute ventilation, or
respiratory system compliance.

Previous works did not show a significant influence of
the size of FiO2 change on measurement errors. Theo-
retically, a 0.1-change would suffice in most patients.
However, in certain conditions such as low tidal volume,
high EELV, low O2 consumption, the difference between
inspiratory and expiratory O2 concentration may be too
low, especially for the automatic synchronization of O2

concentration with flow signal. We have used a step
change in FiO2 of 0.2. This step is high enough to assure
an expiratory to inspiratory difference above the sensi-
tivity of the O2 analyzer, and low enough to be safely
applied even in ALI/ARDS patients with high FiO2.
Indeed, having performed more than 250 measurements
in 36 critically ill patients, we have demonstrated that the
technique is safe and easy to use.

LUFU has several advantages; no need to use the
dilution of a special gas (and of a mass spectropho-
tometer for subsequent measurements), ability of
performing a measurement without introducing
mechanical perturbation in the system nor modification
of standard ventilatory circuit, use of pressure and flow
sensors integrated in the ventilator. A method with
comparable features but based on nitrogen washout–
washin has been recently devised by Olegard et al. [19].
They used the flow signal from the ventilator, and the
end-tidal and inspiratory O2 and CO2 concentration
signals from a standard gas monitor. Nitrogen concen-
tration was calculated as the residual gas from O2 and
CO2 concentration. The authors showed good accuracy
in a lung model and good repeatability in mechanically
ventilated patients. However, their method has not been
compared with other methods of EELV measurements,
and its repeatability has not been tested during partial
ventilatory support.

Conclusions

LUFU system showed good agreement with helium
dilution and, most importantly, good repeatability. The
method is, safe, simple, and applicable to most ALI/
RARDS patients that could benefit from EELV mea-
surements. In our opinion the technique is ready to be
integrated in a ventilator. This should give to more
investigators the possibility to assess whether the
knowledge of EELV may really help to set ventilator
parameters, to monitor the effects of the ventilatory
strategy, and to follow the evolution of pulmonary
illnesses.
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