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Correction of Single-Breath Helium
Lung Volumes in Patients With Airflow
Obstruction*
Naresh M. Punjabi, MD; David Shade, BA; and Robert A. Wise, MD, FCCP

Study objective: To determine whether alveolar volume (VA) measured during the single-breath
diffusing capacity for carbon monoxide (Deo) can be used as a substitute measure for the
multiple-breath total lung capacity (TLC) in subjects with and without airways obstruction.
Design: Retrospective review of pulmonary function test (PFT) results.
Setting: Pulmonary function laboratories at the Johns Hopkins Hospital (JHH) and the Johns
Hopkins Asthma and Allergy Center (JHAAC).
Participants: Patients referred for spirometry, helium lung volumes, and Deo during a single visit
between November 1993 and November 1996.
Results: JHAAC patients (n=2,477) were used to assess the relationship between VA and TLC. In
patients with an FEV!/FVC >0.70, there was good agreement between VA and TLC (VA/TLC=0.97
to 0.99). However, in patients with an FEVi/FVC <0.70, VA systematically underestimated TLC
(VA/TLC=0.67 to 0.94). The degree of underestimation was related to the severity of airflow
obstruction. To predict TLC using VA, a regression equation was used to "correct" VA for the
severity of obstruction. This equation was used to predict the multiple-breath TLC for JHH
patients (n=2,892). Patients with an FEVj/FVC >0.70 showed a high degree of correlation
between VA and TLC (Pearson's correlation coefficient [r]=0.96 to 0.99; p<0.05). After adjusting
for the severity of airflow obstruction, patients with an FEVx/FVC in the range of 0.40 to 0.70 also
had a strong correlation between the corrected VA and the multiple-breath TLC (r=0.83 to 0.94;
p<0.05).
Conclusions: VA accurately predicts TLC in patients with mild or no airflow obstruction. For
patients with moderate to severe obstruction, correcting VA for the severity of obstruction
improves the accuracy of this relatively simple and rapid technique for measuring TLC.

(CHEST 1998; 114:907-918)

Key words: airflow obstruction; lung volumes; multiple-breath helium dilution; single-breath helium dilution

Abbreviations: cVA=alveolar volume corrected for the severity of airflow obstruction; Deo= single-breath diffusing
capacity for carbon monoxide; FRC=functional residual capacity; JHAAC=Johns Hopkins Asthma and Allergy Center;
JHH=Johns Hopkins Hospital; PFT=pulmonary function test; r=Pearson's correlation coefficient; RV=residual
volume; SVC=slow vital capacity; TLC=total lung capacity; VA=alveolar volume

\JI ultiple-breath helium dilution and single-
*.**- breath helium dilution are widely used pulmo¬
nary function tests (PFTs) for the measurement of
static lung volumes. In many pulmonary function
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laboratories, total lung capacity (TLC) is routinely
measured with the multiple-breath closed-circuit
helium dilution technique. Single-breath helium di¬
lution, by contrast, is usually included with the
measurement of pulmonary diffusing capacity for
carbon monoxide (Deo) and provides an estimate of
TLC, commonly referred to as alveolar volume (VA).

Several investigators have previously demon¬
strated that in subjects without airflow obstruction,
there is good agreement between VA and the multi¬
ple-breath TLC.1-4 However, in patients with ob-
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structive lung disease, VA underestimates the multi¬
ple-breath TLC.15 Although the discrepancy
between the single-breath VA and the multiple-
breath TLC is attributed to the underlying airflow
obstruction, the exact relationship between the level
of discrepancy and the degree of airflow obstruction
remains undetermined. Furthermore, the clinical
utility of VA as a substitute measure of the multiple-
breath TLC is not well defined. The present study
was therefore designed to: (1) determine the effect
of airflow obstruction on the accuracy of single-
breath technique to predict the multiple-breath
TLC, and (2) establish whether VA can be used as an

estimate for multiple-breath TLC in normal and
diseased patients. Since single-breath helium dilu¬
tion is a relatively rapid and simple technique, it
could potentially be used as a substitute measure for
the multiple-breath method to simplify field studies
and reduce the cost of clinical testing.

