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Abstract Objectives: Lung
hyperinflation may be assessed by
computed tomography (CT). As
shown for patients with emphysema,
however, CT image reconstruction
affects quantification of hyperinfla-
tion. We studied the impact of
reconstruction parameters on hyper-
inflation measurements in
mechanically ventilated (MV)
patients. Design: Observational
analysis. Setting: A University
hospital-affiliated research Unit.
Patients: The patients were MV
patients with injured (n = 5) or nor-
mal lungs (n = 6), and spontaneously
breathing patients (n = 5). Interven-
tions: None. Measurements and
results: Eight image series involv-
ing 3, 5, 7, and 10 mm slices and
standard and sharp filters were
reconstructed from identical CT raw
data. Hyperinflated (Vhyper), normally
(Vnormal), poorly (Vpoor), and nonaer-
ated (Vnon) volumes were calculated
by densitometry as percentage of total
lung volume (Vtotal). Vhyper obtained
with the sharp filter systematically
exceeded that with the standard filter
showing a median (interquartile
range) increment of 138 (62–272) ml
corresponding to approximately 4%
of Vtotal. In contrast, sharp filtering

minimally affected the other subvo-
lumes (Vnormal, Vpoor, Vnon, and Vtotal).
Decreasing slice thickness also
increased Vhyper significantly. When
changing from 10 to 3 mm thickness,
Vhyper increased by a median value of
107 (49–252) ml in parallel with a
small and inconsistent increment in
Vnon of 12 (7–16) ml. Conclu-
sions: Reconstruction parameters
significantly affect quantitative CT
assessment of Vhyper in MV patients.
Our observations suggest that sharp
filters are inappropriate for this pur-
pose. Thin slices combined with
standard filters and more appropriate
thresholds (e.g., -950 HU in normal
lungs) might improve the detection of
Vhyper. Different studies on Vhyper can
only be compared if identical recon-
struction parameters were used.
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Introduction

Computed tomographic (CT) densitometry of the lung is a
reliable method to detect pathological changes in lung
aeration. The quasi-linear relationship between X-ray
attenuation and soft tissue density enables quantification
of the amount of gas per unit of tissue with remarkable
precision [1].

As both extremes of lung aeration, collapse and
hyperinflation, seem to contribute to ventilator-associated
lung injury [2], many studies of mechanically ventilated
patients have used CT to quantify such pathological lung
conditions. For instance, by treating voxels pertaining to a
specific range of aeration as an independent lung com-
partment, researchers have calculated the size of the
nonaerated or hyperinflated subvolumes. Recently, con-
troversial conclusions about the physiological effects of
positive end-expiratory pressure (PEEP) and tidal vol-
umes have been drawn from such results [3–15]. These
densitometric measurements, however, depend on the
technical parameters of the CT scan protocol itself and the
image reconstruction algorithms applied [1, 4, 5, 14,
16–32]. Not often recalled, image reconstruction param-
eters have been shown to affect the calculated volume of
the emphysematous lung compartment, and thresholds for
emphysema quantification also depend on the recon-
struction details [16–29].

We hypothesized that CT image reconstruction could
similarly affect the measurement of hyperinflation in
mechanically ventilated patients to such an extent that
clinical judgment might be influenced significantly.
Therefore, we analyzed the influence of two parameters,
slice thickness and reconstruction filter, on hyperinflation
in mechanically ventilated patients with or without lung
injury. For comparison, we also investigated a group of
spontaneously breathing patients, with normal lungs.

Materials and methods

Patients

The institutional ethics committee approved this study.
Because the observational analysis of CT data did not
require patient manipulation, the need for informed con-
sent was waived. Patients with routine thoracic CT scans
were retrospectively assigned to three groups: (1) Acute
respiratory failure (ARF): five polytrauma patients pre-
senting with pulmonary infiltrates and impaired
oxygenation; (2) normal-ventilated: six polytrauma
patients with normal lung CT; (3) normal-spontaneous:
five spontaneously breathing patients with normal lungs.
Patients with pneumothoraces, known emphysematous
lung disease, or significant respiratory artifacts in CT
images were not included. Physiological data was

gathered from the patient data management system of our
ICU.

