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ABSTRACT: In this paper, the techniques available for estimating total lung capac-
ities from standard chest radiographs in children and infants as well as adults are
reviewed. These techniques include manual measurements using ellipsoid and
planimetry techniques as well as computerized systems. Techniques are also avail-
able for making radiographic lung volume measurements from portable chest radi-
ographs. There are inadequate data in the literature to support recommending one
specific technique over another. Though measurements of lung volumes by radi-
ographic, plethysmographic, gas dilution or washout techniques result in remark-
ably similar mean results when groups of normal subjects are tested, in patients
with disease, the results of these different basic measurement techniques can dif-
fer significantly. Computed tomographic and magnetic resonance techniques can
also be used to measure absolute lung volumes and offer the theoretical advan-
tages that the results in individual subjects are less affected by variances of tho-
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racic shape than are measurements made using conventional chest radiographs.
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Qualitative assessments of lung volumes are performed
unconsciously by most clinicians during review of chest
radiographs. More quantitative measurements may enable
assessments of lung function to be made from routine
radiographs that are often already needed for epidemi-
ological studies or for the care of patients suspected of
having lung disease or dysfunction. In subjects with lim-
ited ability to co-operate, radiographic lung volumes
may be more feasible than physiological measurements;
they are also generally less expensive than gas dilution
or plethysmographic techniques. Although they carry
their own assumptions and limitations, radiographic tech-
niques also obviate some of the uncertainties of physi-
ological measurements of lung volumes, such as the
impact of poorly communicating spaces on gas dilution
techniques or plethysmographic errors secondary to fail-
ure of dynamic pressures measured at the mouth to
reflect changes in alveolar pressures.

Conventional chest radiographs

Although there were a number of earlier efforts to
measure lung volumes from chest radiographs, they were
less accurate than the method described in 1960 by
BARNHARD et al. [1], later modified by Loyp et al. [2].
They considered the thorax as a stack of five ellipsoids
for which volumes can be calculated from transverse
diameters and heights measured from posteroanterior
(PA) and lateral chest radiographs; adjustments are made
for magnification factors, and volumes of the heart,
intrathoracic tissue and blood, and infradiaphragmatic
spaces. Figure 1 illustrates the types of tracings utilized
in this technique.

included participants from the European
Respiratory Society.

A fundamentally different approach was developed
by PraTT and KrucH [4]. It eliminated the need to assume
a geometric shape of the thoracic cage representative of
all subjects by measuring intrathoracic areas on PA and
lateral chest radiographs using planimeters (engineering
devices designed to measure the area of irregularly shaped
spaces) and empirically relating these areas to mea-
surements of lung volumes on the same subjects, mea-
surements initially obtained from postmortem studies [4]
and later [5] from in vivo gas dilution and plethysmo-
graphic measurements. Figure 2 illustrates the boundaries
used in scribing the thoracic outlines for the planimetry
method. The boundaries for the PA view are the same
as for the ellipsoid method; for the lateral view, the
boundaries include a single diaphragm dome halfway
between hemidiaphragms (in contrast with using the
highest diaphragm for the ellipsoid technique) and the
posterior margin of the vertebral bodies (instead of the
posterior interior margins of the ribs).

In a comparison of their planimetric technique with
the Barnhard/Loyd ellipsoid method, HARRIS et al. [5]
concluded that their technique was slightly less accu-
rate than the ellipsoid technique but easier and faster to
perform. In a study of 48 normal subjects which com-
pared lung volume measurements utilizing the Barnhard/
Loyd ellipsoid and Harris planimetry techniques with
measurements done by variable pressure body plethys-
mography [3], high correlation coefficients with plethys-
mography (r=0.93 for ellipsoid and 0.97 for planimetry)
and similar means for total lung capacity (TLC) mea-
surements by these three techniques (6.09, 6.06 and 6.17
L, respectively) were noted. As suggested by BLanp and
ALTMAN [6] in their discussion of comparisons of tech-
niques, the analysis of differences between the techniques
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Fig. 1. — a) Posteroanterior and lateral thoracic cage outlines super-

imposed for delineation of zones I-V in the ellipsoid method. b)
Diaphragm (d) and heart measurements using the ellipsoid method.
¢) Lateral diaphragm and heart measurements using the ellipsoid
method. Ht: height of hemidiaphragm; C,;: maximal cardiac diame-
ter; C,, C5: maximal perpendical distances to the cardiac border, above
and below maximal cardiac diamter, respectively; C,: maximal diam-
eter prependicular to the long axis of the heart. See references [1]
and/or [3] for further details of measurement techniques.R: right; L:
left (From [3], with permission).
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Fig. 2. — Tllustration of thoracic cage outlines for the planimetry
method with specifics of the boundaries on the lateral view which
differ from those used for the ellipsoid methods. (From [3], with per-
mission).