linear regression was used with VA/TLC as the outcome variable
and FEVl5 FVC, and FEVX/FVC as the candidate predictor
variables. Only those PFT records from the JHAAC sample with
good quality rating on all three PFTs were used in this analysis.
The residuals around the fitted model were examined and the
upper and lower fifth-percentile limits of the residual values were
determined.8
The predictive validity of the proposed model was examined

using the PFT records from patients in the JHH sample. For
each patient, the model was used to adjust the measured VA for
the severity of airflow obstruction. This adjustment involved two

steps: first, each patient's FEV/FVC ratio was used in the model
to predict an expected VA/TLC ratio; second, the measured VA
was then divided by the expected VA/TLC ratio to estimate the
multiple-breath TLC. To assess the accuracy of the predictions,
we calculated Pearson's correlation coefficients8 (r) between the
predicted and the measured values of the multiple-breath TLC.
Two estimates for single-breath RV were obtained by subtracting
the SVC and the FVC, respectively, from the predicted multiple-
breath TLC. These single-breath RV estimates were compared to
the multiple-breath RV. All descriptive statistics are presented as

means ± SD. Analysis was performed on a PC using the STATA
statistical software package (STATA Inc; College Station, TX).

Materials and Methods

We conducted a retrospective review of PFT results for all
patients referred to the pulmonary function laboratory at the
Johns Hopkins Hospital (JHH) and at the Johns Hopkins Asthma
and Allergy Center (JHAAC) from November 1993 to November
1996. PFT records of all inpatients and outpatients were re¬

viewed to identify those patients who had spirometry, closed-
circuit helium lung volumes, and Deo measured during a single
visit. To eliminate inclusion of multiple measurements on any
one patient, only the first PFT recorded for each patient was

selected for the study.
Standard techniques for pulmonary function testing, in general

accordance with the American Thoracic Society guidelines,6 are

used in both pulmonary function laboratories. Equipment was

manufactured by W. E. Collins (Braintree, MA) or was custom-
made for the laboratory. VA was expressed as BTPS and was not
corrected for anatomic deadspace, but was corrected for C02
absorption. Spirometry was performed to obtain the FEV: and
the FVC. Multiple-breath closed-circuit helium dilution was used
to measure functional residual capacity (FRC). At the end of each
multiple-breath procedure, slow vital capacity (SVC) and expira¬
tory reserve volume were measured in triplicate. Residual volume
(RV) was then calculated by subtracting the average expiratory
reserve volume from the measured FRC. TLC was determined
by adding the largest SVC to the calculated RV. VA and Deo were

measured using the single-breath carbon monoxide method.7
Patients from both laboratories were categorized based on the

type of ventilatory impairment. The following classifications and
criteria were used: restrictive (TLC<80% of predicted and
FEV/FVC^O.80); obstructive (TLC>80% of predicted and
FEV1/FVC<0.80); mixed obstructive and restrictive (TLC<80%
ofpredicted and FEV1/FVC<0.80); or no ventilatory impairment
(TLC>80% of predicted and FEVX/FVC>0.80). The VA/TLC
ratio was used as an index of discrepancy between the single- and
multiple-breath technique. Severity of airflow obstruction was

assessed using the FEV/FVC ratio. Before developing a statis¬
tical model to describe the relationship between the VA/TLC
ratio and the severity of airflow obstruction, the data were initially
inspected in a grouped and tabular format. PFT data from the
JHAAC sample were used in the development of the statistical
model, which was then tested using the JHH sample. Simple

Results

Patient Characteristics

During the time period of the study, a combined
total of 6,063 patients had spirometry, helium lung
volumes and Deo measured during a single visit to
one of the two pulmonary function laboratories. Of
the 3,171 patients in the JHAAC sample, 2,477 had
a good quality rating on all three PFTs. This sub¬
group, along with the entire JHH sample of 2,892
patients, formed the final study population
(N=5,369). Patient characteristics and PFT results
for the study population are summarized in Tables 1
and 2, respectively. No significant difference in the
mean age or the sex distribution was noted between
the patients in the JHH and JHAAC samples. How¬
ever, the proportion of African-Americans was sig¬
nificantly higher at JHH than at JHAAC (35.3 vs

18.0%; p<0.05). This difference is attributed to the

Table 1.Characteristics of the Patients in the JHAAC
and JHH Databases

JHAAC
(n=2,477)

JHH
(n-2,892)

Age, yr (mean±SD)
Range

Sex, %
Male
Female

Race, %
White
African-American
Other

55.7±15.4
9-89

41.5
58.5

81.7
18.0
0.3

50.4±14.8
15-93

48.7
51.3

64.7
35.3
0.0
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Table 2.Pulmonary Function Characteristics of Patients in the JHAAC and JHH Databases

