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Abstract Purpose: Clinical appli-
cations of quantitative computed
tomography (qCT) in patients with
pulmonary opacifications are hin-
dered by the radiation exposure and
by the arduous manual image pro-
cessing. We hypothesized that
extrapolation from only ten thoracic
CT sections will provide reliable
information on the aeration of the
entire lung. Methods: CTs of 72
patients with normal and 85 patients
with opacified lungs were studied
retrospectively. Volumes and masses
of the lung and its differently aerated
compartments were obtained from all

CT sections. Then only the most
cranial and caudal sections and a
further eight evenly spaced sections
between them were selected. The
results from these ten sections were
extrapolated to the entire lung. The
agreement between both methods was
assessed with Bland—Altman plots.
Results: Median (range) total lung
volume and mass were 3,738
(1,311-6,768) ml and 957
(545-3,019) g, the corresponding bias
(limits of agreement) were 26 (—42 to
95) ml and 8 (—21 to 38) g, respec-
tively. The median volumes (range)
of differently aerated compartments
(percentage of total lung volume)
were 1 (0-54)% for the nonaerated, 5
(1-44)% for the poorly aerated, 85
(28-98)% for the normally aerated,
and 4 (0-48)% for the hyperaerated
subvolume. The agreement between
the extrapolated results and those
from all CT sections was excellent.
All bias values were below 1% of the
total lung volume or mass, the limits
of agreement never exceeded £2%.
Conclusion: The extrapolation
method can reduce radiation exposure
and shorten the time required for qCT
analysis of lung aeration.

Keywords Computed tomography -
Quantitative imaging - Lung volume
measurements - Acute respiratory
failure - Pulmonary atelectasis
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Introduction

Quantitative computed tomography-based (qCT) assess-
ment of lung aeration and its alterations (e.g.,
consolidation or hyperaeration) can help to assess and
monitor severity and course of pulmonary disease [1-9],
to clarify the etiology and pathophysiology of acute
respiratory failure [3, 10-13], to individualize mechanical
ventilation [4, 5, 11, 12, 14-16], or to identify patients at
risk of developing complications such as ventilator-
associated lung injury [3, 5, 11, 16, 17].

The incorporation of such qCT-based information into
both research and clinical decision-making is hindered by
the inherent radiation exposure as well as by the arduous
manual processing of the CT images, which is necessary
when automatic segmentation fails because of significant
pulmonary opacifications due to atelectasis, consolida-
tion, or edema. Theoretically, both problems could be
addressed by obtaining single representative CT sections
instead of scanning the entire lung [3, 18-20]. However,
previous studies showed that the results obtained from
one to three CT sections or combinations thereof did not
agree consistently with those read from the entire lung
[14, 18-20]. Therefore, despite its drawbacks, quantita-
tive analysis of complete multislice CT of the lung has
been advocated and used by several groups [4, 5, 10, 11,
14, 15, 21-23].

In this work, still with the aim of simplifying qCT
analysis, we tested the hypothesis that a novel method
which requires the analysis of ten CT sections only reli-
ably allows extrapolation of results on lung volume, mass,
and size of differently aerated lung compartments to the
entire lung.

Patients and methods

We retrospectively analyzed complete lung CTs per-
formed in emergency patients as part of the diagnostic
work-up or in patients with respiratory problems treated
in the intensive care unit. The observational analysis of
CT data was approved by the institutional ethics com-
mittee, which waived the need for informed consent.
Further methodological details are provided in the
“Electronic supplementary material” (ESM).

CT analysis

Scanning parameters are given in the ESM. The distri-
bution of pulmonary opacifications was classified
according to Puybasset [21]. After manual segmentation
of the lung parenchyma, the total lung volume (V) and
mass (M), the pulmonary gas volume (Vy,), and the

volumes and masses of four differently aerated lung
compartments were calculated voxel-by-voxel according
to established methods [3, 10-12, 15, 24-26].

