
Eur Respir J 1998; 11: 246–255
DOI: 10.1183/09031936.98.11010246
Printed in UK - all rights reserved

Copyright ©ERS Journals Ltd 1998
European Respiratory Journal

ISSN 0903 - 1936

ERS/ATS WORKSHOP REPORT SERIES

Multiple breath helium dilution measurement of lung
volumes in adults

R. Brown*, D.E. Leith**, P.L. Enright+

aa

This manuscript recommends techniques (methodol-
ogy) for the measurement of total lung capacity (TLC),
functional residual capacity (FRC) and residual volume
(RV) in adults using the closed-circuit helium dilution me-
thod. Lung volumes were first measured using a hydrogen
gas dilution technique about 200 yrs ago. Helium replaced
hydrogen for safety reasons 40–50 yrs ago when clini-
cians started to use the test [1]. Since its description in
1940, the nitrogen washout method has been shown to
give results equivalent to the helium dilution technique in
patients and to body plethysmographic techniques in
healthy subjects [2–12].

The American Thoracic Society (ATS) has not recom-
mended standards for the measurement of lung volumes
but the European Coal and Steel Community (ECSC) did
so for the helium dilution method in 1983 [13] and the
European Respiratory Society (ERS) endorsed the 1993
update of these European standards [14]. The following
recommendations are compatible with (and do not con-
tradict) the 1995 ATS spirometry and diffusion capacity
standards [15, 16] and the 1993 ERS standards for helium
dilution tests.

Formation of these new standards required a balance
between: 1) accommodating an established base of older
instruments using traditional manual techniques; and 2)
requiring the development and purchase of expensive new
automated, computer-controlled instruments with exten-

sive new quality assurance programmes. The compromi-
ses reached here mean that a few older instruments will
need complete replacement and many existing automated
instruments will require inexpensive software upgrades in
order to meet the minimum standards.

A few commercially available systems use innovative
or alternative techniques, which have potential advantages
(e.g. convenience, rapidity and accuracy) over the stand-
ard techniques given in this document. The authors of this
document wish to encourage such innovation; however, it
is the responsibility of manufacturers to demonstrate that
the lung volumes reported by such new instruments do
not vary substantially from those obtained by the standard
techniques, or that they are more accurate. It is important
to recognize that such comparisons must be made using
normal subjects as well as patients with varying kinds and
severities of disease.

We are in agreement with many of the standards
recommended by the ERS and, to avoid merely restating
these, have reproduced (with permission) much of what
the Society published previously [14]. Substantive differ-
ences, where they exist, have been added to the descrip-
tion of the method, and a detailed section on problems
and controversies has been added. Technical specifica-
tions are within the capacity of most existing equipment.
Many specifications are based on published recommen-
dations. Some have been arrived at by empiric testing in
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manufacturers' laboratories, and a few are based on expe-
rience of the authors and others. Practical recommenda-
tions have been made. In individual laboratories using
other methods, steps should be taken to ascertain whether
they yield data within the guidelines.

Equipment

The widely used multibreath helium equilibration met-
hod is based on equilibration of gas in the lung with a
known volume of gas containing a known amount (or
fraction) of helium [1, 17, 18]. For systems that utilize a
spirometer, the spirometer capacity should be 7–10 L
with 3% or better static volume accuracy over the entire
range and resolution should be 25 mL or better. Either
water-seal or dry-seal models may be used (maintenance
requirements differ). Equipment volume (Veq), defined as
the gas volume in the equipment with the bell at zero
volume, including the breathing circuit tubing to the
mouthpiece valve, should be no more than about 3.5 L.
In general, the smaller the Veq, the larger the changes in
helium concentration during measurement of FRC and the
smaller the random errors relative to the signal. Equip-
ment in which the spirometer is too small will not accom-
modate the vital capacity (VC) of adults. The equipment
specifications and procedures recommended here estab-
lish an advantageous starting helium concentration near
full scale deflection of the meter (see below). The mouth
pressure needed to initiate a change in spirometer volume
should be less than 0.03 kPa. It should be easy to pressu-
rize the spirometer to 4 cmH2O or more to check for leaks.
This is a much greater pressure than that which occurs in
the spirometer during the test. The spirometer should be
equipped with a gas circulation pump, carbon dioxide
and water absorbers, an oxygen supply and gas inlet and
outlet. The mixing fan should completely mix the gas
throughout the circuit within about 8 s after the end of ex-
halation into the circuit. Typically, breathing circuit flows
of about 50 L·min-1 are required. This ensures adequate
mixing for helium concentration measurements, which are
reported every 15 s. Pneumotachometers or other flow de-
vices may be used instead of spirometers. If such devices
are not isolated from the respired gas (e.g. by bag-in-box
systems), then appropriate calibrations and corrections
must be made for changes in gas properties.

A thermal conductivity helium analyser is the type uti-
lized most commonly. However, other types of helium
analysers may be used [19] and other inert gases may
replace helium [20–22]. The helium analyser should have
a range of about 0–10% helium, a resolution of 0.01%
helium or better over the entire range and a 95% res-
ponse time of less than 15 s to a 2% step change in he-
lium concentration. The meter should be stable (drift of
0.02% or less) for measurement periods of up to 10 min.
These technical standards are compatible with the recom-
mendation that helium concentration be measured every
15 s and with the definition of "equilibration" discussed
below.