JHAAC (n=2,477)

FEV^FVC, %
No. of
Patients FEVi, L FVC, L TLC, L SVC, L RV, L VA, L VVTLC

>90
80-90
70-80
60-70
50-60
40-50
30-40
20-30

50
581
803
495
277
176
80
15

2.68±0.82
2.63±0.86
2.26±0.81
1.87+0.65
1.42+0.54
1.04±0.40
0.80±0.25
0.67±0.20

2.91±0.90
3.14±1.02
2.99±1.05
2.86±0.98
2.56±0.94
2.31±0.88
2.20±0.70
2.49±0.71

4.23±1.08
4.64±1.22
4.96±1.29
5.32±1.29
5.67±1.35
5.91±1.42
6.51±1.28
7.52±1.27

2.86±0.91
3.13±1.00
3.05±1.03
2.99±0.99
2.83±0.97
2.63±0.95
2.59±0.80
3.07±0.72

1.37±0.48
1.51±0.50
1.90±0.55
2.34±0.62
2.84±0.72
3.28±0.82
3.92+0.93
4.45±0.87

4.15±1.09
4.60±1.19
4.82±1.26
5.02±1.25
4.99±1.34
4.68±1.33
4.64±L35
5.11±1.22

0.98±0.06
1.00±0.07
0.97±0.08
0.94±0.10
0.88±0.12
0.79±0.12
0.71±0.15
0.68±0.10

JHH (n=2,892)

FEV/FVC, %
No. of
Patients FEVls L FVC, L TLC, L SVC, L RV, L VA, L VA/TLC

>90
80-90
70-80
60-70
50-60
40-50
30-40
20-30

128
1,108
1,003
368
161
92
28
4

2.56±0.97
2.83±0.90
2.48±0.93
1.85±0.77
1.36±0.48
0.94±0.32
0.68±0.18
0.53±0.11

2.76±1.06
3.38±1.08
3.28±1.21
2.80±1.13
2.44±0.86
2.06+0.68
1.87±0.48
1.80±0.38

4.22 ±1.42
4.82+1.39
5.09±1.51
5.09±1.59
5.20±1.39
5.67+1.48
6.40±1.29
7.31±1.90

2.77±1.03
3.37+1.09
3.32±1.28
2.97±1.20
2.83±0.97
2.48+0.81
2.45±0.77
2.42±0.87

1.46±0.69
1.45±0.49
1.77±0.56
2.12±0.69
2.51±0.76
3.19±0.97
3.96±0.96
4.90±1.65

4.28±1.36
4.87±1.28
5.09±1.43
4.93±1.53
4.64±1.30
4.60+1.39
4.39±1.09
4.59±0.60

1.03±0.11
1.02±0.09
1.01±0.09
0.98±0.12
0.90±0.13
0.81±0.14
0.69±0.14
0.66±0.21

inner-city location of JHH, which provides clinical
services to a large portion of the local African-
American community.
While specific clinical diagnoses for the study

population were not known, the type of ventilatory
impairment for each patient was determined. In the
JHAAC sample, 242 patients (9.8%) had a restrictive
impairment, 1,572 had an obstructive impairment
(63.5%), 274 (11.1%) had a mixed impairment, and
389 (15.7%) had no ventilatory impairment. The
corresponding percentages for the JHH sample were
502 (17.4%), 1,168 (40.4%), 488 (16.9%), and 734
(25.4%), respectively.

Comparison of Single-Breath and Multiple-Breath
Helium Dilution

Patients at or above an FEV/FVC threshold of
0.70 had, on average, a VA/TLC ratio close to unity
(Table 2). Below this threshold, single-breath VA
systematically underestimated the multiple-breath
TLC. As the severity of airflow obstruction in¬
creased, the discrepancy between the single- and
multiple-breath lung volumes increased progres¬
sively (Fig 1). Subgroup analyses of patients with a

purely obstructive defect showed a similar trend
between the VA/TLC ratio and the degree of airflow
obstruction. While patients with a mixed obstructive
and restrictive defect were also observed to have this

inverse relationship, the FEV/FVC threshold for
agreement between the single- and multiple-breath
methods was slightly lower (FEV/FVC>0.60). In
contrast, in patients with a purely restrictive defect,
there was a good level of agreement between the two
techniques independent of the severity of restriction

(JHAAC: V/TLC= 1.01±0.08; JHH: V/TLC=
1.04±0.11). Similarly, patients with no ventilatory
defects had a mean VA/TLC ratio of 0.98 ±0.09 in the
JHAAC sample and 1.00±0.07 in the JHH sample.
Substituting the largest measured SVC in place of
FVC and defining airflow obstruction based on the
FEV/SVC ratio did not significantly alter the above
findings.