All patients with polytrauma were treated according to
institutional guidelines, including a whole-body CT scan
with contrast medium [8]. Initial pressure-controlled
mechanical ventilation (Oxylog 3000, Dräger, Lübeck,
Germany) during primary resuscitation and CT scanning
was standardized, and it included the following ventilator
settings: tidal volume of 6–8 ml/kg estimated body
weight (Broca formula), a respiratory rate of 20 min-1,
and PEEP of 10 cm H2O unless higher PEEP had been
applied before CT.

CT scanning and image reconstruction

Each patient had one single multislice helical CT scan
(Somatom Volume Zoom, Siemens, Erlangen, Germany)
using the following protocol: 120 kV tube voltage, tube
current between 100 and 200 mAs, 4 9 2.5 mm colli-
mation, pitch 1.1, and 0.5 s gantry rotation. Spontaneously
breathing patients were scanned during breath hold after
full inspiration and mechanically ventilated patients were
scanned during uninterrupted ventilation. Since landmark
studies estimating thresholds for separating hyperinflation
from normally aerated lung were performed using contrast
medium, we included only patients who had received
120 ml of Iopamidol (Schering AG, Berlin, Germany)
[4, 33]. Autocalibration for air, and calibration using the
manufacturer’s standard phantom were performed daily
and weekly, respectively.

From identical CT raw data, predefined image series
covering the entire lung were reconstructed using an
identical field of view and contiguous slices of effective
thickness 3, 5, 7, and 10 mm. During routine clinical
imaging, two reconstruction filters—a standard (manu-
facturer’s designation: B35f, medium heart) and a sharp
body filter (B60f, medium sharp)—were applied
(Table 1). The assignments of standard and sharp were
made according to Boedeker et al. [22]. Sample volumes
were calculated using the theoretical parameters of the
filters provided by the manufacturer [20]. When referring
to a particular reconstruction method, the abbreviation
‘‘filter_thickness’’ is used. For example, std_10 denotes
reconstruction with standard filter and 10 mm slice
thickness (Table 1).

Image segmentation

Image segmentation was performed on a 3D workstation
(Virtuoso, Siemens) and involved a threshold-based
region growing algorithm followed by interactive manual
refinement [19]. Major pulmonary vessels, trachea, and
main bronchi were excluded. All CT images were ana-
lyzed by two independent observers. Lung subvolumes
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were classified as hyperinflated (Vhyper, -1,000 to
-901 HU), normally aerated (Vnormal, -900 to -501 HU),
poorly aerated (Vpoorly, -500 to -101 HU) and nonaer-
ated (Vnon, -100 to +100 HU), and calculated as the sum
over all voxels in the respective HU ranges [4, 10, 13, 14].
The sum of these subvolumes was defined as Vtotal. The
subvolume of voxels within the -1,000 to -950 HU
range was also calculated. In addition to absolute values,
all subvolumes were calculated as percentage of Vtotal.

Statistical analysis

Data are presented as median (interquartile range).
Volumes were rounded to the nearest milliliter. Age,
body mass index, and PEEP differences were evaluated
by Kruskal–Wallis and Mann–Whitney tests, respec-
tively. Bland–Altman plots were used to evaluate the
agreement of relative subvolumes obtained in 10 mm
slices combined with different filters. The interobserver
agreement of absolute subvolume readings was also
assessed by Bland–Altman’s technique. In these plots,
the mean volume obtained by two different reconstruc-
tion methods or observers, respectively, was plotted on
the x axis. The difference between these values was
calculated as percentage of the mean, and plotted on the
y axis [34, 35]. To analyze the influence of thickness and
filter on relative Vhyper and Vnon by repeated measures
ANOVA, the respective values from all patients were
transformed (Vhyper: square-root, Vnon: natural logarithm)
to conform to normality assumptions and homoscedas-
ticity. Histograms, and Shapiro–Wilk and Levene tests
were used to confirm the normal distribution. Filter and
thickness were used as within-subject, and group (i.e.,
ARF, normal-ventilated and normal-spontaneous) as
between-subject factor. Interaction terms were also
included in the model. Bonferroni t test was used for
pairwise post-hoc testing. Because of the limited number
of patients in each group, further intergroup comparison
was omitted. Significance was set at P \ 0.05. Statistical

analyses were performed with SPSS 11.0 (SPSS GmbH,
Munich, Germany).