Extrapolation

The extrapolation method uses ten CT sections instead of
all sections covering the whole lung (all CT sections). The
most cranial and caudal CT sections and a further eight
evenly spaced CT sections between them were analyzed.
In case it was impossible to retrospectively select eight
sections at perfectly equal intervals between the most
cranial and caudal CT sections, intervals were adapted to
obtain an almost even distribution. These ten CT sections
were analyzed by using standard segmentation and den-
sitometry methods. The results were extrapolated to the
entire lung assuming that the lung volume between two
CT sections was approximately conic (Fig. 1) [27, 28].

The procedure was repeated with five and three,
respectively, evenly spaced CT sections in 45 patients. To
test the accuracy for assessing intraindividual changes, we
also analyzed patients for whom additional data from
repeat CT were available.

Statistics

Data are given as median and range (minimum and
maximum values) or, if distribution of data was normal,
as mean and standard deviation (£SD). The agreement
between extrapolated values and the corresponding values
calculated from all CT sections was assessed according to
Bland and Altman [29, 30]. Bias values were compared
with Mann—Whitney or Kruskal-Wallis tests. Bonferroni-
corrected Mann—Whitney tests were used for post hoc
testing. Statistical significance was assumed at P < 0.05.

Results

Further results are provided in the ESM.

We analyzed single CT data sets of 157 patients. The
median age of patients was 33 (11-91) years. Thirty-one
patients (20%) were female. Thirty-three (21%) patients
underwent CT during spontaneous breathing and 124
(79%) during mechanical ventilation. Nine patients (6%)
had pneumothoraces.

Seventy-two (46%) patients had a normal lung mor-
phology on CT and 85 (54%) showed pulmonary
opacifications. The distribution of opacifications was
diffuse in 16 (19%), lobar in 29 (34%), and patchy in 40
(47%) patients.
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Fig. 1 Illustrates details of the extrapolation method. Gray horizon-
tal bars schematically symbolize CT sections which were selected for
extrapolation. The adjustment of the CT sections to lung boundaries
(which may seem poor in this schematic illustration) was ensured
during segmentation of CT images (see text). Dotted black lines refer
to the slice position of these CT sections, which can be read from the
Digital Imaging and Communication in Medicine (DICOM) header
of the respective image. Formulae were adopted from ref. [27]. For

Median (range) Vio and My, calculated from all CT
sections were 3,738 (1,311-6,768) ml and 957
(545-3,019) g, respectively. When calculated from all CT
sections and expressed as percentage of V.., the median
volumes were 1 (0-54)% for the nonaerated, 5 (1-44)%
for poorly aerated, 85 (28-98)% for the normally aerated,
and 4 (0-48)% for the hyperaerated compartment. The
corresponding masses were 4 (0-79)% for nonaerated, 13
(4-51)% for poorly aerated, 77 (11-94)% for normally
aerated, and 1 (0-24)% for hyperaerated. The median Vg,
was 2,766 (680-5,379) ml corresponding to 73 (31-87)%
of Vtotal-

Fig. 2 Bland-Altman plots of
the agreement between the
extrapolated value (Veya/Mexera)
and the corresponding value
from all CT sections (V/mg)
for total lung volume and mass.
Data from all lungs analyzed in
this study (n = 157) were

400 1

200 1

included. V,/m,; mass or -2001  bias =26.1 ml
volume calculated from all CT LOA -42.3 to 94.6 ml
sections; Vexira/Mexira -400 -

total lung volume

<
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reasons of simplicity, symbols in the formulae (e.g., V;, V,) refer only
to volume parameters. For the extrapolation of mass parameters, the
respective masses (e.g., M;) are used instead. V., denotes the
volume or mass in the conic section between two consecutive CT
sections (i.e., V| and V,, V, and V3, V3 and V4, etc.). The volume or
mass parameters of the entire lung (V) are derived from the sum of
the nine conic sections and the correction terms (2V; and '2V,)

Bland—Altman plots for Vi, and M, are given in
Fig. 2. For all volume and mass parameters character-
izing differently aerated compartments, bias values
were below 1% of Vi or M., respectively, and the
limits of agreement never exceeded +2% (Table 1;
Fig. 3).