Using JHAAC patients with an FEV/FVC ratio of
<0.70, regression analysis of VA/TLC on FEV1?
FVC, and FEV/FVC revealed that the greatest
variation in VA/TLC was explained by FEV/FVC
(r2=0.345). Multivariate models with stepwise addi¬
tion of FEVX and FVC showed a minimal increase in
the amount of variability explained by the added
predictors. Thus, the most parsimonious regression
equation was developed for V/TLC as a function of
FEV/FVC for patients with an FEV/FVC of <0.70.
The slope for this regression line was 0.75 (95%
confidence interval, 0.69 to 0.81; p<0.0001) indicat¬
ing that for each 0.1 decrease in FEV/FVC (below
0.70), the V/TLC ratio decreased by 0.075. The
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Figure 1. V/TLC ratio plotted against FEV/FVC for patients in the JHAAC sample (n=2,477).
Values are means±SD.

effect of airflow obstruction on V/TLC is summa¬
rized by the following equation:

(V/TLC) = 0.46 + 0.75(FEV1/FVC)

Analysis of the fitted line revealed that the residuals

around the fit were normally distributed and had a

constant variance. Moreover, no systematic associa¬
tion between the residuals and FEV/FVC or the
fitted values was noted. Figure 2 is a scatter plot of
V/TLC on FEV/FVC for JHAAC patients with an

40 45 50 55

FEVj/FVC (%)
75

Figure 2. Scatter diagram of VA/TLC and FEV/FVC for JHAAC patients with an FEV/FVC of
<70% (n= 1,043). The regression line (thick line: y=0.46+0.75x) and the upper and lower fifth-
percentile limits (thin lines) of residuals are also shown.
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FEV/FVC of <0.70. This figure also displays the
linear regression line with the upper and lower
fifth-percentile limits of the residuals. Since there
was reasonably good agreement between VA and
TLC in patients with an FEV/FVC ratio >0.70, VA
was used as an estimate for TLC in these patients.
However, in patients with an FEV/FVC ratio of
<0.70, an adjustment was performed for the severity
of airflow obstruction. Using VA and the above
regression equation, we developed the following
model to predict the multiple-breath TLC:

cVA =

VA
VA/[0.46+0.75(FEV1/FVC)]

ifFEVx/FVC^O.70
ifFEV1/FVC<0.70

where cVA is the "corrected" VA after adjustment for
the severity of airflow obstruction.

Validation of the Model

The JHH sample was used to assess the validity of
the above model in predicting the multiple-breath
TLC. The cVA was determined for each patient in
this sample without any exclusions based on the
quality of the patient's PFTs. Among patients with an

FEV/FVC of >0.40 there was a high degree of
correlation between cVA and the measured multiple-
breath TLC (r=0.83 to 0.96; Fig 3). However, in

severely obstructed patients (FEV/FVC<0.40), the
correlation between cVA and TLC was not as strong,
in part because of the small number of patients.
While the variability in cVA increased with worsening
obstruction (Fig 3), cVA was, on average, a better
estimate of the multiple-breath TLC than was VA.
We also observed that with increasing severity of

airflow obstruction, FVC decreased more than SVC
(Fig 4). The difference (SVC-FVC) was significant
(>100 mL) in patients with an FEV/FVC of <0.70
and was negatively correlated with FEV/FVC
(r=-0.39; p<0.0001). Consequently, single-breath
RV determined by subtracting SVC from cVA better
estimated the multiple-breath RV than did single-
breath RV determined by subtracting FVC from cVA
(Fig 4).

Discussion

The results of the current study demonstrate that
single-breath helium dilution can accurately predict
the multiple-breath TLC in normal subjects and in

patients with mild airflow obstruction (FEV/
FVC>0.70). In patients with moderate to severe

obstruction, however, single-breath helium dilution
systematically underestimates the multiple-breath

TLC. The magnitude of underestimation in these
patients is directly related to the severity of under¬
lying obstruction. Substantial improvement in the
accuracy of the single-breath estimate of TLC is
achieved if VA is adjusted for the degree of airflow
obstruction.

