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Introduction 

ORIGINAL 

Lung volume in mechanically ventilated 
patients: measurement by simplified helium 
dilution compared to quantitative CT scan 

Abstract Objective: We describe a 
simplified helium dilution technique 
to measure end-expiratory lung vol
ume (EELV) in mechanically venti
lated patients. We assessed both its 
accuracy in comparison with quanti
tative computerized tomography 
(CT) and its precision. Design and 
setting: Prospective human study. 
Patients: Twenty-one mechanically 
ventilated ALII ARDS patients. 
Interventions: All patients underwent 
a spiral CT scan of the thorax during 
an end-expiratory occlusion. From 
the CT scan we computed the gas 
volume of the lungs (EELV cT). 
Within a few minutes, a rebreathing 
bag, containing a known amount of 
helium, was connected to the endo
tracheal tube, and the gas mixture 
diluted in the patient's lungs by 
delivering at least ten large tidal 
volumes. From the final helium con
centration, EEL V could be calculated 
by a standard formula (EELVHe). 
Measurement and results: The results 
obtained by the two techniques 
showed a good correlation (EEL V He= 
208+0.858xEEL V cT. r=0.941; 
P<0.001). Bias between the two 
techniques was 32.5±202.8 ml (95% 

limits of agreement were -373 ml 
and +438 ml), with a mean absolute 
difference of 15%. The amount of 
pathological tissue did not affect the 
difference between the two tech
niques, while the amount of hyper
inflated tissue did. Bias between two 
repeated helium EEL V measure
ments was -24±83 ml (95% limits of 
agreement were -191 ml and 
+141 ml), with a mean absolute 
difference of 6.3%. Conclusions: The 
proposed helium dilution technique is 
simple and reproducible. The negli
gible bias and the acceptable level of 
agreement support its use as a prac
tical alternative to CT for measuring 
EEL V in mechanically ventilated 
ARDS patients. 

Keywords ARDS · End-expiratory 
lung volume · Mechanical 
ventilation · Computed tomography · 
Functional residual capacity · Helium 
dilution 

Acute lung injury (ALI) and acute respiratory distress 
syndrome (ARDS) are commonly associated with alveo
lar collapse and end-expiratory lung volume (EEL V) 

reduction [1]. Modem ventilatory strategies in ALIIARDS 
patients include the use of low tidal volumes, to limit 
ventilator induced lung injury, and the use of PEEP. 
Various recruitment maneuvers aimed at re-opening 
collapsed lung units and improving oxygenation are often 



recommended [2]. Computed tomography (CT) has been 
shown to provide accurate measurements of tissue mass 
and volume of many human organs [3]. Based on the fact 
that lung tissue has a physical density close to water 
density, CT allows computation of both tissue mass and 
gas volume of the lung [4, 5, 6]. Several investigators 
have used CT to measure changes in EELV, and to 
quantify alveolar recruitment both in animal [7], and 
human [8, 9, 10] studies. Nevertheless, the risks associ
ated with the transfer of critically ill patients to the CT 
suite-and with the radiological exposure-the relatively 
high costs, and limited availability, limit the possibility to 
obtain frequent repetitive measurements that would allow 
close monitoring of the effects of the ventilatory strategy 
and the evolution of lung injury. 

Alternatively, several techniques based on dilution of 
tracer gases have been proposed in the last 20 years to 
measure the EEL V in mechanically ventilated patients 
[11, 12, 13, 14, 15, 16, 17, 18, 19, 20]; these include 
closed circuit helium dilution [11, 12, 13, 14, 15, 16], and 
multibreaths open-circuit nitrogen [11, 14, 17, 18] or 
sulphur hexafluoride [ 11, 19, 20] washout. However, none 
has gained sufficient popularity, probably because of the 
complex instrumentation required. Thus, despite its 
potential relevance, routine measurement of EEL V is 
uncommon, not only in clinical practice, but also in 
experimental settings [21]. 