Normal lungs did not have smaller bias values than
opacified lungs (all P values greater than 0.11).

The distribution of opacifications did not significantly
influence the agreement of the methods (Table 1).

The bias did not differ between differently aerated
lung compartments (P = 0.86).
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33.4 (—40.5 to 107.3)

0.0 (—0.6 to 0.5)
0.2 (—0.7 t00.4)
0.2 (—0.6 to 1.1)
0.0 (0.5 to 0.5)
5.1 (—=19.1 to 29.4)

0.0 (—1.2 to 1.2)
—03 (=140 0.9)
0.3 (—1.1to 1.7)
0.0 (=0.2 to 0.1)
0.1 (—0.4 to 0.7)

Lobar (n = 29)

25.7 (—47.1 to 98.6)
0.0 (—0.6 to 0.5)
0.0 (—0.9 to 0.9)
0.0 (—1.4 to 1.4)
0.0 (—1.0 to 0.9)
7.9 (=33.0 to 48.9)
0.1 (=1.7 to 1.4)
0.1 (—1.3 to 1.5)
0.0 (—1.7 to 1.8)
0.0 (=03 to 0.3)
0.0 (—0.6 to 0.6)

Patchy (n = 40)

152 (—17.4 to 47.8)

153 (—48.5 to 78.1)
0.1 (—0.6 to 0.7)
0.1 (—1.0 to 1.3)
02 (=12 10 0.8)
0.0 (—1.1 to 1.2)
02 (=12 to 1.6)

0.0 (=02 t0 0.2)
02 (=13 t0 0.9)

0.0 (=0.1 to 0.1)
—0.1 (=0.5 to 0.3)

Diffuse (n = 16)

26.4 (—45.4 to 98.1)
0.0 (—0.6 to 0.5)
0.0 (—0.9 to 0.9)
0.1 (—1.2 to 1.3
0.0 (—=0.7 to 0.7)
8.4 (—26.5 to 43.2)
—0.1 (—1.4 to 1.3)
0.0 (—1.4 to 1.4)
0.1 (—1.5 to 1.6)
0.0 (—0.3 to 0.2)
0.0 (—0.6 to 0.6)

Opacified lungs
All (n = 85)

Normal lungs (n = 72)
25.8 (—39.0 to 90.7)

0.0 (=0.1 to 0.1)
0.0 (—0.5 to 0.6)

0.0 (—0.9 to 0.9)
—0.1 (=0.7 to 0.6)
8.1 (—13.3 to 29.5)
0.0 (—0.4 to 0.5)
0.0 (1.1 to 1.2)
0.0 (—1.4 to 1.3)
—0.1 (=04 to 0.3)
—0.1 (0.4 to 0.3)

26.1 (—42.3 to 94.6)

0.0 (—0.4 to 0.4)
0.0 (—0.7 to 0.8)
0.0 (—1.0 to 1.1
0.0 (—0.7 to 0.7)
8.3 (=21.1 to 37.6)
0.0 (—1.1 to 1.0)
0.0 (=12 to 1.3)
0.0 (—1.4 to 1.5)
0.0 (—0.3 to 0.3)
0.0 (—0.5 to 0.5)

All lungs (n = 157)
* Variables for which the omnibus test (Kruskal-Wallis) indicated significant differences between subgroups with different distributions of opacifications. The results of the

Viota/Miotar total lung volume or mass; Vyon/Myon nonaerated volume or mass; Vioor/Mpoor poorly aerated volume or mass; Vyomal/Mnormal NOrmally aerated volume or mass;
respective post hoc tests no longer reached statistical significance (Bonferroni-adjusted critical P value = 0.004)

Vhyper/Mnyper hyperaerated volume or mass; Vg, pulmonary gas volume

Data are bias and 95% limits of agreement (in parentheses) from the Bland-Altman analysis. Diffuse, patchy, and lobar refer to the subgroups of lungs characterized by

different distributions of the opacifications. All subvolumes and submasses were calculated as percentage of Vg or Mg, respectively