Several studies have previously demonstrated that
in the absence of airways obstruction, lung volume
measurements by single- and multiple-breath helium
dilution are essentially similar.1-4 In the Epidemiol¬
ogy Standardization Project, Ferris3 reported good
agreement between the single- and multiple-breath
TLC in normal subjects and in patients with inter¬
stitial lung disease. In contrast, a significant differ¬
ence was observed between the single- and multiple-
breath TLC in patients with significant airflow
obstruction (FEV/FVC<0.70). This difference in
TLC, as measured by these two techniques, progres¬
sively increased with the severity of airflow obstruc¬
tion. Similarly, Van Ganse and coworkers2 showed
that single- and multiple-breath helium dilution pro¬
duce comparable results in normal subjects but not
in patients with airways obstruction. Their study also
revealed that the difference in TLC by the two

techniques was negatively correlated with the degree
of airways obstruction. Moreover, they noted that as

the breath-hold time during the single-breath tech¬
nique was increased, the difference between the
single- and multiple-breath TLC progressively di¬
minished.

In a more recent study, Burns and Scheinhorn9
used a similar approach to the one in our study and
compared the TLC measured by single-breath he¬
lium dilution to that obtained by chest radiography in
patients with an FEV/FVC in the range of 0.28 to
0.95. TLC by single-breath helium dilution was in
close agreement with radiography in patients with an

FEV/FVC >0.70, whereas it significantly differed
from the radiographically derived TLC in patients
with an FEV/FVC <0.70. In these patients, a linear
regression model relating the effects of airflow ob¬
struction on the discrepancy between the two meth¬
ods revealed a slope coefficient of 0.81 for FEV/
FVC, which is close to that obtained in our study.

Several other investigators have reported findings
that are in disagreement with our conclusions. In one
of the earliest studies on single-breath helium dilu¬
tion, Mitchell and Renzetti5 observed a high degree
of correlation between the single- and multiple-
breath TLC in normal subjects and in patients with
obstructive lung disease (r=0.99 in normal subjects
and r=0.82 in obstructed patients). In both groups of
patients, no significant difference was noted in the
average TLC by these two techniques, leading the
authors to recommend single-breath helium dilution
for the routine measurement of TLC. Similarly,
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Figure 3. Scatter diagrams for measured TLC vs cVA for patients in the JHH sample by FEV/FVC
(%) category. The dashed lines indicate the line of identity.

Pecora and associates10 also found that in normal
subjects and in patients with airways obstruction,
single-breath TLC was of a similar magnitude as the
multiple-breath TLC. More recently, Kilburn et al11
compared measured lung volumes in 16 patients
with radiographically advanced absestosis by four

methods: gas dilution (single- and multiple-breath),
plethysmography, and radiography. While both gas
dilution methods underestimated TLC, there was no

significant difference between the single- and mul¬
tiple-breath TLC. Surprisingly, single-breath lung
volumes were closer to the plethysmographic and the
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Figure 4. Vital capacity (top) and residual volume (bottom) plotted against FEV/FVC (%) for JHH
patients (n=2,892).

radiographic measurements than were the volumes
measured by the multiple-breath technique. These
studies, however, were limited in that the inclusion
of a relatively small number of subjects with obstruc¬
tive lung disease reduced the power for detecting a

statistically significant difference between the single-
and multiple-breath methods.
The conclusion that single-breath helium dilution

underestimates the multiple-breath TLC in patients
with airflow obstruction is an expected finding. Lung
volume measurements by gas dilution are based on

either the wash-in or the wash-out of a tracer gas
from the lungs. Closed-circuit helium dilution in¬

volves breathing of a helium gas mixture from a

closed-circuit spirometer with subsequent "wash-in"
of helium into the lungs. This method can be
performed with either a single- or multiple-breath
technique. Single-breath helium dilution requires a