Results

Patient characteristics are given in Table 2. Intergroup
differences in age (P = 0.67) and body mass index
(P = 0.60) were not significant. PEEP levels during CT
did not differ between ARF and normal-ventilated
patients (P = 1.0). Relative and absolute CT subvolumes
for all groups are given in Tables 3 and 4, respectively.

For all patients, Vhyper varied significantly with every
change of reconstruction method (all P values B 0.001;
Tables 3, 4; Figs. 1, 2). Extreme values for Vhyper were
observed for std_10 and shp_3, with median values over
all patients of 0.3 (0–1.3)% and 8.8 (4–13.1)%, respec-
tively. For ARF, normal-ventilated, and normal-
spontaneous patients, the median absolute difference in
Vhyper between shp_3 and std_10 was 150 (61–208) ml,
426 (146–541) ml, and 372 (332–461) ml, respectively.

Vhyper obtained with the sharp filter systematically
exceeded that with the standard filter showing a median
increment of 138 (62–272) ml corresponding to approxi-
mately 4% of Vtotal (Figs. 2, 3). The influence of both,
thickness and filter on Vhyper was statistically significant
(ANOVA P values \ 0.001 for both relative and absolute
values). Thinner slices caused more pronounced incre-
ments if combined with sharp filters (P \ 0.001 for the
interaction term).

The impact of filter on all other subvolumes (Vnon,
Vnormal, and Vpoor) was much smaller than that on Vhyper

(Tables 3, 4; Figs. 2, 3). Although there was a slight
reduction in Vnon associated with the sharp filter in ARF
patients (Figs. 2, 3), the overall effect of filter on Vnon was
not significant (P = 0.35).

Independent of the filter used, Vhyper increased mark-
edly with decreasing thickness in all patients (P \ 0.001;
Tables 3, 4; Figs. 1, 2). Decreasing thickness also caused
a small but statistically significant (P \ 0.001) increment
of Vnon (1% of Vtotal). Nevertheless, the increment of
Vhyper amounted to 107 (49–252) ml when changing from
10 to 3 mm slices, whereas the corresponding median
increment of Vnon was only 12 (7–16) ml. Moreover, the
effect on Vnon was consistent only in normal-ventilated
and normal-spontaneous patients (Tables 3, 4; Fig. 2). In
ARF patients, decreasing thickness slightly increased Vnon

only if combined with the standard filter.
Use of a more conservative threshold (-950 instead of

-900 HU) significantly decreased Vhyper in 3 mm slices
for both filters (P \ 0.001). Vhyper in std_3 yielded 0 (0–
0.1)%, 0.1 (0–0.2)%, and 0.1 (0–0.2)% for ARF, normal-
ventilated, and normal-spontaneous patients, respectively.
In shp_3, the corresponding values were 0.6 (0.4–1.3)%,
2.1 (0.5–3.2)%, and 1.7 (1.0–2.9)%.

Table 1 Details of the CT image series

Reconstruction
method ID
label

Slice
thickness
(mm)

Reconstruction
filter
(manufacturer’s ID)

Sample
volume
(mm3)

std_10 10 B35f 16.0
std_7 7 B35f 11.2
std_5 5 B35f 8.0
std_3 3 B35f 4.8
shp_10 10 B60f 7.8
shp_7 7 B60f 5.5
shp_5 5 B60f 3.9
shp_3 3 B60f 2.4

Image reconstruction from identical raw data was performed with a
standard (std) and a sharp body reconstruction filter (shp)
Sample volumes were calculated according to Kemerink et al. [20]
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Table 2 Patient data

Group Patient Age,
Sex

Indication
for CT

Pulmonary
findings
in CT

Height (cm),
Weight (kg)

BMI Smoker
(pack-years)

PEEP, PIP
(cm H2O)

PaO2/FiO2

(mmHg)
PaCO2

(mmHg)

ARF A1 54, M Polytrauma PC, atelectasis 156, 80 33 No 10, 31 112 38.9
A2 43, M Polytrauma PC, atelectasis 186, 98 28 No 10, 32 65 54.2
A3 19, M Polytrauma PC, atelectasis 170, 65 22 Yes, 1 12, – 285 34.0
A4 19, M Polytrauma PC, PH, atelectasis 170, 60 21 Yes, 1 10, 25 278 37.9
A5 40, M Polytrauma PC, atelectasis 175, 88 29 No No MV 242 40.6