Table 1 Agreement between extrapolated and corresponding values from all CT sections

Vtotal (ml)
Vaon (%)
Vpoor (%)*
Vnormal (%)*
Vhyper (%)
Mtotal (g)
Moon (%)
Mpoor (%0)*
Mnormal (%)
Mhypcr (%)
Vias (%)*

Images were reconstructed with 5-mm thickness and
the standard filter in 46 (29%) and 10-mm thickness and
the enhancing filter in 111 (71%) patients. The bias
observed in these two groups did not differ for any of the
volume or mass parameters analyzed (all P values greater
than 0.15, Table 2).

In a subgroup of 45 patients, the accuracy of the
extrapolation method was compared using ten, five, and
three CT sections, respectively. These results are given in
Table 3 and the ESM.

Intraindividual changes in lung condition occurring
between two successive CTs were analyzed in 26 patients.
The agreement between the extrapolated changes and the
corresponding changes obtained by analysis of all CT
sections are shown in Table 4, further results are given in
the ESM.

Discussion

We found an excellent agreement between quantitative
descriptors of lung aeration and its alterations extrapo-
lated from ten CT sections and the corresponding values
calculated from all CT sections. Our results are of
potential importance for qCT analysis of lung aeration
because the use of the extrapolation method allows a
reduction of radiation exposure and decreases the time
required for qCT analysis.

Thoracic qCT is used in patients with acute respiratory
failure because it helps in assessing the response to
treatment options such as the application of positive end-
expiratory pressure (PEEP) [4, 5, 1417, 22]. In addition,
qCT-derived parameters may be markers of disease
severity [2, 4, 5, 9]. Despite these potentially useful
applications, more frequent use of qCT is, besides prob-
lems due to transportation of the patient, currently limited
by high radiation exposure and the necessity of arduous
manual image processing [3, 11, 26, 31].

Whether or not combined with low-dose CT, pro-
spective use of the extrapolation method (i.e., only ten
sections are scanned) can reduce radiation exposure up to
several hundred percent [31]. It thus improves the risk-to-
benefit balance of qCT and may help to justify research
projects. Prospective use of the extrapolation method,
however, requires consideration of the technical charac-
teristics of the locally available CT scanner to clarify how
scanning can actually be performed (e.g., ten single 5- to
10-mm sections or ten short helical CTs). Moreover,
prospective application of the extrapolation method can
be limited when the primary indication for CT is the
detection of localized lung pathologies.

Our results also appear relevant to the analysis of CT
images. In contrast to normal or emphysematous lungs
[1, 31, 32], automatic segmentation is challenging in CT
images with pulmonary opacifications which are difficult to
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Table 2 Influence of image reconstruction on the accuracy of
extrapolation

Reconstruction Reconstruction
10 mm B60* 5 mm B®
(n=111) (n = 46)
Viotal (ml) 25.9 (—41.0 to 92.8) 26.7 (—46.1 to 99.5)
Vaon (% 0.0 (=0.4t0 04) 0.0 (=0.5t0 0.5)
poor (%0) 0.0 (—0.7 to 0.8) 0.0 (—0.7 to 0.7)
normal (%) 00(—1.0to 1.1) 0.1 (—1.1to 1.2)
Vayper (%) 0.0 (—=0.7 to 0.7) —0.1 (—0.7 to 0.6)
Mo (2) 7.9 (—19.7 to 35.5) 9.1 (—24.3 to 42.5)
M on (%) 0.0 (—=1.1 to 1.0) 0.0 (—1.1to 1.1)
poor (%0) 0.0 (—1.3to0 1.3) 0.0 (—1.2to 1.1)
normal (%) 00 (—15t0 1.5) 0.0 (—14to14)
Mhyper (%) 0.0 (=0.4 to 0.3) 0.0 (=0.3t0 0.2)