vital capacity breath-hold of the helium gas mixture
and is usually included with the measurement of
Deo. Multiple-breath helium dilution, on the other
hand, requires rebreathing of the helium gas mixture
at FRC until equilibration of helium has occurred
within the lungs. With either the single- or multiple-
breath technique, determination of lung volume is
based on knowing the initial volume of gas in the
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spirometer and the amount of helium dilution that
has occurred during the test. The advantages of the
closed-circuit method are that it is operationally
simple and generally requires less patient effort than
alternative methods of lung volume measurement,
such as body plethysmography. Furthermore, both
closed-circuit techniques, single-breath and multi¬
ple-breath, are reproducible in their measurement of
TLC, with reported coefficients of variation of 2.7
and 4.8%, respectively.3 Disadvantages of the closed-
circuit method include the potential for errors in the
measurement ofhelium concentration that can result
either from the alinearity of helium gas analyzers or

from leaks in the patient-spirometer system. There is
also a waiting period before this test can be repeated
to allow for re-equilibration with room air. Thus,
multiple determinations of FRC with this method
are less feasible. Moreover, since closed-circuit he¬
lium dilution involves the wash-in of the inspired
helium into the lungs, it is able to measure only the
volume of gas in the lungs that is in direct commu¬
nication with the airways. It is well known that
patients with COPD have a significant amount of
noncommunicating or trapped gas in their lungs.
Closed-circuit helium dilution and gas dilution
methods, in general, are unable to measure this
volume of trapped gas, and these methods yield
estimates of TLC that are lower than those obtained
by body plethysmography or radiography.12-15 In the
absence of significant airways obstruction, the abso¬
lute difference between the multiple-breath and
plethysmographic TLC is small and in the range of
100 to 250 mL3'15 In the presence of moderate to
severe airways obstruction (FEV/FVC<0.60), the
magnitude of this difference varies with the degree
of obstruction and can be as high as 1 L in some

patients.14 The error in the measurement of TLC is
even greater when single-breath helium dilution is
compared to other methods, especially in patients
with airways obstruction. The results from our study
and from previous work suggest that mean values for
single-breath TLC can deviate by more than 1 L
from the multiple-breath and plethysmographic
TLC.3 Several investigators, however, have demon¬
strated that by increasing the breath-holding time
during the single-breath technique, one can achieve
a better distribution of helium to poorly ventilated
regions and thereby improve the accuracy of the
single-breath TLC.216 Alternatively, as shown in our

study, mathematically adjusting the single-breath
measurement for the severity of airflow obstruction
also can be used to obtain an accurate estimate of
TLC.

In contrast to closed-circuit helium dilution (a
method based on wash-in of helium into the lungs),
the open-circuit nitrogen method is based on the

wash-out of nitrogen from the lungs while breathing
100% 02. Like the closed-circuit method, open-
circuit nitrogen wash-out can also be performed with
either a single- or multiple-breath technique. Single-
breath nitrogen wash-out involves a vital capacity
inspiration of 100% 02 with subsequent measure¬

ment of the nitrogen concentration in the exhaled
gas. Multiple-breath nitrogen wash-out, on the other
hand, involves breathing of 100% 02 with continu¬
ous collection of the exhaled gas and monitoring of
the nitrogen concentration in this collection. As with
the closed-circuit method, lung volume is deter¬
mined by knowing the initial concentration of nitro¬
gen in the lungs (usually assumed to be 0.81) and the
amount of nitrogen washed out from the lungs
during the test. The open-circuit method shares
some of the disadvantages of the closed-circuit
method including the potential for erroneous mea¬

surements either due to the nonlinearity of the
nitrogen gas analyzers or from leaks in the system.
Moreover, open-circuit nitrogen wash-out is also
unable to measure the volume of "trapped" gas in
patients with obstructive lung disease. Comparison
of TLC measurements by single-breath nitrogen
washout to those by plethysmography show a differ¬
ence of 0.36 to 0.46 L in normal subjects and 1 to 2
L in obstructed patients.3 While this trend also holds
true for the multiple-breath technique, the absolute
difference is less when multiple-breath nitrogen
wash-out is compared to closed-circuit helium dilu¬
tion or plethysmography. With either the single- or

multiple-breath nitrogen technique, the residual er¬

ror in the measurement of TLC is directly related to
the severity of airways obstruction.12 An added
source of error for the open-circuit method is the
potential contribution of tissue nitrogen to the total
amount of nitrogen collected during the washout
period. Unlike helium, nitrogen is readily soluble in
tissues and is eliminated from sources other than the
lungs during the test. However, with appropriate
adjustments for the volume of nitrogen eliminated
from other tissues, there is a minimal loss in the
accuracy of this method for measuring TLC.17