For systems in which inspiratory oxygen fraction (FI,O2)
changes substantially during measurement of FRC, the
helium meter should be calibrated over the range of FI,O2
encountered. Temperature in the system should be moni-
tored and should be relatively constant as the helium ana-

lyser is sensitive to temperature changes. The problems
associated with various types of helium analysers can be
avoided by the use of a respiratory mass spectrometer.

A small pump samples gas from the breathing circuit
downstream from the carbon dioxide absorber, pushes it
through a desiccant chamber and the helium analyser
and then back into the main circuit [23]; for most analy-
sers, a sample flow of 200 mL·min-1 is necessary. Changes
in the flow of gas through the analyser or in the pressure
of gas in the analyser circuit will affect response time or
accuracy. Therefore, flow and pressure must be kept con-
stant. Thermal conductivity helium analysers respond to
changes in concentration of carbon dioxide, oxygen, nit-
rogen and water vapour. Therefore, carbon dioxide and
water are removed before the sample is introduced into
the helium analyser, and it is desirable to keep the oxy-
gen concentration relatively constant (see below).

The activity of the carbon dioxide and water absorbers
should be assured before each test. This may be done, for
example, by visual or photocell detection of indicator
colour changes or by replacing the absorbent after a spe-
cified number of tests. The carbon dioxide concentration
in the breathing circuit should be kept below 0.5% during
testing to avoid patient discomfort and hyperpnoea and
the effects of carbon dioxide on the helium analyser.

When VC and subdivisions thereof are measured, the
temperature of gas inside the system lies somewhere bet-
ween body temperature and pressure, saturated with water
vapour (BTPS) and atmospheric temperature and pressure,
saturated with water vapour (ATPS) conditions  since it is
variably affected by exhaled warm gas, room temperature
and heat generated by absorption of carbon dioxide in the
soda lime canister. The breathing circuit  gas temperature
should be measured so that these lung volumes can be
corrected to BTPS conditions. FRC is  corrected to BTPS
by another method (see below). The temperature sensor
should have an accuracy of 0.5°C or better over the range
12–30°C and should have a 90% response time of less
than 30 s to a 5°C step change in temperature. These stan-
dards are compatible with the temperature changes and
time that typically elapses during measurement of expira-
tory reserve volume (ERV) and VC.

The breathing valve and mouthpiece should have a
combined dead space of less than 100 mL and should be
easy to disassemble for sterilization. The size of this dead
space should be available from the manufacturer or meas-
ured by filling the compartment with water and measuring
the volume.

Procedure and calculation

The activity of the carbon dioxide absorber in the
spirometer and of the carbon dioxide and water absorbers
in the helium meter line should be checked, and the ab-
sorbers changed when appropriate; in addition, the water
level should be checked in water-sealed spirometers. Prior
to measurements, the helium analyser should be warmed
up and the circulating fan turned on. The first step in pre-
paring the equipment for measuring lung volume is to
flush the spirometer with ambient air, place the bell in its
lowest position and close the circuit. Rolling-seal spiro-
meters should be emptied and then about 1 L air added.
Oxygen is subsequently added so that after all additions of
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gas in the setup procedure, the oxygen concentration will
be 25–30% prior to connecting the patient to the spiro-
meter. Higher values are acceptable. The system is allo-
wed to equilibrate (mix). When a stable helium reading is
obtained, the helium meter is adjusted to zero. Then,
helium is added to raise the concentration to nearly full
scale deflection (10%) on the analyser. The initial helium
concentration (Fsp,He,1) is noted, where F is either the
reading or the fractional concentration. An additional 2–3
L of room air is then added (exactly measured with a cali-
brated syringe) and the second meter reading (Fsp,He,2)
noted when it is stable. If Vsp is the volume of the spiro-
meter prior to this last addition of air, and Vair the pre-
cise volume of air added during the last step, then:

               Vsp = Vair · Fsp,He,2/(Fsp,He,1 - Fsp,He,2)            (1)

Vsp need not actually be calculated for assessing FRC;
its value is substituted by the right-hand part of equation 1
in computations (see below). If inspiratory vital capacity
(IVC) measurements are to be made immediately after
the determination of FRC, i.e., before the patient is con-
nected to room air again, then when the patient is at FRC,
the volume of gas in the bell should be greater than the
patient's inspiratory capacity (IC).

During measurements, the subject should be seated and
at rest so that both oxygen uptake and FRC are stable.
Dentures need not be removed, but a nose clip should be
worn. The subject is connected to the mouthpiece and
breathes room air quietly for 30–60 s, so as to become
accustomed to the apparatus and attain a stable breathing
pattern; then, at the end of a normal expiration, the valve
at the mouthpiece is switched to connect the subject to the
closed system.