Gas content (%) 0.0 (—=0.5t0 0.5) O:O (—0.5t0 0.5)

Data are bias values (95% limits of agreement) from the Bland—
Altman analysis. Statistical testing did not reveal significant dif-
ferences. All subvolumes and submasses were calculated as
percentage of Viy or Mo, respectively

Viotal!Miorar total lung volume or mass; Vyon/M;0, nonaerated vol-
ume or mass; Vioor/Mpoor poorly aerated volume or mass; Vyomal/
M orma1 NOrmally aerated volume or mass; Viyper/Mpyper hyperaer-
ated volume or mass; Vg, pulmonary gas volume

? Refers to CT data sets which were reconstructed with 10-mm
slice thickness and an enhancing reconstruction filter

b Refers to data sets reconstructed with 5-mm thickness and a
standard filter

separate from adjacent thoracic soft tissues or pleural
effusions [11, 26, 33-35]. Software developed for auto-
matic segmentation of CT images of pigs with experimental
lung injury awaits validation for the use in patients or other
research animals [35, 36]. Automatic segmentation using
thresholds around —250 HU is also no alternative to the
manual processing of images with opacifications because
the pathophysiologically most important nonaerated lung
compartment with densities between —100 and +100 HU
would a priori be excluded from analysis [6, 15, 26, 34].
Therefore, although manual segmentation is highly ineffi-
cient, it is often inevitable. The potential for time savings
due to the use of the extrapolation method is obvious when
considering that the time required for manually processing
all images of an average lung CT with 5-mm slice thickness
often reaches 6 h.

Pioneering studies in mechanically ventilated patients
followed two different principal approaches to reduce the
number of CT sections for the analysis of lung aeration.
One was to waive the analysis of the entire lung and analyze
regional changes instead, which were read from single CT
sections positioned at anatomically distinct lung regions,
e.g., 2 cm above the dome of the diaphragm [18-20, 37—
39]. However, Viotat, Vgas» OF Miora cannot be estimated this
way and the accuracy of the regional estimates of the size of
differently aerated regional lung compartments is highly
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Table 3 Accuracy of extrapolation from different numbers of CT sections

3 CT sections (n = 45)

5 CT sections (same patients)

10 CT sections (same patients)

Viotar (ml) 920.3 (—10.5 to 1851.1)
non (70 —0.1 (—49 to 48)
Vpoor (%) —-0.4 (—54 to 46)
Viormal (%) —04 (=74 10 8.2)
Vhyper (%) 0.1 (—35 to 37)
total (g) 289.8 (—628 to 6424)
non \ 70 0.4 (_86 to 94)
Mpoor (%) —-0.5 (—68 to 59)

M, normal (%)

Mhyper (%)
Gas content (%)

0.2 (=9.5 to 10.0)
—0.2 (=2.7 t0 2.3)
0.2 (5.1 to 5.6)

54.6 (—250.9 to 360.1)*
0.3 (1.5 to 2.0)

0.2 (3.0 to 3.5)

0.1 (—=5.0 to 4.8)

—0.1 (=29 to 2.7)
20.9 (—73.7 to 115.5)*
0.1 (=3.5 to 3.7)

0.2 (3.5 to 4.0)

—0.2 (=52 to 4.9)
—0.1 (=18 to 1.6)
—0.1 (3.1 t0 2.9)

24.4 (—38.8 to 87.5)*
0.0 (—0.4 to 0.5)

0.1 (—0.9 to 1.1)
—0.1 (=13 to 1.1)
0.0 (—0.6 to 0.6)
9.8 (—22.4 to 42.0)*
0.1 (=12 to 1.3)
0.1 (—1.4 to 1.6)
—02 (—1.8 to 1.4)
0.0 (—0.2 to 0.2)
—0.1 (—0.6 to 0.5)

Accuracy of the extrapolation method was tested for different
numbers of evenly spaced CT sections in the same 45 patients. Data
are bias values (95% limits of agreement) from the Bland—Altman
analysis. All subvolumes and submasses were calculated as per-
centage of Vi Or Mg, Tespectively

Viotal!Miotar total lung volume or mass; Vyon/Myon nonaerated vol-
ume or mass, Vpoor/Mpoor poorly aerated volume or mass; Vyomal/

variable [11, 14, 18-20, 37]. An approach to obtain
information on the entire lung was to use an averaged lung
density from single apical, hilar, and juxtadiaphragmatic
CT sections and to multiply it by either the gas volume of
the lung measured by the helium dilution technique [40], or
by the distance between the CT sections [41].