The closed helium dilution method has often been used 
to measure lung volume [12, 13, 14, 15, 16]. The classical 
helium dilution technique, used in spontaneously breath
ing subjects, has been variously modified to adapt it to 
mechanical ventilation [ 16, 17]. Some authors used 
complex systems interposed between patient and ventila
tor to avoid discontinuation of ventilation preserving 
baseline ventilatory parameters (respiratory rate, tidal 
volume, and PEEP) throughout the procedure [16, 17]. 
Other investigators, disregarding the potential problems 
related to the disconnection from the ventilator, have used 
a simplified helium dilution technique, specifically 
devised for mechanically ventilated patients and which 
requires very simple instrumentation [22, 23, 24]. Despite 
its relatively frequent use, the accuracy and reproducibil
ity of this method have never been tested. The aim of the 
study was to assess the accuracy and precision of this 
simplified helium dilution method in ALII ARDS patients. 
Measurements of EEL V were compared to those obtained 
by CT at the same PEEP level. 

Materials and methods 

Study population 

The study population consisted of 21 non-consecutive ALIIARDS 
[25] patients (mean age 57±19 years, 14 males) admitted to our 
ICU. The study protocol was approved by the Institutional Ethics 
Committee, and informed consent was obtained from patients' next 
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of kin. Patients scheduled for a spiral lung CT were enrolled in the 
study. Exclusion criteria were: organizational reasons (patients 
undergoing spiral CT before admission in ICU, and/or impossibility 
to execute the protocol during night-time or week-ends), previous 
history of chronic obstructive pulmonary disease (COPD), presence 
of air leaks from bronchopleural fistulae, and inability of the patient 
to sustain an apnea period during the execution of the CT. During 
the study period, including the transfer from ICU to the CT scan 
facility, patients were paralyzed, sedated, and ventilated in volume 
control mode (Servo 300 Ventilator Siemens, Elema, Sweden). 
Ventilatory parameters had been set by the attending physician 
according to clinical criteria. Throughout the study, heart rate, 
invasive arterial blood pressure, and oxygen saturation were 
continuously monitored. 

Respiratory and hemodynamic parameters were measured less 
than 2 h before CT. Static compliance (Crs) and resistance (Rrs) of 
the respiratory system were computed by airway occlusion 
technique [26]. 

Experimental protocol 

The study protocol consisted of two steps: CT acquisition and 
EELV measurement by the helium dilution technique (EELVHe). A 
spiral CT scan of the thorax was acquired by a PHILIPS Tomoscan 
SR 7000. Ten millimeters collimation scans were obtained at 
120 kV, 250 rnA, table speed 10 mm/s, and 1:1 pitch. In order to 
maintain a constant pressure in the airways throughout CT 
acquisition, the ventilator was switched to CPAP mode maintaining 
the set PEEP level. Thus, EEL V was maintained constant 
throughout the entire CT scanning. Previous ventilatory settings 
were promptly restored at the end of the CT acquisition. 

After a minimum of 5 min (considered sufficient to standardize 
lung history) from resuming ventilation, we measured EELVHe 
(Fig. 1). During an end-expiratory pause at PEEP, a flexible tube, 
inserted between circuit Y and the patient's endotracheal tube or 
tracheostomy, was clamped. The flexible tube was then connected 
to a balloon filled by means of a 3-1 volume calibrating syringe 
(model 5530, Hans Rudolph, Kansas City, Mo., USA) with 1.5 1 of 
a gas mixture of Helium (13.44%) in oxygen. After releasing the 
clamp, the operator delivered to the patient at least 10 tidal volumes 
by rhythmically compressing the balloon to dilute the helium gas 
mixture with the gas contained in patient's lungs. At the end of this 
procedure, the balloon was clamped off the circuit, and the patient 
was reconnected to the ventilator. 

The concentration of helium in the balloon was then measured 
by a previously calibrated heliometer (PK Morgan, Chatham, 
England). The heliometer was a thermoconductive katharometer 
with a 0--14% linear measurement range and a precision of ±1% of 
the full scale, equipped with absorbers for carbon dioxide and 
humidity. EELV was then computed by the standard formula: 
EEL V He(ml)=(V b *C/Ct)-V b· where V b is the initial gas volume in 
the bag (1.5 I, corrected from ATPD to BTPS by standard formula 
[27]), Ci is the initial helium concentration (13.44%), and Ct the 
final helium concentration [11]. 