Failure to account properly for the effects of oxygen
consumption can result in significant errors in the calcula-
tion of lung volumes. During the measurements, oxygen
is added by one of the following methods: 1) a constant
flow of 100% oxygen is added to the circuit at a rate deter-
mined by an estimate of the patient's oxygen consump-
tion. This estimate is usually 3–4 mL·kg-1·min-1 for adults.
The equipment should allow and assure oxygen flows up
to 500 mL·min-1; 2) boluses of oxygen can be added as
needed (e.g. every 15–30 s) to keep spirometer volume
constant at end expiration. Because carbon dioxide is
removed from the breathing circuit, the amount of added
oxygen approximates the subject's oxygen consumption.
The actual volume of oxygen added equals oxygen con-
sumption plus helium absorption minus nitrogen excre-
tion (see below); 3) the third but not commonly used
method starts with elevated concentrations of oxygen in
the circuit; further oxygen is not added and carbon dio-
xide is not absorbed during the test. This method can only
be used in subjects with rapid equilibration times because
rising levels of inspired carbon dioxide may cause the
subject to experience breathing discomfort. System vol-
ume decreases at a rate equal to the difference between
oxygen consumption and carbon dioxide washout leading
to an increase in helium concentration and an underesti-
mation of FRC. For short equilibration times, the effect of
this is negligible as are the effects of nitrogen excretion
and helium absorption (see below). In this method, oxy-
gen concentration is monitored to assure an adequate FI,O2
and for correction of the helium meter as described above.

During the equilibration period, the helium concentra-
tion is noted every 15 s and gas mixing considered com-
plete when the decrement in helium concentration is less
than 0.02% in 30 s (three consecutive readings). As "equi-
libration" is approached, helium concentration changes
are likely to be due mostly to continued gas mixing since
the best estimates suggest that helium absorption and
nitrogen excretion can cause a change of helium concen-
tration of approximately 0.01% helium·min-1, equivalent
to an increase of about 20 mL·min-1 in the calculated FRC
(Appendix 1). These changes in helium concentration
are close to the limit of resolution of modern helium me-
ters. The measurement is continued as long as helium con-
centration is decreasing by more than 0.02% in 30 s,
equivalent to an increase in calculated FRC of about 80
mL·min-1 for a typical system testing a person of average
size. In systems that report FRC directly, an alternative
criterion for ending the test is that the change in FRC is
less than 40 mL per 30 s. We consider that there is no clin-
ical value in prolonging a test after these end-of-test crite-
ria have been met. In practice the test rarely exceeds 10
min even in patients with severe gas exchange abnormali-
ties.

For the measurement of ERV and IVC, if the volume of
the spirometer is insufficient, manufacturer instructions
should be followed regarding addition of fresh air to the
breathing circuit. After the end-of-test criterion is met,
stability of FRC should be determined by observing the
patient and the display on the computer screen for several
breaths. The patient should then be instructed to exhale
slowly and fully to RV. Variation in respiratory system
volume at the beginning of this manoeuvre ("FRC"), pa-
tient effort, flow limitation and exhalation time will all
influence the magnitude of each ERV measurement. It is
recommended that three satisfactory ERV manoeuvres be
performed and the mean value reported. Factors that
lead to unsatisfactory manoeuvres include cough, glottal
closure, gas leak from the nose or mouth and too brief
effort.

During each ERV manoeuvre, once RV has been reach-
ed, the patient should be coached to inhale completely to
TLC. The observer should monitor patient performance to
ensure a maximal effort. Three satisfactory IVC mano-
euvres should be obtained and the largest reported. Spiro-
meter temperature should be recorded to correct the ERV
and IVC to BTPS.

Calculations

The lung volume (VL) of the patient when connected to
the spirometer is obtained as follows:

VL = Vair · Fsp,He,1/Fsp,He,3 
           (Fsp,He,2 - Fsp,He,3)/(Fsp,He,1 - Fsp,He,2) - Vds       (2)

where Fsp,He,3 is the helium concentration at the end of
the determination and Vds is the valve and mouthpiece
deadspace.

The temperature and water vapour saturation of gas in
the calibrating syringe should be used to convert the FRC
results to BTPS conditions. The ERV, IC and IVC should
be corrected to BTPS according to the temperature inside
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the spirometer and fully saturated gas. This is true even
for dry spirometers as the gas within the spirometer is sat-
urated with water vapour from the lungs during the meas-
urements.

Residual volume and TLC are obtained from: RV =
FRC - ERV (where ERV is the mean of several efforts)
and TLC = RV + IVC (the preferred method), but TLC =
FRC + IC and RV = TLC - IVC are also acceptable.
Variation in ERV will depend on how FRC varies from
manoeuvre to manoeuvre as well as on the effort used     to
reach RV. A previous recommendation has been that ERV
be taken as the largest of several efforts [14]. However, the
largest ERV may be due merely to the largest starting
FRC and its use will bias the results toward the least RV
and least TLC. We consider that it is approp- riate to
account for spontaneous variation in FRC and the start of
the ERV manoeuvre and thus recommend the use of the
mean ERV of three acceptable manoeuvres.

Reproducibility and needs for duplicate analyses

At present, little information is available in the lite-
rature upon which to base reproducibility standards for
the helium dilution method for measurement of FRC for
either clinical or research purposes and upon which to
base recommendations for the number of tests that should
be performed in each patient. Here, we have made a first
attempt, but anticipate review and appropriate revision
in the future. Pertinent issues in this regard include: the
magnitude of change that is of clinical relevance; time
constraints in busy laboratories; actual reproducibility ob-
tained in laboratories utilizing highly trained technicians;
differences amongst equipment made by different manu-
facturers; how reproducibility is affected by patient stat-
ure; age and disease state; and how much time is required
for helium washout to occur between measurements.