Normal-
ventilated

V1 24, F Polytrauma Normal 162, 75 29 Yes, 1 10, 24 543 32.9
V2 24, M Polytrauma Normal 165, 75 28 Yes, 15 10, 25 350 40.1
V3 20, M Polytrauma Normal 180, 80 25 Yes, 1 10, 26 571 36.5
V4 29, M Polytrauma Normal 190, 100 28 Yes, 6 10, 26 502 32.0
V5 19, M Polytrauma Normal 173, 80 27 No 10, 25 525 45.8
V6 21, M Polytrauma Normal 175, 70 23 Yes, 2 10, 21 608 30.6

Normal-
spontaneous

S1 19, M Polytrauma Normal 191, 75 21 Yes, 1 No MV – –
S2 62, F Screening Normal 158, 77 31 Yes, 17 No MV – –
S3 45, F Suspected PE Normal 175, 85 28 No No MV – –
S4 27, F Polytrauma Normal 168, 49 17 No No MV – –
S5 20, M Polytrauma Normal 175, 72 24 No No MV – –

Dash symbol indicates missing data
Screening, patient S2 underwent CT for cancer follow-up
BMI body mass index, MV mechanical ventilation, PEEP positive
end-expiratory pressure at the time of CT (in cm H2O), PIP peak
inspiratory pressure, PaO2/FiO2 ratio of the partial pressure of

arterial oxygen to the fraction of inspired oxygen, PaCO2 partial
pressure of arterial carbon dioxide, M male, F female, PC pul-
monary contusion, PH pulmonary hemorrhage, PE pulmonary
embolism

Table 3 Influence of CT image reconstruction on relative pulmonary subvolumes

Recon Vtotal (ml) Vhyper (%) Vnormal (%) Vpoor (%) Vnon (%)

ARF std 10 3,646 (2,948–4,023) 0 (0–0) 61 (44–82) 22 (13–27) 17 (4–29)
std 7.0 3,652 (2,937–4,039) 0 (0–0) 62 (47–82) 17 (13–23) 18 (4–29)
std 5.0 3,647 (2,918–4,025) 0 (0–1) 63 (46–83) 18 (12–24) 18 (5–29)
std 3.0 3,647 (2,918–4,032) 0 (0–1) 62 (47–82) 17 (13–23) 18 (5–29)
shp 10 3,581 (2,799–3,951) 1 (0–2) 60 (45–82) 22 (13–28) 15 (4–26)
shp 7.0 3,563 (2,765–3,946) 1 (1–3) 61 (47–82) 19 (12–26) 15 (4–26)
shp 5.0 3,547 (2,731–3,894) 2 (1–5) 61 (48–81) 18 (12–25) 15 (4–26)
shp 3.0 3,546 (2,694–3,877) 4 (2–7) 60 (48–79) 17 (12–24) 15 (4–25)

Normal-ventilated std 10 4,226 (3,672–4,735) 1 (0–2) 87 (84–89) 11 (8–13) 0 (0–2)
std 7.0 4,222 (3,663–4,729) 1 (0–3) 87 (85–89) 10 (8–12) 1 (0–2)
std 5.0 4,215 (3,650–4,721) 2 (0–4) 87 (85–89) 10 (7–11) 1 (0–2)
std 3.0 4,225 (3,654–4,733) 3 (1–6) 86 (83–88) 10 (8–11) 1 (1–3)
shp 10 4,143 (3,620–4,636) 4 (1–7) 84 (81–87) 11 (8–12) 0 (0–2)
shp 7.0 4,142 (3,608–4,634) 6 (2–9) 84 (79–86) 10 (7–11) 1 (0–2)
shp 5.0 4,117 (3,593–4,612) 8 (2–12) 83 (78–85) 9 (7–11) 1 (1–2)
shp 3.0 4,109 (3,589–4,590) 11 (4–15) 80 (74–83) 9 (7–11) 1 (1–2)