A significant advantage of the extrapolation method is
the availability of mass and volume parameters charac-
terizing both the entire lung (Vioal, Miota» and Vi) and
the differently aerated lung compartments. Our results
suggest that extrapolation can be performed with excel-
lent accuracy. Considering the magnitude reported for the
interobserver variation of manual segmentation (around
2%) (4, 24, 25, 42] and the fact that deviations smaller
than 2% are not considered clinically relevant [32, 43],
the accuracy of the extrapolation method appears highly
sufficient. The extrapolation method was comparably
accurate when used for the assessment of intraindividual
changes in lung condition occurring between two suc-
cessive CTs (Table 4). Thus, the extrapolation method
also appears suitable for analysis of serial CT data, such
as the measurement of hyperaeration or consolidation at
different airway pressures or for assessing the evolution
of a disease [4, 5, 8, 11, 16, 22, 23].

Reconstruction with intervals between consecutive
sections has been widely used in qCT studies, but no par-
ticular interval could be proposed as an optimal standard [7,
31]. Thus, we tested whether reducing the number of CT
sections analyzed to five or three, respectively, would allow
extrapolation with comparable accuracy. Although bias
values did not differ significantly between extrapolation
from five versus ten CT sections, the limits of agreement
were significantly broader for extrapolation from five CT
sections. Extrapolation from only three CT sections sig-
nificantly compromised the assessment of V. and M-

M ormar normally aerated volume or mass; Viyper/Mhyper hyperaer-
ated volume or mass; Vg, pulmonary gas volume

*P < 0.0001 for comparison with “3 CT sections”. Statistical
testing did not reveal significant differences between bias values for
extrapolation from 5 or 10 CT sections, respectively. Differences
between bias values observed for relative subvolumes and sub-
masses or gas content were not statistically significant

Table 4 Analysis of intraindividual changes

Absolute changes
between CTs

Bias for agreement
of methods

Viotal (ml) 510 (28-2,309) —0.4 (—89.4 t0 90.3)
won (%0 6 (0-36) —0.2 (=09 to 0.4)
Vpoor (%) 9 (1-32) —0.1 (=13 to 1.1)
normal (%0) 16 (0-59) 0.3 (—1.1to0 1.6)
Vhyper (%) 3 (0-11) 0.0 (—0.6 to 0.6)
total (g 220 (22-1,672) —13.1 (—55.5 t0 29.3)
Mon (%) 12 (0-55) —04 (-2.0to0 1.3)
Mpoor (%) 8 (0-40) —0.1 (—17 to 16)
normal (%) 16 (2-74) 04 (=131t 2.1)
hyper (%) 1 (0_3) 0.0 (—02 to 02)
Gas content (%) 13 (1-46) 0.3 (—=0.5to 1.0)

The accuracy of the extrapolation method for the assessment of
intraindividual changes between two successive CTs was tested in
26 patients. Absolute changes of parameters are given in the left
column. Bias (95% limits of agreement) for the agreement of
extrapolated changes and the corresponding values from all CT
sections are shown in the right column. Data are median (range).
All subvolumes and submasses were calculated as percentage of
Viotal OF M1, T€SpeEcCtively

Vioa/Miorar total lung volume or mass; V,on/Mpo, nonaerated
volume or mass; Vpoo/Mpoor poorly aerated volume or mass;
Vaomat/Mnormar Normally aerated volume or mass; Viyper/Mhyper
hyperaerated volume or mass; Vg,s pulmonary gas volume