Same-day duplicate measurements of FRCs using mul-
tiple breath helium dilution in an epidemiological study
had coefficients of variation (CVs) of 5%, with only sli-
ghtly larger CVs (e.g. 6.0%) in patients with chronic
obstructive pulmonary disease (COPD) ([6]: data are in
unpublished appendices on page 105). These results were
confirmed in an analysis of data from two clinical labo-
ratories using similar equipment and the methodology
described in the present paper. In each laboratory 50 con-
secutive patients were studied, many with severe airways
obstruction. For these patients (mean FRC of 3.09 L), the
95% confidence limits for differences between duplicate
measurements were ±400 mL. Eighty six per cent of the
patients had differences between duplicates smaller than
200 mL (R. Brown, personal communication). Available
data do not allow us to say whether the expected varia-
bility is better expressed in absolute volumes or as a per-
centage of the observed. Average time between duplicate
FRC measurements was 5 min in one laboratory and 8
min in the other. Any helium retained in the lungs bet-
ween tests would have caused the second FRC measure-
ment to be systematically less than the first. This was not
the case in either laboratory.

On the basis of this information, it is recommended that
the number of FRC determinations be tailored to fit the
reason why the measurement is being made. For some
clinical circumstances, a single measurement may be suf-

ficient. For example, a patient who is being evaluated for
pneumonectomy and in whom the FRC and TLC are
found to be within the normal range in the first measure-
ment need not have a second one because a difference of
about 400 mL in either will not affect the clinical deci-
sion. On the other hand, it is recommended that two FRC
determinations be done when accuracy is of particular
importance, such as when patients are being evaluated
for the presence of changes over a period of time. If the
values agree within 200 mL, the mean should be reported.
If they do not, a third measurement should be made and
the mean of the two closest values reported. In indivi-
dual laboratories, it should be verified that FRC values
are reproducible to within 200 mL about 85% of the
time. Errors of less than 200 mL in FRC are negligible
since expected individual variation (e.g. related to pos-
ture, meals, type of clothing, time elapsed since last use
of bronchodilator, flow limitation in patients with severe
airways obstruction, etc.), and predicted normal ranges
are much greater than that.

Systems should allow the technician to perform at least
three tests. Time since the last test ideally should be suffi-
cient to allow virtually complete washout of helium from
the previous test. This will vary with factors such as lung
size (patients with large FRCs will have lower lung he-
lium concentrations at equilibration than patients with
small FRCs), type and severity of lung disease and total
ventilation relative to FRC between the FRC measure-
ments. In some laboratories, spirometry is performed be-
tween FRC determinations and this will probably reduce
washout time but may also affect the FRC, in particular in
patients with reactive airways. At present, the helium
meters used in FRC determinations are not readily acces-
sible for measurement of helium concentration in expir-
ed gas just prior to a test. Simple design changes could
remedy this. As an approximation, a residual helium con-
centration of 0.1% would lead to an error in the second
FRC of ~60 mL (Appendix 2), an amount of no signifi-
cance.

The issues outlined previously with regard to reproduc-
ibility standards apply also, for the most part, to measure-
ments of TLC and subdivisions thereof. Little rigorous
guidance is available in the literature. For determination
of ERV, most systems allow the measurement to be made
once the FRC measurement is complete without remov-
ing the patient from the mouthpiece. Whether the value
ERV determined in this way is systematically different
from that obtained following a brief period off the mouth-
piece is unknown, but it appears unlikely.

Paths of helium loss and effect of nitrogen excretion

Paths of helium loss during the test include helium
dissolution in the water of the spirometer, equipment
leaks, leaks around the noseclip and mouthpiece, transfer
through ruptured tympanic membranes, swallowing and
absorption into the fluids and tissues of the body. Hel-
ium loss during the test leads to overestimation of FRC.
Continued helium loss leads to failure to achieve equi-
libration as it has been defined (except in the instance
of extremely small leaks), and also causes overestima-
tion of FRC. The effect of dissolution in water is negligi-
ble. Equipment should be tested for leaks as previously
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outlined. Technicians should ask patients about a history
of ruptured tympanic membranes and should be sensi-
tive to the possibility of improperly sealed noseclips and
mouthpieces and to swallowing by the patients during the
tests.

Absorption of helium will be affected by the initial hel-
ium concentration, the alveolar helium concentration (ini-
tially zero but increasing rapidly during equilibration),
cardiac output, total body water and fat and the duration
of the test. Opinions and recommendations vary as to  how
to account for the effect of helium absorption, if at all.
Based on theoretical considerations, it has been recom-
mended that 100–110 mL be subtracted from the FRC
value obtained [1, 18]. Another investigator argued that
the correction for helium absorption could be based only
on very approximate estimates and chose to omit a cor-
rection [17]. In a study of the time-related disappearance
of helium from the helium dilution system in two normal
subjects, it was concluded that for a 7 min procedure, the
correction in FRC should be 105 mL [24]. A graphical
solution to the problem by extrapolation of the concen-
tration-time curve to the beginning of the alteration in gas
concentration was proposed [25] but subsequently rejec-
ted [14].