In order to investigate precision of our technique, after at least 
5 min of ventilation the procedure was repeated. Furthermore, in 
seven additional patients, pairs of EEL V measurements were 
obtained, independently from the CT, for a total of 28 paired 
measurements. 

CT numerical data were stored on a PC for further analysis with 
dedicated software developed by two of the authors (NP and GB) 
with a commercial programming language (Labview 6.0, National 
Instruments, Austin, Tex., USA). To identify the lung region of 
interest (ROI), lungs profile was delineated on each CT scan image 
(right and left lung separately), by using a manually controlled 
cursor. The part of pulmonary hila containing trachea, main 
bronchi, and hilar blood vessels were excluded from the ROI. Each 
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Fig. 1 Scheme of helium dilution technique execution. During an 
end-expiratory pause, a flexible tube, inserted between circuit Y 
and the patient's endotracheal tube, is clamped (panel A) and the Y 
connector is disconnected from it (panel B). The flexible tube is 
then connected to a balloon containing 1.5 liters of a gas mixture of 
Helium (13.44%) in Oxygen (panel C). The patient is then 
ventilated by rhythmical compressions of the balloon, in order to 
dilute helium mixture (panel D) 

pixel of the 512x512 matrix contains the X-ray attenuation value 
expressed in Hounsfield units (CT number) corresponding to a 
volume of tissue (voxel). All voxels in the matrix have the same 
volume (Vvox) dependent on the size of pixels in the matrix, and 
thickness of CT scan (1 em in our study): 

Vvox =(sizeofpixel)2 x section thickness 

From the Vvox and the CT number (CTvox) of each voxel in 
the ROI, we computed the volume of gas (GVvox) and the weight 
of tissue (TV vox) as: 

GVvox = Vvox x CTvox/(-1000),ml 

TVvox =Vvox x (-1000-CTvox)/(-lOOO),g 

if CTvox<O, and as: 

GVvox = O,ml 

TV vox = Vvox, ml 

if CTvox>O. Gas volume (EEL VeT) and weight of tissue (LWcT) 
for the whole lungs, were computed respectively as the sum of all 
GVvox and TV vox of both lungs for all sections [8]. 

Weights of normally aerated (CT values between -500 HU and 
-900 HU), poorly aerated (between -100 HU and -500 HU), non
aerated (between -100 HU and +100 HU), and hyper-inflated 
(lower than -900 HU) tissues were computed by sum of TVvox 
[28]. The relative weight for each tissue class was computed as the 
ratio between tissue weight of each class and L W CT· 

Statistics 

To investigate the influence of respiratory mechanics variables, and 
the distribution of CT tissue classes on the accuracy of EEL V He. we 
analyzed the relationship between EELVHe and EEL VeT by linear 
regression, with Crs, Rrs, and the relative weight of CT tissue 
classes. A value of P<0.05 was accepted as statistically significant. 
Bias and limits of agreement between the two techniques and 
between two repeated measurements by the helium dilution 
technique were computed as suggested by Bland and Altman [29]. 

Results 

Table 1 summarizes the major clinical characteristics of 
the patients. At the time of enrollment, patients Pa02/Fi02 
was 148±69 mmHg with Fi02 0.75±0.16, PEEP 12±5 
cmHzO; in 11 patients ARDS was pulmonary in origin. 
Crs was 37.9±13.5 ml/cmH20; Rrs was 15.6±6.7 
cmH20·l·s. 

The apnea period of CT acquisition lasted 32±7 s and 
the EELVHe procedure lasted 37±4 s. No patient devel
oped significant desaturation or hemodynamic instability 
during the CT procedure or helium dilution maneuver. 