in individual subjects indicated more substantial limi-
tations: the standard error of the estimate for the regres-
sion comparing radiographic and plethysmographic values
was 0.51 L for ellipsoid and 0.28 L for planimetric mea-
surements; 25% of the ellipsoid measurements differed
by more than 10% from plethysmography versus 6% by
planimetry.

Subsequently, a number of papers described automa-
tion or computerization of measurements of radiogra-
phic lung volumes using both ellipsoid and planimetric
techniques. PIERCE et al. [7] described a modification of
the ellipsoid method which used a computerized digi-
tizer to measure the volumes of 200 horizontal thoracic
slices assumed to be a near-ellipsoid geometric shape
described by an equation derived from postmortem cross-
sectional sections and computed tomography (CT) scans.
Adjustments were made for magnification; volumes of
the heart, spine, and subdiaphragmatic region; posture;
and assumed intrathoracic tissue, blood, and water vol-
umes [7]. Busn and DEnison [8] later proposed improve-
ments for estimating magnification within the Pierce
method. In a comparison of techniques, RODENSTEIN ef
al. [9] concluded that the Pierce/Bush technique was
more accurate than the Barnhard/Loyd technique when
compared with plethysmography, but also noted that both
radiographic methods had to be interpreted cautiously in
individual subjects as differences between the plethys-
mographic and the Pierce/Bush method were as large
as 1.64 L (20% of the plethysmographic TLC). Other
techniques or equations for measuring radiographic lung
volumes have also been described [10].

In 1979, Ries et al. [11] described a technique for
measuring functional residual capacity (FRC) or TLC
from supine patients using portable radiography; this
paper also described the use of high speed rare earth
intensifying screens, very fast X-ray film, and absence
of a grid which reduced radiation exposure for these
measurements by approximately 90% as compared with
conventional chest radiographs. BLock et al. [12] have
described a technique for measuring FRC in supine sleep-
ing adults using portable chest radiographs.

For paediatric applications, the studies are more prob-
lematic. SHEPARD and SELIGER [13] concluded that the
planimetry technique gave adequate measures of lung
volumes on the majority of the 10-12 yr old children
they tested, though data from 12 of the 62 children had
to be excluded because of unexpectedly wide discrep-
ancies between observed and predicted values. They
cautioned that the Barnhard/Loyd elliptical method gave
a substantial systematic error when applied to children.
Using a special nomogram for predicting lung tissue and
blood volumes in smaller children, HiLLER et al. [14]
found correlation coefficients of 0.93 when ellipsoid-
radiographic and helium TLCs were compared in ado-
lescents aged 12—19 yrs who either were healthy or had
only mild cystic fibrosis. Similar correlation coefficients
were observed between plethysmographic and radiogra-
phic TLCs [15] both by the ellipsoid method of Barnard/
Loyd and the method described by Gawmsu [16] which
requires only a PA radiograph and two linear measure-
ments. In this study, it was notable that the 95% confi-
dence intervals for estimating radiographic TLCs in
individual children from the regression lines were greater
than £860 mL, or greater than £30% of the median TLC
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observed by plethysmography [15]. SaLam and WARwWICK
[17] extended the planimetry technique to 4-16 yr olds
and after a comparison of nine different equations with
body plethysmographic measurements, identified equa-
tions that were optimal at both high and low lung vol-
umes. CAMPBELL [ 18] compared three different published
equations for using planimetry techniques in children
aged 5-10 yrs and identified the best as one of two equa-
tions developed by SALEM and Warwick [17]. CUTRERA
and HeLms [19] compared radiographic volumes from
the Pierce method (as modified by Helms) with helium
dilution and plethysmographic volumes and concluded
that in children with cystic fibrosis, results from these
techniques differed considerably and could not be used
interchangeably. More recently, using measurements of
lung volumes by body plethysmography and nitrogen
washout in 26 infants with bronchopulmonary dyspla-
sia, FUMEY et al. [20] developed regression equations
for estimating lung volumes from PA chest radiographs
alone or combined with lateral views.