Problems with these various assessments include use
of helium meters that were less accurate than those now
available, assumptions of constant FRC during the study
as well as unimpaired gas mixing and accurate replace-
ment of oxygen consumption, and failure to consider the
effects of nitrogen excretion. Although nitrogen excretion
has been estimated at as much as 30 mL·min-1 during the
nitrogen washout method for measuring FRC, it must be
considerably less during the helium dilution test because
the alveolar to spirometer gradient for nitrogen is much
smaller. To the extent that nitrogen excretion occurs, it
tends to increase system volume, dilute the helium and
lead to an overestimation of FRC. However, in systems
using the multiple bolus method for addition of oxygen,
such increases in system volume and dilution of helium
do not occur (see first example of problems in intermittent
addition of oxygen, below). With the system using con-
stant flow of oxygen, the correction performed at the end
of the procedure to account for an oxygen supply that is
different from oxygen consumption also accounts for the
effect of nitrogen excretion (see first example of problems
in steady oxygen flow, below). Thus, in neither method is
correction for nitrogen excretion necessary. The effect of
helium absorption is a small overestimation of FRC. Sys-
tematic correction would be desirable. However, uncer-
tainty as to the exact magnitude of the correction and the
variability from patient to patient leads us to recommend
that no correction be made until better data are available.

Other factors affecting helium concentration

Correction has been recommended when carbon diox-
ide production (V 'CO2) is less than oxygen consumption
(V 'O2) (R<1) [18]. Such a difference would mean that
helium would be concentrated in the lung and, at "equili-
bration", the concentration in the lung actually would be
greater than in the spirometer. The error due to this de-
pends on R and the relative volumes of lung and spiro-
meter and is certain to be extremely small (see Appendix

3). When R is less than one, the measured FRC will be
overestimated. However, it is not at all clear what the
value of R actually is during the test. Some patients may
hyperventilate and have an R >1 leading to an underesti-
mation of FRC. Because R is not measured and the effect
of it is negligible, it is recommended that no correction be
made.

Switching error and changes in lung spirometer
 volume during the test

In practice, patients are not always switched into the
spirometer circuit exactly at the end-expiratory level so
that lung volume is not equal to the FRC. Corrections for
this should be made when reporting FRC (fig. 1). Some
computerized equipment reports and accounts for the
"switch-in-error" automatically.

During the measurement, the patient's actual FRC may
be stable or may vary steadily or intermittently. Such var-
iations do not change the total volume of the system
(spirometer plus lung) or affect the rate at which oxygen
is added in systems using constant flow equal to the
patient's estimated oxygen consumption. Such systems
typically measure the lung volume when the patient is
switched into the equipment, but variations in FRC during
the test may lead to errors (see examples, below). In sys-
tems in which oxygen boluses are added to keep spiro-
meter volume constant at end-expiration, variations in
actual FRC during the test affect the rate at which oxy-
gen is added. During the test, when the patient's actual
FRC decreases (as is often the case [26]) or increases (e.g.
when patients with severe airways obstruction and dyna-
mically determined FRC are encouraged to take deep bre-
aths intermittently to reduce equilibration time), the added
oxygen will be less than or greater than oxygen con-
sumption, respectively. This will lead to underestimation
or overestimation, respectively, of FRC at switch-in. In
fact, such systems measure the FRC at the end of the test
(at switch-out).

The following examples illustrate problems that may be
encountered with intermittent addition of oxygen:
1) In this example (fig. 2), the patient's FRC decreases
noticeably during the first few breaths and then remains
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Fig. 1.  –  Volume of a) lung and b) spirogram as a function of time in a
subject connected to the spirometer at a level that was not a representa-
tive end-expiratory volume. Functional residual capacity (FRC) is con-
stant and steady oxygen flow is added at a rate equal to oxygen
consumption so that the end-expiratory volume of the spirometer is con-
stant. FRC should be reported as the lung volume measured by gas dilu-
tion corrected for switch-in error (∆V) (see text). I: inspiration; E:
expiration.
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stable. During the first phase, spirometer volume is incre-
asing and oxygen will not be added because the "interpre-
tation" of the equipment will be that there is no oxygen
consumption. When FRC becomes stable, oxygen is ad-
ded in an amount equal to oxygen consumption (ignor-
ing helium absorption and nitrogen excretion). At the end
of the test, the total amount of oxygen added will be less
than the actual oxygen consumption and the final helium
concentration will be proportionately greater. The repor-
ted FRC will be less than the FRC at switch-in. From this,
it is apparent that systems that add oxygen to keep spiro-
meter volume constant give the FRC at the end of the test,
i.e., switch-out volume rather than switch-in volume.

2) In this example (fig. 3), there is a switch-in error and
the patient's FRC steadily increases during the test (per-
haps due to increased (V 'E) in a patient with severe air-
ways obstruction who is made anxious by the duration
of the test). Here, spirometer volume will tend to decrease
at a rate equal to the sum of the increase in the patient's

FRC, oxygen consumption and helium absorption. Nitro-
gen excretion will tend to increase spirometer volume. To
keep spirometer volume constant at end-exhalation, oxy-
gen will be added in excess of the sum of oxygen consum-
ption plus helium absorption minus nitrogen excretion,
the volume of the spirometer plus lung will increase, the
final helium concentration will be proportionately decre-
ased and switch-out volume will be reported. The effect of
nitrogen excretion will have been accounted for by the
rate at which oxygen was added to the circuit. It is clear
that a correction of the reported switch- out volume for the
switch-in error makes no sense because the correction is
not being made in relation to FRC at the beginning of the
test.