EEL VeT (1,253±587 ml) and EELVHe (1,269±577 ml) 
were linearly correlated (EEL V He=208+0.858xEEL V cT, 
r=0.941; P<0.001, Fig. 2). The intercept was significantly 
different from 0 (P<0.05, 95% confidence limit 5.2 and 
410.4 ml, respectively), while the slope was slightly but 
not significantly different from the identity (95% confi
dence limit 0.71 and 1.006, respectively). Bias between 
the two methods was 32.5±202.8 ml (4.75±15.9%), with a 
95% confidence interval limits for agreement of -373 and 
+438 ml, respectively (Fig. 3). The absolute percent 
difference computed as (EELVHe-EELVcT)/EELVcT was 
14.6±10.1 %. 

Bias between two EEL V He repeated measurements was 
-24±83 ml (-2.1±9.6%), with a 95% confidence interval 
limits for agreement of -191 and +141 ml, respectively 
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Table 1 Main demographic Pt Admission Age Body Pa0z/Fi02 PEEP PEEPi Discharge 
and physiological characteris-
tics. (S survivor, NS non-sur- # diagnosis (years) weight (mmHg) (cmH20) (cmH20) status 

vivor) 
(kg) 

1 Legionellosis 78 70 250 5 3 s 
2 Pneumonia 20 70 123 19 0 s 
3 Pneumonia 47 55 111 12 0 NS 
4 Septic shock 73 80 191 15 0 s 
5 Pancreatitis 71 65 92 6 0 NS 
6 Multiple trauma 41 100 188 5 0 s 
7 Septic shock 73 60 139 20 0 NS 
8 Multiple trauma 70 70 148 12 0 s 
9 Septic shock 75 70 90 8 0 NS 

10 Multiple trauma 20 70 132 10 0 s 
11 Legionellosis 73 85 174 15 0 s 
12 Pneumonia 60 70 116 18 0 s 
13 Cryoglobulinemia 56 55 298 20 0 NS 
14 Multiple trauma 17 90 125 5 0 s 
15 Septic shock 76 70 146 5 0 s 
16 Pneumonia 57 55 80 15 0 s 
17 Pneumonia 65 65 113 15 0 s 
18 Thoracic trauma 54 70 118 15 0 s 
19 Pneumonia 60 80 263 10 3 s 
20 BPN, Septic shock 41 100 76 16 0 NS 
21 Hemorragic shock 68 70 154 6 0 s 
Mean±SD 57±19 72±13 148±69 12±5 0.27+0.88 68% s 
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Fig. 2 Correlation between EEL V measurements obtained by 
computed tomography (EELVcT) and helium dilution (EELVHe); 
EELVHe=0.858*EELVcT+208 ml; r=0.941 P<O.OOl. The dashed 
line represents identity 

(Fig. 4 ). The absolute percent difference computed as 
(EELVHe2-EELVHeJ)/EELVHel was 6.3±7.4%. The dif
ference between the two methods was not significantly 
correlate~ with the . amoun~ of non-aerated or poorly 
aerated tissue, nor with respiratory system compliance or 
resistance; but it was weakly correlated with the amount 
of hyperinflated tissue (r=0.488; P<0.05): a higher 
amount ?f h~perinflated tissue was associated with higher 
underestimatiOn of lung volume by the helium dilution 
method. 
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Fig. 3 Bland and Altman's plot of agreement between helium 
di~ution technique (EEL V He) and computed tomography (EEL V CT). 
D1~ferences betw~en two measurements (y-axis) are plotted against 
the1r mean (x-ax1s). Mean difference (32.5±202.8 ml) and 95% 
~ol!-fidence Interval (-373 ml and +438 ml, respectively) are 
md1cated 

Discussion 

We assessed the accuracy and precision of a simplified 
helium ~ilution m~thod for the measurement of lung 
volume m mechamcally ventilated patients. The tech
nique resulted in an average 14.6% difference from lung 
v~lumes measured by CT, and showed good precision 
with an absolute percentage difference between repeated 
measurements of 6.3%. 
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Fig. 4 Bland and Altman's plot of agreement between two repeated 
measurements by the helium dilution technique (EEL V Ret and 
EEL V Hez). Differences between two measurements (y-axis) are 
plotted against their mean (x-axis). Mean difference (-24±83 ml) 
and 95% Confidence Interval (-191 ml and +141 ml, respectively) 
are indicated 