The inter- and intra-observer reproducibility of radio-
graphic lung volume measurements on the same radio-
graphs have been defined by a number studies [2, 7, 9];
representative numbers are intra-observer coefficients of
variation (CV=standard deviation/mean-100) of 0.56%,
interobserver CV of 4.9% [7]. There are limited data on
the reproducibility of TLCs from repeat radiographs;
Cutrera [19] noted four to fivefold larger differences
when differences between repeat radiographic and plethy-
smographic TLCs were compared with the corresponding
differences between repeat helium and plethysmographic
TLCs in children with cystic fibrosis.

Computed tomography

In contrast with the inherent limitations of one or two-
view radiographic techniques, CT and magnetic reso-
nance imaging (MRI) techniques offer the potential for
accommodating for individual variances in chest wall
shape. As with radiographic techniques, CT and MRI
also offer the potential for volume measurements of spe-
cific regions or sections of lung [21]. In addition to tho-
racic cage volumes, CTs can provide estimates of lung
tissue and air volumes and can also estimate the vol-
umes of lung occupied by increased density (as in patchy
infiltrates) or decreased density (as in emphysema or
bullae) [22-24]. CT methods utilize thresholds of atten-
uation numbers for lung and adjacent tissues of ribs,
diaphragms, and the heart to define the boundary of the
thoracic cage; in some systems this boundary can be
modified by the reviewer. Lung volumes are then com-
puted from the sums of the lung areas multiplied by the
thickness of sections and the number of sections [21,
22, 24]. In the literature, the details of how the CT vol-
umes are measured are often sketchy, in part because
much of the CT computational methodology utilizes
device-specific software considered proprietary. CANN
[25] has pointed out that not all CT scanners are equal-
ly suited for quantitative applications, and results on one
machine may not be comparable to those of another
unless correction factors are used.

In one of the few studies comparing volumes com-
puted from both chest radiographs and CTs, in the 21

children studied, comparable correlations were observed
for CT and radiographic measurements as compared
with plethysmographic TLCs [15].

The radiation doses involved with conventional CT
preclude widespread use of this technology for mea-
suring lung volumes unless the CTs are also obtained
for other purposes. If, however, fine detail of parenchy-
mal images is not needed, the CT procedure could be
modified to substantially reduce radiation dose. Advances
in ultrafast or spiral CTs are resulting in significant
decreases in radiation doses and offer capabilities for
dynamic assessments of regional lung volumes in units
as small as individual lobules.

Magnetic resonance imaging (MRI)

CHAPMAN ef al. [26] demonstrated the potential for
measuring thoracic volumes using MRI in unsedated
infants; use of the ultrafast echo planar MRI permitted
collection of 400 thoracic images within 5 min (far more
images than are required for thoracic volume measure-
ments). Improvements in MRI technology will permit
generation of images from single breaths. As with CT
[21-23, 27], MRI also offers the potential for measur-
ing lung volumes of specific lungs or regions of the
lungs as well as adjusting for estimates of lung water
and tissue. However, in spite of the advantage of absence
of radiation exposure, use of MRI for measuring tho-
racic volumes will be limited by its considerable cost.

Controversies and critical questions

1. Can we make specific recommendations for stan-
dardizing imaging techniques for measurements of lung
or thoracic volumes?

For children and infants, because of the limited num-
ber of radiographic and physiological studies of lung
volumes in healthy infants, the real or uncertain limi-
tations in "gold-standard" physiological measurements
of lung volumes in infants with lung disease, and the
paucity of studies which have compared with sufficient
power the radiographic methods available in children,
no specific techniques can be recommended as "gold-
standards" at this time. The most promising methods
would seem to be the technique developed by FuMEY et
al. [20] for infants and the planimetry equation for chil-
dren developed by SaLam and Warwick [17] which was
identified as optimal from the comparison by CAMPBELL
[18]. In infants, variations in thymus size introduce sig-
nificant problems for both planimetry and ellipsoid tech-
niques. Also problematical are estimates for lung tissue
volume in infants and children.