In some laboratories, it is the practice to encourage
patients to make intermittent deep inhalations during the
test. The purposes are to encourage gas mixing in regions
of relatively poor ventilation and to decrease equilibra-
tion time. Following a deep inhalation, however, a patient
with severe airways obstruction may take many breaths
before returning to the original FRC. As illustrated in this
example, this will lead to errors in the amount of oxygen
added during the procedure so the practice is not recom-
mended, at least in patients with considerable airways
obstruction.

The following examples illustrate problems that may be
encountered with steady oxygen flow:
1) In this example (fig. 4), there is a switch-in error and
the patient's FRC is steady. The estimate of the V 'O2 that is
being added to the spirometer exceeds the actual V 'O2,
spirometer volume increases steadily, the final helium
concentration is proportionately decreased and the repor-
ted FRC will be too great. The correction can be made
simply by subtracting the increment in spirometer volume
that took place during the test (C) from the FRC that is
obtained. This correction also accounts for increases in
system volume due to nitrogen excretion. Here, it can be
seen that this method gives the switch-in FRC. Correction
for switch-in-error is appropriate.
2) This example (fig. 5) demonstrates the potential for
error with the method using steady O2 flow. Here, the
estimated V 'O2 was correct but it was not apparent to the
technician that the FRC of the patient decreased during
the test. In this case, the final helium concentration would
provide the correct FRC at switch-in because total vol-
ume (lung plus spirometer) did not change. However, the
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Fig. 2.  –  Volume of a) lung and b) spirogram during intermittent addi-
tion of oxygen. There is a switch-in error (∆V) and the patient's FRC
increases steadily during the test (see text). +: oxygen is added to the
spirometer. For definitions see legend to figure 1.
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Fig. 3.  –  Volume of a) lung and b) spirogram during intermittent addi-
tion of oxygen. The patient's FRC decreases noticeably during the first
several breaths and then remains stable (see text). *: slope here is due to
oxygen consumption; +: oxygen is added to the spirometer. For defini-
tions see legend to figure 1.
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Fig. 4.  –  Volume of a) lung and b) spirogram during steady oxygen
flow. There is a switch-in error (∆V) and the patient's FRC is steady (see
text). C: correction in calculated FRC (the correction is the increment in
spirometer volume during the test). For further definitions see legend to
figure 1.
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spirometer trace makes it appear that excess O2 was ad-
ded. When the correction (C') is made, the reported FRC
becomes less than the FRC at switch-in. In fact, it be-
comes the switch-out FRC.

Errors in oxygen supply can be prevented by continu-
ously measuring the oxygen concentration. At the same
time this provides a means to adjust the output of thermal
conductivity helium analysers for the effect of different
oxygen concentrations and to assure a satisfactory FI,O2.
To date, we know of no reports of significant hypoxae-
mia during helium dilution tests and, therefore, do not re-
commend routine use of pulse oximetry.

It is not self-evident which FRC (switch-in versus
switch-out) is of greatest interest, if either. Undoubte-
dly, people have different FRCs at different times; that
is a biological fact. During the measurements, one could
imagine changes in FRC due to relaxation or contraction
of muscles (e.g. abdominal muscles), shifts in posture
between measurements and changes in V 'E, of particular
relevance in patients whose FRCs are determined dyna-
mically. In this regard, it might be useful if V 'E during the
measurement was provided so that FRC could be related
to it and so that changes in FRC between measurements
might be understood more clearly.

Quality control

All quality control checks should be retained for review
and trend analysis.

Daily quality control checks

Before each patient is tested, the following items
should be checked: water level, all absorbers, helium ana-
lyser sample flow rate, oxygen tank pressure, operation of
the circulating fan (by listening) and the baseline stability
of helium and volume signals.

Systems that can be pressurized conveniently (e.g. by
putting weights on the spirometer bell) should be check-
ed for leaks at least once during the 24 h prior to pati-
ent testing and after tubing or canister changes. Inject
about 3 L of air into the system, close the breathing valve,
then pressurize the breathing circuit to about 0.4 kPa (4
cmH2O). With the system closed and the circulating fan
operating, there should be no detectable leaks (volume
change) over a span of 3 min.

The technician should document the following for each
patient: history of eardrum perforation; problems with leaks
around the mouthpiece and noseclip; excessive swallow-
ing during the test; posture changes; and apparent degree  of
effort during the IVC and ERV manoeuvres.

The resulting volume/time tracings should be examin-
ed for evidence suggesting sudden or slow inward or out-
ward leaks and for reproducibility of the end-tidal vol-
umes, ICs and IVCs. A difference between switch-in and
switch-out volumes of more than 0.3 L suggests the pres-
ence of a leak.

A calculated system equipment volume should be com-
pared with prior measurements that establish the normal
range for that instrument. Values that fall outside the nor-
mal range should be brought to the operator's attention as
possibly indicating a leak (or a change in the water level
or amount of carbon dioxide absorber).

The time to equilibration (or the lack of equilibration
after 10 min) should be reported. Ideally, the shape of the
helium/time signal should also be examined for a smooth
decline and plateau during the test. In most subjects,
helium will equilibrate more rapidly if deep breaths are
taken intermittently. However, if the equilibration times
or the difference between plethysmographic or radiolo-
gical volumes and helium dilution volumes are used to
assess disease severity, intermittent deep inspirations dur-
ing equilibration will alter the results. Deep breaths may
also affect the results in patients with dynamically deter-
mined FRCs as described in the section on switching
error. Hence, equilibration during regular tidal breathing
is recommended for patients who do not return to their
previous FRCs within three breaths of a deep inhalation.