Normal-spontaneous std 10 4,260 (3,466–4,911) 1 (0–2) 90 (88–91) 8 (8–11) 0 (0–0)
std 7.0 4,248 (3,465–4,902) 1 (0–2) 90 (88–91) 7 (7–11) 0 (0–1)
std 5.0 4,231 (3,454–4,896) 2 (1–3) 90 (88–91) 7 (7–10) 0 (0–1)
std 3.0 4,220 (3,459–4,895) 4 (1–4) 88 (87–90) 7 (7–10) 0 (0–1)
shp 10 4,147 (3,387–4,850) 4 (2–7) 87 (84–90) 7 (7–10) 0 (0–0)
shp 7.0 4,134 (3,375–4,835) 6 (3–9) 86 (83–89) 7 (7–9) 0 (0–1)
shp 5.0 4,099 (3,352–4,810) 8 (5–11) 85 (81–88) 7 (6–9) 0 (0–1)
shp 3.0 4,081 (3,339–4,796) 10 (8–15) 81 (77–85) 7 (6–9) 1 (0–1)

Influence of CT image reconstruction method on the relative sub-
volumes Vhyper, Vnormal, Vpoor, and Vnon, which were calculated as
percentage of the total lung volume and rounded to the nearest
integer

The absolute Vtotal is given to allow approximate calculation of the
absolute subvolumes
All values are median (interquartile range)
Recon reconstruction method, ml milliliters
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Vtotal changed very little with the reconstruction
method. For ARF patients, the median Vtotal over all
reconstruction methods was 3,613 ml, showing a maxi-
mum relative variation of 1.9%. For normal-ventilated
patients, the corresponding variation was 1.7% at
4,179 ml, and for normal-spontaneous patients, it was
2.5% at 4,184 ml.

The interobserver agreement was good for Vhyper,
Vnormal, and Vpoor. The worse agreement of Vnon readings
resulted mainly from normal-spontaneous and normal-
ventilated patients, in whom small absolute interobserver
differences translated into considerable percentages.
Interobserver bias (standard deviation) observed in the
Bland–Altman analysis were -0.1 (1.5)%, 0.0 (0.1)%,
-0.4 (2.2)%, and 1.1 (12.0)% for Vhyper, Vnormal, Vpoor,
and Vnon, respectively.

Discussion

Our work shows that the assessment of lung hyperinfla-
tion by CT densitometry is significantly affected by image
reconstruction parameters. Estimates of Vhyper, a variable
originally conceived to identify truly pathological condi-
tions of hyperinflation, were significantly magnified by
using either sharp reconstruction filters or thin slices.
While such an observation has already been made for

spontaneously breathing patients with emphysema, this
study confirmed the same also for mechanically ventilated
patients with either acutely injured or normal lungs. The
magnitude of these effects is certainly of clinical rele-
vance, since the estimates of Vhyper differed by up to
400 ml depending on the settings employed.

As both extremes of lung aeration – deaeration and
hyperinflation – play a role in the pathogenesis of venti-
lator-associated lung injury [2], Vhyper has frequently been
assessed by CT to evaluate this known side effect of
mechanical ventilation [3–15]. When 10 mm slices are
analyzed, a -900 HU threshold has been suggested to
assess Vhyper in mechanically ventilated patients, which is
similar to the threshold for emphysema (i.e., -910 HU)
[4, 33].

Recently, however, some authors suggested that the
use of thinner slices would increase spatial resolution and
improve the detection of Vhyper [5, 7, 14]. Accordingly,
Vieira et al. demonstrated that Vhyper assessed with the
-900 HU threshold in 1.5 mm slices significantly
exceeded that of 10 mm slices, concluding that the true
Vhyper caused by mechanical ventilation had thus far been
underestimated due to partial-volume-artifacts [5].

Theoretically, the approach of reducing partial-vol-
ume-artifacts seems sound. Because of the finite spatial
resolution of CT, the size of the scanned (sampled) ele-
mentary tissue volume usually exceeds the alveolar
dimensions by far. This implies that, within an elementary

Table 4 Influence of CT image reconstruction on absolute pulmonary subvolumes

Recon Vhyper (ml) Vnormal (ml) Vpoor (ml) Vnon (ml)