Comparison of helium dilution with CT 

Literature data support CT as an accurate estimate of both 
whole and gas volume of the lungs [30]. Results were 
obtained in models [4, 31], isolated lung [6], animal 
studies [5, 7], as well as in healthy subjects, and in 
patients affected by restrictive or obstructive disease [4, 
31, 32]. A relevant aspect of lung volume measurement 
by CT in mechanically ventilated patients is that it is 
probably the only method that provides a measurement of 
the absolute lung volume, without requiring the use of a 
tracer gas. Thus, despite the fact that CT is not considered 
as a real gold standard for lung volume measurements, it 
is probably the EEL V measurement method that is least 
affected by the pathophysiology of mechanically venti
lated patients. For this reason we decided to use it as a 
reference method. 

Several studies found that in spite of good correlations 
between the two methods, CT systematically underesti
mated the gas dilution technique [33, 34]. However, in 
these studies, CT measurements were obtained in the 
supine position, while dilution measurements were ob
tained in the sitting position. Moreover, in the same 
studies, the lung parenchyma was outlined using methods 
different from the one of the present study, which is 
similar to that used in most ARDS CT studies [7, 8]. For 
these reasons, it is difficult to compare our results with 
previous literature, and to our knowledge this is the first 
study comparing a dilution method with CT in mechan
ically ventilated ALI/ARDS patients. 

Despite a negligible bias, the limits of agreement 
between the two methods were relatively large in our 
study. This means that there was not a considerable 
systematic error between EELVHe and EELVcT, but a 
substantial difference (up to ±35%) between the two 
methods may be found on individual measurements. 

Moreover, the positive intercept and the slope slightly 
lower than 1 suggest that EELVHe may systematically 
underestimate EEL V CT at higher lung volumes and 
overestimate EEL V cT at lower lung volumes. 

Various factors could explain the differences between 
the two techniques. First, EEL V He can only measure the 
gas volume accessible to ventilation. Thus, all factors 
affecting gas mixing, and thus EEL V He accuracy, result in 
EEL V underestimation, and an increased difference 
between EEL V He and EEL V CT· Such factors include the 
size of the volume to be measured, the number and size of 
mixing breaths, the length of procedure, and the time 
constant characteristic of the various lung compartments. 

Assuming that no helium mass and/or gas volume are 
lost during the mixing procedure, the gas volume that is 
measured by our technique is the gas volume contained in 
the lung at end expiration, accessible to mixing by manual 
bagging. During the gas mixing procedure, PEEP is not 
maintained at baseline level, while ventilation is delivered 
at higher tidal volumes to improve gas mixing and to 
decrease equilibration time. Administration of high tidal 
volumes could promote alveolar recruitment during the 
mixing procedure. However, this occurrence does not 
affect the accuracy of our method because the opening or 
closing of the alveoli will not change the amount of gas 
present in the lung. In this study gas mixing was obtained 
by delivering at least ten deep breaths. It has been shown 
in lung models [35], normal subjects [36, 37], and patients 
[12] that 95% equilibration is completed in seven to ten 
breaths. Patients with ARDS present a decrease in EEL V, 
and the volume to be measured even at PEEP, is relatively 
small compared to normal subjects. CT studies [22] 
indicate that, although ARDS is an inhomogeneous 
disease, relatively healthy areas of the lung participate to 
lung exchange. This finding is also confirmed by Multiple 
Inert Gas Technique studies showing that hypoxia is 
mainly due to the presence of shunt rather than ventilation 
perfusion mismatch [38]. These findings suggest that, in 
contrast to COPD patients, the presence of slow compart
ment should not be relevant in ARDS patients. Based on 
this assumption, some investigators have used the helium 
rebreathing technique in ARDS patients with just six 
mixing breaths [15, 16]. More recent studies have shown, 
however, that ARDS patients may present a clinically 
significant expiratory flow limitation [39]. In spite of the 
negligible auto-PEEP (Table 1), we cannot exclude the 
occurrence of airway closure with distal gas sequestration 
and some degree of flow limitation when PEEP is 
removed, though the use of relatively large tidal volumes 
should have allowed mixing even of flow-limited regions. 