The software should allow the technician to exclude
individual tests (after review of quality checks and repro-
ducibility) and report the average FRC and RV from the
remaining acceptable tests.

Weekly checks

The stability of the helium meter should be confirmed.
The meter reading should not drift more than 0.02% for
up to 10 min. The temperature sensor should be checked
to ensure that it remains accurate to within 0.5°C. After
overnight equilibration with the room, spirometer temper-
ature can be compared to room temperature with a ther-
mometer known to be accurate to within 0.1°C.

Linearity check

To establish the linearity of the helium meter, the spiro-
meter is thoroughly flushed with air until the meter read-
ing is stable. With the spirometer in its lowest position,
helium is added and Fsp,He,1 read after mixing; then, after
the addition of a precisely known volume of air with a
syringe, the initial spirometer volume is calculated from
the new concentration Fsp,He,2, the known volume of
added air and Fsp,He,1. Then, more air is introduced with
the syringe and new computations are performed; this is
repeated until the spirometer is full. BTPS corrections
should not be made for these computations. Volumes
added with the syringe and calculated volumes should
agree within 3% and be related linearly with a regression
coefficient >0.90. Modern helium meters tend to remain
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Fig. 5.  –  Volume of a) lung and b) spirogram during steady oxygen
flow. The patient's FRC decreases during the test and the oxygen flow is
the same as oxygen consumption (see text). C': correction made in cal-
culated FRC. For further definitions see legend to figure 1.
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linear. Once stability has been demonstrated by relative-
ly frequent checks over a few months, then quarterly or
semi-annual checks seem sufficient. We have no satisfac-
tory basis for specifying an interval. The linearity test
described allows verification of more than just the helium
meter. For example, after each addition of the precisely
known volume of air, the volume signal from the spiro-
meter can be checked.

The integrity of the system is actually checked with
each measurement of FRC. From test to test, the system
should perform consistently during the setup procedures.
For example, Vsp (given automatically in many systems)
and the second helium concentration (after addition of
air) should be very reproducible (although the latter is
not a substitute for a linearity check of the meter over its
entire range). During setups, departures by as little as
0.1% helium or changes in Vsp greater than 3% of mean
suggest the possibility of technical problems such as in-
correct gas volume having been added, a leak, or meter
dysfunction. In practice, the latter is very uncommon.

Biological check

Periodic testing (e.g. once monthly) of a laboratory
"reference" subject is useful [27] in that it tests not only
the equipment, but also the procedures used by techni-
cians. Criteria for "out-of-limits" tests vary between dif-
ferent subjects tested and the degree of precision desired.
Data related to variability within and among subjects are
provided in a separate paper on reproducibility of lung
volume measurements [28].

Cross contamination

Steps to minimize the risk of cross-contamination [29]
include:
1) Technicians must wash their hands before and after
each patient is tested and wear gloves during the pro-
cedure. A disinfected mouthpiece and breathing valve
should be used for each patient. A clean absorbent towel
should be placed beneath the mouthpiece during the test.
The towel and patient secretions (saliva) should be dis-
posed of at the end of the test.
2) The breathing circuit should be opened to the room
and the system blower run for 10 min after testing each
patient, to promote drying.
3) At the end of each testing day, the breathing circuit
tubing and valves should be disassembled. The tubing,
valves and rubber mouthpieces should be disinfected as
follows: wash with detergent, soak in activated glutaralde-
hyde (or other equivalent disinfectant), rinse and hang to
dry overnight.
4) Water from sealed spirometers should be drained at the
end of each week and the spirometer allowed to dry over
the weekend.

Comparison of the helium dilution method and 
body plethysmography

Since its development, the body plethysmograph has
been considered the best method for measuring the vol-
ume of gas in the lungs. In healthy subjects and patients
with airways obstruction, the plethysmographic method

typically gives values greater than the helium dilution
method [30–33]. The traditional view has been that the
latter underestimates lung volume because lung regions
with long time constants do not reach equilibration with
the rest of the lung and spirometer at the end of the test.
Indeed, differences in FRC obtained plethysmographi-
cally and by helium dilution have been used to estimate
the volume of "trapped" gas in the lung. Based on recent
data, the traditional view should be reassessed.

There are three known mechanisms by which ple-  thys-
mography can overestimate lung volume. One occurs
when abdominal gas is compressed and decompressed in
synchrony with thoracic gas [31]. Another is related to
nonhomogeneous alveolar pressure swings during the
"Boyle's law manoeuvre" [34–36]. These two mecha-
nisms have been estimated to have the potential to lead to
as much as a 10% overestimation of lung volume when
determined plethysmographically, but detailed studies in
large numbers of patients have not been done. The third
mechanism appears to be most substantial. It is now rec-
ognized that, during the Boyle's law panting manoeuvre,
flow occurs between the thorax and extra-thoracic air-
ways. In the presence of airways obstruction this leads
to significant pressure losses between alveoli and the air-
way opening. The result is an overestimation of lung vol-
ume because the plethysmographic method takes pressure
changes at the airway opening to represent alveolar pres-
sure changes. The magnitude of the overestimation dep-
ends on the panting frequency, the severity of the airways
obstruction and the compliance of the extra-thoracic air-
ways [36–38]. In some individuals, thoracic gas volume
determined plethysmographically at slow panting freque-
ncies (<1 Hz) is as much as 2 L less than at spontaneous
panting frequencies (usually in the range of 2–4 Hz).
Although, this overestimation of lung volume determined
plethysmographically has been considered in some prior
comparisons with the helium dilution method [32, 39], it
is clear that further research is required in this area.