ARF std 10 1 (1–5) 1,959 (1,493–3,120) 654 (485–1,017) 536 (164–934)
std 7.0 3 (2–11) 2,001 (1,545–3,147) 614 (453–945) 551 (165–949)
std 5.0 6 (5–21) 2,006 (1,574–3,151) 577 (433–891) 556 (170–948)
std 3.0 18 (10–42) 1,988 (1,588–3,138) 556 (428–878) 575 (171–950)
shp 10 29 (13–67) 1,839 (1,483–3,067) 636 (464–994) 459 (143–829)
shp 7.0 53 (23–100) 1,870 (1,511–3,064) 582 (429–916) 462 (144–823)
shp 5.0 87 (37–146) 1,896 (1,498–3,029) 555 (407–855) 451 (144–788)
shp 3.0 151 (62–214) 1,895 (1,461–2,950) 505 (405–847) 443 (149–760)

Normal-ventilated std 10 47 (4–104) 3,662 (3,178–4,250) 428 (389–476) 19 (16–69)
std 7.0 62 (8–139) 3,654 (3,201–4,241) 400 (369–439) 22 (18–78)
std 5.0 89 (14–184) 3,633 (3,207–4,205) 374 (355–412) 25 (21–84)
std 3.0 129 (25–256) 3,574 (3,192–4,144) 381 (357–416) 30 (27–94)
shp 10 185 (36–332) 3,461 (3,117–3,920) 406 (357–452) 20 (15–68)
shp 7.0 254 (56–415) 3,437 (3,078–3,846) 375 (336–412) 24 (19–74)
shp 5.0 353 (89–510) 3,380 (3,005–3,737) 349 (317–382) 26 (23–77)
shp 3.0 483 (150–629) 3,277 (2,880–3,574) 348 (326–382) 33 (30–83)

Normal-spontaneous std 10 27 (11–64) 3,733 (3,092–4,473) 408 (296–458) 9 (5–19)
std 7.0 51 (20–78) 3,743 (3,092–4,474) 386 (273–430) 12 (7–21)
std 5.0 80 (33–108) 3,732 (3,071–4,453) 360 (258–415) 16 (8–25)
std 3.0 133 (62–161) 3,696 (3,008–4,409) 364 (264–412) 20 (12–30)
shp 10 155 (83–250) 3,601 (2,839–4,354) 378 (277–412) 10 (6–18)
shp 7.0 218 (135–314) 3,563 (2,787–4,314) 343 (250–380) 12 (7–21)
shp 5.0 299 (210–401) 3,476 (2,701–4,230) 312 (228–354) 17 (10–25)
shp 3.0 413 (342–518) 3,319 (2,573–4,084) 313 (228–350) 22 (15–32)

Influence of CT image reconstruction method on the absolute subvolumes Vhyper, Vnormal, Vpoor, and Vnon

All values are median (interquartile range) and were rounded to the nearest milliliter
Recon reconstruction method, ml milliliters
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volume, a few collapsed or edematous alveoli could
obscure the presence of many hyperinflated ones [5, 14].
This search for an improved spatial resolution, however,
may be misleading under certain conditions. High-reso-
lution CT (HRCT) is currently the method of choice for a
visual and qualitative assessment of pathologic changes
within the lung such as emphysema [30, 31], but the sit-
uation seems quite different for a quantitative analysis of
Vhyper [19, 21, 27, 28, 36].

Even with HRCT, where thin slices are commonly used
together with sharp filters, we are still far away from the
spatial resolution required to display single (hyperinflated)
alveoli [5, 20, 21, 31, 37]. Thus, instead of improving the
detection of Vhyper, we may be trespassing the limits of
density resolution of current CT technology. Kemerink
et al. demonstrated that different reconstruction protocols
may result in unacceptable differences in densitometric
measurements, especially in heterogeneous foam-like

materials, and tried to overcome these limitations by
introducing the concept of CT sample volume [20, 21].
While the voxel size represents an arbitrary volume within
which the density information is displayed or interpolated,
the sample volume is the minimum volume carrying truly
independent information, not contaminated by neighbor-
hood densities. It is the volume in a scanned section over
which the X-ray attenuation is truly estimated and fre-
quently encompasses a few contiguous voxels. According
to Kemerink et al., comparability of densitometric results
(and thus the threshold-based assessment of Vhyper)
requires sample volumes above a critical value of 8 mm3

[20, 21]. Discussion of the appropriateness of this value is
beyond the scope of this work, but it is worth noting that
we observed large increases in Vhyper when sample vol-
umes were below 8 mm3.