Despite these limitations, open-circuit nitrogen
wash out is a reliable and useful method for measur¬

ing TLC. Repeated measurements of RV with mul¬
tiple-breath nitrogen washout have a coefficient of
variation of about 2.2%.18 Single-breath nitrogen
measurements of TLC are also reproducible, with a

reported coefficient of variation of about 4.0%.3 An
advantage of the open-circuit method, relative to
other methods, is its ability to assess the uniformity
of gas distribution in the lungs. This is usually done
with the single-breath nitrogen washout technique
by plotting the nitrogen concentration at the mouth
against the volume of exhaled gas.19 After a vital
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capacity inhalation of 100% 02, a characteristic
pattern in the elimination of nitrogen is observed.
This pattern consists of the initial elimination (phase
I) of dead-space gas with no nitrogen, followed by a

mixture of dead-space and alveolar gas resulting in a

gradual increase in the nitrogen concentration
(phase II). Subsequently, a sloping plateau in the
nitrogen concentration is observed, which reflects
the elimination of the alveolar gas (phase III). If the
inspired 100% 02 is evenly distributed to all alveoli,
the alveolar gas plateau will be horizontal. However,
if there is inhomogeneity of ventilation, this plateau
will have a gradual slope with the latter portion
representing the nitrogen from slowly emptying por¬
tions of the lungs. Thus, the slope of the alveolar gas
plateau is used by some to assess the heterogeneity
in ventilation and has been shown to be an important
predictor of the measurement discrepancy between
the open-circuit method and plethysmography.12

In contrast to gas dilution, body plethysmography
and radiography are not limited in their ability of
measuring only the volume of communicating gas.
Roth methods provide a measurement of the total
volume of gas in the thorax whether it is in direct
communication with the airways or not. For the
plethysmographic measurement of TLC, the subject
is seated in a sealed box and instructed to pant
against an occluded airway. Since there is no airflow
during the panting maneuver, the accompanying
change in alveolar pressure can be measured directly
at the mouth. The lung volume changes associated
with the compression and expansion of thoracic gas
are derived either from the pressure changes that
occur in a variable-pressure plethysmograph or from
the volume changes that occur within a variable-
volume plethysmograph. Application of Boyle's law
to these pressure-volume changes, with appropriate
thermodynamic adjustments, then permits the cal¬
culation of thoracic gas volume. Advantages of body
plethysmography include its ability to measure the
total volume of gas in the thorax, the relatively short
duration of the test, and the potential for repeated
measurements in the same patient. Moreover, the
coefficient of variation of repeated measurements of
thoracic gas volume by body plethysmography is
about 4.4%.3 There are, however, several limitations
with this method. First, many patients cannot toler¬
ate being in a sealed environment for even short time
periods, and some are unable to adequately perform
the required panting maneuver. Second, because
plethysmography measures the volume of compress¬
ible gas within the thorax and abdomen, the inclu¬
sion of intra-abdominal gas may lead to substantial
errors in the measurement of lung volume.20 In most

subjects, however, the error from this source is
usually negligible if the panting maneuver is per¬

formed properly. The third limitation is that pleth¬
ysmography may overestimate the lung volume in
obstructed patients because of the incomplete trans¬
mission of the alveolar pressure swings to the mouth.
Brown et al21 showed that in asthmatic subjects,
measurement of thoracic gas volume by body pleth¬
ysmography was greater when the panting maneuver

was performed near RV than when it was performed
near TLC. This discrepancy in the measured TLC at
different lung volumes increased with worsening
degree of airflow obstruction. On the basis of these
findings, the authors concluded that in the presence
of airflow obstruction, alveolar pressure changes are

not accurately reflected by the changes in the pres¬
sure at the mouth, which lead to inaccurate estimates
of lung volume. To investigate this problem further,
Shore et al22 and Stanescu et al23 compared lung
volume measurements using esophageal pressure to
estimate changes in alveolar pressure with measure¬