Appendix 1

The effect of a given change in helium concentration
(e.g. 0.01%) on the calculation of FRC will vary with the
characteristics of the equipment and the volumes of the
various gases added to the spirometer before the patient is
connected to the apparatus. By conservation of mass:

(He2) (VHe,O2,air + Veq) = (He3) (VHe,O2,air + Veq + FRC)

where He2 = helium concentration in the equipment prior
to turn in; VHe,O2,air = sum of the volumes of helium, O2
and air; He3 = helium concentration at end of test; Veq =
equipment volume; and FRC = functional residual capac-
ity. It then follows that:

               (He2) (VHe,O2,air + Veq) - (He3) (VHe,O2,air + Veq)
FRC =
                                              He3

In a typical system, VHe,O2,air = 5.0 L, Veq = 3.5 L and
He2 = 7.0%. If He3 is 5%, FRC would be calculated as
3.40 L. If He3 is 4.99%, FRC would be calculated as 3.42
L, a difference of 20 mL.
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 Appendix 2

If, after an initial measurement of FRC, some helium
remains in the lung when a second measurement is ini-
tiated, the second measured FRC will be systematically
underestimated. A residual helium concentration of 0.1%
would produce a negligible error. At the end of a test, the
helium concentration in the spirometer is as follows:

VHe
                He3 =

VHe,O2,air + Veq + FRC

where He3 = concentration of helium in the spirometer
at the end of the test, VHe = volume of helium added,
VHe,O2,air = sum of the volumes of helium, O2 and air ad-
ded, Veq = equipment volume and FRC: = functional re-
sidual capacity. In a typical system, VHe = 0.6 L, VHe,O2,air
= 5.0 L and Veq = 3.5 L.

If FRC = 3.40 L, He3 would be 5.04%.
If FRC is 3.40 L and 0.1% helium remains in the lung

then there would be an additional 3.4 mL helium in the
system (total helium = 0.6034 L) and the final helium
concentration would be 5.07%, i.e. the difference would
be 0.03%. From Appendix 1, this represents an error of
about 60 mL which is negligible.

Appendix 3

The effect of R (i.e. V 'CO2/V 'O2) on FRC determined
by the helium dilution method can be analysed as fol-
lows. In a steady state (such as at the end of the test), by
conservation of mass:

V 'I,A · FI,He = V 'E,A · FA,He

where V 'I,A = inspired alveolar ventilation, FI,He = frac-
tional concentration of inspired helium, V 'E,A = expired
alveolar ventilation, FA,He = fractional concentration of
alveolar helium. Thus, it follows that:

           V 'I,A
                       FA,He = FI,He ·

            V 'E,A

For conditions in which R is <1, V 'I,A/V 'E,A is >1 and
FA,He must be greater than FI,He. FI,He is used to cal-
culate FRC. When R is <1, FRC will be overestimated.
When R is >1, FRC will be underestimated.

At a given V 'I,A, the difference between FI,He and FA,He
depends on the difference between V 'O2 and V 'CO2. The
significance of this difference in correcting FRC depends
on the relative volumes of the lung and the spirometer.
The correct helium concentration to use in calculating
FRC would be that found after complete equilibration of
gas in the lung and spirometer. If the spirometer is large
relative to the lung the correction in FI,He will be small. If
the spirometer is small relative to the lung, the correction
will be large.

To put this in perspective, some representative values
are given here. If V 'I,A = 5,000 mL, V 'CO2 = 200 mL, V 'O2
= 250 mL (R = 0.8), then V 'E,A will be 4,950 mL and
FA,He will be greater than FI,He by the ratio 5,000/4,950,
or 1%. A typical spirometer system has a volume of 8.5 L

(helium, oxygen, air, equipment volume) and helium con-
centration of 7.0% when the patient is turned in for FRC
measurement. If the FI,He at the end of the test is 4.66%,
the FRC will be calculated to be 4.25 L and FA,He will be
4.66×1.01 = 4.71%. If gases in the equipment and spirom-
eter (VHe,O2,air) and lung are allowed to equilibrate, the
helium concentration will be:

(FRC · FA,He + VHe,O2,air · FI,He)
FHe,eq =

FRC + VHe,O2,air

where VHe,O2,air = sum of the volumes of helium, O2 and
air added and FHe,eq = helium concentration after equi-
libration. In this example, FHe,eq = 4.68%. It has been
assumed that FRC is exactly 4.25 L, although this is
slightly incorrect because it has been calculated from
FI,He and not from FHe,eq which is never known. The
FRC would have been calculated using 4.66% rather
than 4.68% and the error would have been 40 mL. For the
same R, the error would be greater if V 'O2 = 500 mL and
V 'CO2 = 400 mL.
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