Although the bias values for extrapolation of the relative
subvolumes and submasses from three CT sections did not
differ significantly from the bias values obtained for
extrapolation using five or ten CT sections, the limits of
agreement widened further (Table 3). It is obviously
impossible to find a universally acceptable upper limit for
the deviation from the values calculated from all CT sec-
tions. For the judgement of clinical acceptability, however,
it may be helpful to infer from recent applications of qCT.
Changes in qCT-derived parameters (e.g., nonaerated lung
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tissue) in the magnitude of 5% were used either to stratify
patients [4, 5] or to define a particular lung condition [15].
Because extrapolation from ten CT sections results in bias
values close to zero and limits of agreement well below 5%
it may be the best choice, especially when accurate analysis
of absolute quantities such as Vi, or Mo, is required.

Image reconstruction had no influence on bias and
limits of agreement (Table 2). This is important because
the appropriateness of the assumption that lung boundaries
are linear instead of curved is sensitive to thickness of and
distance between CT sections. Moreover, reconstruction
parameters can influence the apparent amount of especially
hyperaerated lung regions, which needs to be considered
when using the extrapolation methods in very thin sections
reconstructed with an overenhancing filter [42].

Finally, neither the lung condition nor the distribution
of infiltrates influenced the accuracy of the extrapolation.
While CTs with diffuse, homogeneously distributed or
gravity-dependent lung opacifications were not expected
to be a challenge for the extrapolation method [21, 44],
small, patchy infiltrates could be a problem. However, we
did not find greater bias values in our subgroup of patients
with patchy distributions (Table 1).

Limitations of our study

We validated the accuracy of the extrapolation method in
a large number of CTs obtained in patients with a broad
variety of lung conditions. However, prospective valida-
tion is lacking and the retrospective study design may
have introduced potential confounders such as varying
degrees of inspiration during CT. Consequently, V., and
Vgas as well as volumes and masses of differently aerated
lung compartments reported here cannot be compared
with previous studies. For our analysis, however, no
particular degree of inspiration was required. In fact, as a
result of the varying degree of inspiration, we could
demonstrate the accuracy of the extrapolation method for
a broad range of lung volumes.

The main difference between prospective and retro-
spective selection of CT sections would be the slice
position, which may differ by a few millimeters. Real
prospective evaluation of the extrapolation method would
require exposing patients to increased radiation (i.e., one

helical scan plus ten slices), which we considered
unjustified.

We have only evaluated the extrapolation method for
5- and 10-mm slice thickness. When, for example, only
1-mm sections are available, two problems need to be
considered. Thicker sections limit spatial resolution and,
consequently, larger amounts of hyperaeration have been
measured in thin juxtadiaphragmatic CT sections [45].
However, thicker sections provide better density averag-
ing and may thus be more representative of the regional
mean density [42]. Also, the interval between 1-mm CT
sections would be greater than the mean interval in our
study. The use of thickened slabs (calculated from mul-
tiple 1-mm sections) for extrapolation could solve this
problem [46], but requires validation.

Although we could not test it prospectively, we ret-
rospectively  demonstrated the accuracy of the
extrapolation method for assessing intraindividual chan-
ges between repeat CTs. The range of changes observed
between two successive CTs in our study is comparable to
other reports [4], and we see no plausible reason which
should preclude the use of the extrapolation method for
serial CT measurements.

Conclusion

The extrapolation method evaluated in this work seems to
be a promising approach to reduce radiation exposure of
patients who undergo CT for the analysis of lung aeration,
if used prospectively. It can also shorten the time required
for the CT-based quantification of differently aerated lung
compartments, total lung volume, and total lung mass
especially in lungs with infiltrates. These advantages
could make quantitative analysis of pulmonary CT more
practicable and foster their implementation into research
and clinical use. Future validation of our extrapolation
method is warranted. Not only to test its applicability in
research animals, but also to evaluate the usefulness of the
extrapolation method for clinical applications such as the
setting of PEEP.
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