A special discussion should be dedicated to the 
presence of overdistended areas, that receive relatively 
low ventilation, and that may be present in ARDS patients 
in association with the use of high PEEP levels. The two 
patients with the higher relative amount of hyperinflated 
tissue (2.5% and 5.7% corresponding to the 15% and 33% 



of all gas volume respectively), showed a higher under
estimation of EELV (-410 and -292 ml, respectively), 
supporting the fact that when this technique is used in 
ARDS patients with suspected hyperinflation a higher 
number of mixing breaths should be delivered. 

Second, EEL V He includes the anatomical and apparatus 
dead space, which is only partially included in EEL V CT· 

This factor may partially explain why EELVHe tends to 
overestimate EEL V cT, especially at lower EEL V levels. 

Third, the difference between the two techniques could 
also be related to ongoing gas exchange during both 
maneuvers. Though the apnea time was similar, differ
ences in inspired oxygen fraction (clinical Fi02 during CT 
and the initial oxygen concentration in the bag during 
helium dilution), may have contributed to patient inter
individual variability in differences between the two 
methods. 

Fourth, despite its widespread use, many factors may 
alter the accuracy of volume measurements by CT [40]. 
Aside from factors inherent to the CT method that may 
result in different types of image artifacts, structure 
movements related to heart and blood vessels pulsation, 
and the subjectivity of the manual procedure to contour 
the lung, may substantially affect CT accuracy. However, 
no study, to our knowledge, systematically investigated 
the reproducibility of CT in ARDS patients. A coefficient 
of reproducibility of CT measurements similar to or worse 
than that of the helium technique, would explain the large 
confidence agreement between the two methods in the 
absence of a significant bias. 

Finally, despite good agreements between different 
techniques in bench studies, the agreement between 
techniques in spontaneously breathing [11, 20, 41] and 
mechanically ventilated [4, 11, 14, 20, 33] subjects are 
generally poor, even when different dilution methods are 
compared [11, 14, 20, 41]. The differences we found in 
our study between CT and helium are comparable to that 
reported for different techniques. 

Helium dilution reproducibility 

The helium dilution method showed good precision. The 
coefficient of reproducibility was comparable to that 
reported by other studies for different techniques [11, 12, 
13, 14, 17, 18, 19, 20]. Importantly, the reproducibility of 
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our methods was similar to that observed by other 
investigators with the helium dilution method in mechan
ically ventilated patients but using more complex instru
mentation [12, 13]. 

Differences from other helium dilution methods 

Our simplified technique differs, regarding some impor
tant features, from other previously described techniques 
that used the multi-breath helium dilution method in 
mechanically ventilated patients [12, 13, 14, 15, 16]. Most 
of such studies used a bag-in-box system, most commonly 
synchronized to start the measurement at end-expiration. 
Such a system allows a constant PEEP and mean airway 
pressure, while mechanical ventilation continues at the 
same tidal volume and frequency during the measure
ment. Major impairment of gas exchange and/or respira
tory mechanics are therefore avoided. However, it 
requires adjunctive instrumentation that makes these 
methods impractical. With our method the patient is 
disconnected from the ventilator and PEEP is not 
maintained. Despite the discontinuation of PEEP, we 
did not observe any significant respiratory or hemody
namic complications during and after the EEL V mea
surement. The use of high tidal volume breaths may have 
limited a possible decrease in mean airway pressure and 
impairment of gas exchange due to drops in PEEP level. 
Moreover, the absence of a systematic difference between 
repeated measurements, following 5 min at basal venti
lation, suggests that the measurement maneuver caused 
no major losses in lung volume. 

Conclusions 

We found clinically acceptable limits of agreement, and a 
negligible bias between the proposed helium dilution 
technique and CT. The technique described in this study 
allows reliable, simple, and reproducible measurements of 
lung volume in mechanically ventilated ALII ARDS 
patients. It could be used routinely in mechanically 
ventilated patients, both in clinical and experimental 
settings. The high precision encourages the possible use 
of EEL V He to estimate alveolar recruitment related to 
different ventilatory strategies. 
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