ments made by using changes in the mouth pressure.
Both studies showed that in the presence of airflow
obstruction, TLC was significantly greater when
mouth pressure was used in place of esophageal
pressure to estimate the changes in alveolar pres¬
sure. This difference in TLC was explained by the
fact that during the panting maneuver, the compliant
extrathoracic airways undergo cyclical volume
changes that cause a small volume of air to flow
between the alveoli and mouth. In the absence of
airways obstruction, the pressure drop resulting from
this flow is negligible and there is equilibration of
pressure at the mouth and alveoli. However, in the
presence of airways obstruction, the drop in pressure
across the obstruction is significant and changes in
mouth pressure underestimate alveolar pressure
changes. This error can be minimized if the panting
maneuver is performed at a frequency of between
0.5 and 1 Hz.2425 Given that body plethysmography
may overestimate lung volumes in severely ob¬
structed patients, Rodenstein and Stanescu14 hy¬
pothesized that the observed discrepancy in lung
volume measurements by plethysmography and gas
dilution may be a combined effect of the underesti¬
mation of TLC by the gas dilution and the overesti¬
mation by plethysmography.
The other alternative for measuring the total

volume of communicating and noncommunicating
gas in the thorax, besides body plethysmography, is
chest radiography. The two most commonly used
radiographic techniques are the ellipsoid method of
Barnhard et al26 and the planimetry method of
Harris et al.27 The ellipsoidal method treats each
hemithorax as a stack of ellipsoids of varying sizes to
determine lung volume. Standard posterior-anterior
and lateral chest radiographs are used to determine
the length of major and minor axes and the height of
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each ellipsoid. The volumes of these ellipsoids are

then summed and corrected for the cardiac, pulmo¬
nary, and blood volumes to obtain the radiographic
lung volume. Planimetry, on the other hand, is based
on the calculation of surface areas of the right and
left hemithoraces. These surface areas are obtained
with a planimeter and used in a regression equation
to obtain the radiographic TLC. Measurements of
TLC by radiography and plethysmography usually
yield comparable results. In their original descrip¬
tions of the radiographic technique, both Harris et
al27 and Barnhard et al26 noted a high degree of
correlation (r>0.83) between radiography and other
methods. Similarly, radiographic measurements in
the Epidemiology Standardization Project were in
close agreement with the plethysmographic mea¬

surements and had a coefficient of variation of about
4.5%.3 In contrast, Spence and coworkers28
showed that in a sample of 10 normal subjects and
12 patients with obstructive lung disease, the
intraindividual agreement between radiographic
planimetry and plethysmography was poor. Addi¬
tionally, planimetry did not accurately measure the
change in lung volume from FRC to TLC within
individuals. The authors concluded that radio-
graphic planimetry is not a robust enough tech¬
nique to replace other well-established techniques
for measuring lung volume. Moreover, the expo¬
sure to radiation associated with this approach
limits the frequency of repeated measurements.
Nevertheless, radiography has proved to be very
useful in certain situations, such as large epidemi¬
ologic surveys in which chest radiographs may be
part of the screening process and standard PFTs
may not be available.
While we are unaware of any published studies

that report the extent of utilization for each method,
we suspect that gas dilution is perhaps the most

widely used method for measuring TLC. Among the
methods available, however, there is no one pre¬
ferred method. Each setting should be individual¬
ized and the choice of the method should be based
on factors such as the purpose of the test, the patient
population, feasibility, and cost. Furthermore, a fun¬
damental understanding of the advantages and dis¬
advantages of each method (Table 3) is necessary for
accurate interpretation and use of the measurements
from these methods.

In summary, our study demonstrates that in nor¬

mal subjects and in patients with mild airways ob¬
struction, the single-breath and multiple-breath he¬
lium dilution techniques yield similar measurements
for TLC. However, in patients with moderate to
severe obstructive lung disease, single-breath helium
dilution systematically underestimates the multiple-
breath TLC. Adjusting the single-breath measure¬

ment in these patients improves the level of agree¬
ment between the two methods, thus increasing the
potential use of this relatively simple and rapid
technique. The findings from our study extend pre¬
vious work in several ways. First, to our knowledge
this is the largest study to date comparing the
single-breath and multiple-breath helium dilution
techniques. Second, the inclusion of a heterogeneous
group of patients in the initial comparison of the two

techniques and in the validation of the model at a

different pulmonary function laboratory increases
the generalizability of our results. Third, the simple
linear adjustment proposed for patients with moder¬
ate to severe obstruction is easy to apply both
prospectively and to previously collected data sets.
While we do not propose that single-breath helium
dilution replace the multiple-breath technique, we

do believe that the approach presented here has
value in field or epidemiologic studies in which other
methods are not feasible.
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