For adults, because of a lack of studies which have
compared all three basic radiographic techniques (Harris,
Barnhard, and Pierce), no single technique can be rec-
ommended over another. Between the two basic "ellip-
soid-like" techniques, the comparison by RODENSTEIN e?
al. [9] indicates that the Pierce technique is superior;
the Pierce method also offers the advantages of more
rapid computerized measurements. Whichever method
is used, careful attention must be paid to matching the
techniques originally described, especially in regards to
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magnification factors and specific anatomic guidelines
for defining thoracic outlines.

Because of the paucity of specific details regarding
CT techniques and the lack of adequate comparison stud-
ies, no single technique can be recommended. For MRI
there is too little experience to make specific recom-
mendations regarding optimal techniques. For both CT
and MRI, advances in the speed of imaging and thought-
ful selection of the number of images required will sig-
nificantly affect the potential for use of these techniques
for lung volume measurements in the future.

2. Are the inspirations to TLC achieved during rou-
tine chest radiographs sufficiently close to those achieved
in pulmonary function laboratories where patients are
specially instructed to make maximal inspirations?

CRrAPO et al. [28] observed that in 19 healthy subjects,
radiographic TLCs taken after routine coaching instruc-
tions for chest radiographs averaged 95.5% of the radi-
ographic TLCs measured after special coaching. In four
out of 19 subjects, however, the special coaching TLCs
were more than 0.60 L larger than TLCs after routine
radiograph instructions.

In an epidemiological study, KiLBURN et al. [29] noted
that 13% of subjects had radiographic evidence of inad-
equate inspirations (diaphragm above the ninth posterior
midintercostal space) on standard chest radiographs and
90% of such subjects achieved better inspiration after
encouragement to maximize inspirations.

It is likely that the adequacy of inspiratory efforts dur-
ing "routine" radiographs is highly site and subject spe-
cific; when optimal accuracy is required, both the subject
and the radiology technician should be instructed regard-
ing inspiratory techniques.

3. Are single radiographic lung volume measurements
in individual patients sufficiently accurate to be clini-
cally useful?

Although the mean TLCs from groups of normal sub-
jects may be very close when radiographic and plethys-
mographic techniques are compared [2, 3, 5, 9] and the
correlation coefficients quite high, differences between
plethysmographic and radiographic TLCs of more than
20% in normal subjects have been reported [1, 3, 5, 7,
9, 30], as have standard deviations of 400-800 mL
around regression lines comparing radiographic with
plethysmographic or gas dilution TLCs [5, 11, 15], indi-
cating that individual radiographic lung volumes may
be sufficiently inaccurate to limit their clinical useful-
ness. This conclusion does, however, assume that the ple-
thysmographic or gas dilution measurements are always
more accurate and/or reproducible in normal subjects
than radiographic TLCs, an assumption with some sup-
port from the data of CutrerA and HeLms [19]. This un-
certainty about the relative reliability of radiographic TLC
measurements might be resolved if studies of repeated
measurements of plethysmographic and gas dilution and
radiographic volumes were performed in those with the
largest discrepancies and compared with CT measure-
ments of volumes.

4. How accurate are imaging techniques for measur-
ing lung volumes in patients with infiltrates or other air-
space-occupying lung disease?

Although plethysmographic, gas dilution, and radi-
ographic techniques can give lung volumes that are
remarkably similar in normal subjects, they measure fun-
damentally different spaces which can differ substan-
tially in patients with lung disease. The planimetric
technique relies on regression equations developed from
physiological measurements of lung volumes in normal
subjects. In patients with lung disease with significant
amounts of airspace-occupying tissue (e.g. pneumonia
with consolidation; severe interstitial fibrosis), some [31,
32] but not all [33, 34] studies have observed that radi-
ographic lung volumes may be substantially greater than
the compressible gas volumes or communicating gas
volumes measured by plethysmography or gas dilution
techniques, respectively; the differences between these
studies may reflect the severity of lung disease in the
study patients. With the ellipsoid techniques, the values
reported are generally adjusted for assumed values of
intrathoracic blood and fluids and lung tissue values
appropriate for normal subjects. CT and MRI techniques
offer the potential for measuring intrathoracic volumes
and estimating lung gas volumes after subtraction of
estimates of fluid and tissue volumes derived from mea-
surements of image density.
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