Whenever spatial resolution is increased, for instance
by using sharp filters and/or thin slices, the sample volume

Fig. 1 CT images after segmentation of the lung for three
representative patients and three image reconstruction methods:
std_10, shp_10, and shp_3, respectively. Voxels contributing to
Vhyper are marked yellow. Images are annotated with the absolute
and relative Vhyper of the entire lung. Relative Vhyper are percentages

of Vtotal. Patient annotations (i.e., S1, V2, A2) correspond to
Table 2. Normal-spontaneous patient S1 was scanned during end-
inspiratory breath hold, normal-ventilated patient V2 and ARF
patient A2 during uninterrupted mechanical ventilation
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decreases and the histogram of CT numbers broadens due
to an increased number of voxels with extreme values
[19–23, 29, 31]. The key question is to what extent the
broadened histogram and the associated increase in Vhyper

is related to less partial-volume-artifact (i.e., better
reflecting reality), and to what extent it is an artifact due
to a too small sample volume (i.e., an increased amount of
reconstruction noise). Important information to answer
this question can be obtained from analysis of Vnon—the
subvolume at the other extreme of the histogram.
According to Kemerink et al., the artifact caused by a too
small sample volume produces a preferential overesti-
mation of Vhyper with little effects on the other

compartments [20, 21]. In contrast, any decrease in
partial-volume-artifacts should produce symmetric and
similar effects in Vnon, because vessels, bronchial walls,
edematous or collapsed alveoli are reproduced with less
contamination by surrounding lower density tissues
[20, 21]. Although increments of Vnon may not exactly
mirror those of Vhyper, since this would require a mean
lung density around -500 HU, the increments of Vnon

observed in our patients were much smaller than that
expected. Thus, we must conclude that sharp filters were
not appropriate for the assessment of Vhyper, especially in
ARF patients: whatever the slice thickness, Vhyper from
the sharp filter significantly exceeded the corresponding

ARF

10 7 5 3 10 7 5 3

0

2

4

6

8

10

V
hy

pe
r
[%

]

ARF

10 7 5 3 10 7 5 3

0

10

20

30

40

V
no

n
[%

]

NORMAL-VENTILATED

10 7 5 3 10 7 5 3

0

5

10

15

20

V
hy

pe
r
[%

]

NORMAL-VENTILATED

10 7 5 3 10 7 5 3

0

1

2

3

4

5

V
no

n
[%

]

NORMAL-SPONTANEOUS

10 7 5 3 10 7 5 3

0

5

10

15

20

V
hy

pe
r
[%

]

NORMAL-SPONTANEOUS

10 7 5 3 10 7 5 3

0

1

2

3

4

5

V
no

n
[%

]

standard filter sharp filter

reconstruction method
standard filter sharp filter

reconstruction method

standard filter sharp filter

reconstruction method
standard filter sharp filter

reconstruction method

standard filter sharp filter

reconstruction method
standard filter sharp filter

reconstruction method

Fig. 2 Influence of image
reconstruction on relative Vhyper

(left column) and Vnon (right
column), respectively, for ARF,
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in combination with two
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Vhyper from the standard one, without any associated
change in Vnon (in fact there was a slight decrease).

A similar observation has been established for the
quantification of emphysema, a condition where sharp
filters are no longer recommended for the assessment of
Vhyper, since they were shown to overestimate this sub-
volume [20–24, 26, 36].

In contrast to this straightforward conclusion about the
inappropriateness of sharp filters, the results of our study
are less conclusive regarding the possible artifact caused
by thin slices. Both absolute Vhyper and Vnon increased
with decreasing thickness (Table 4). This was paralleled
by a decrease in Vpoor and particularly consistent for
reconstructions using the standard filter. Such behavior is
compatible with a reduction in partial-volume-artifacts,
suggesting a true advantage of thinner slices. When Vnon

was expressed as percentage of Vtotal (Table 3), however,
it remained almost unchanged (Fig. 2). Furthermore, the
median relative variation of Vnon in normal-ventilated and
normal-spontaneous was only about 1%, corresponding to
an absolute volume of approximately 10 ml. Since Vnon is
more susceptible to subjective segmentation errors than
Vhyper, such a small increase in Vnon may also be related to
a higher rate of segmentation errors when analyzing a
great number of thin slices. Nevertheless, our analyses
suggest that thinner slices (especially in combination with
standard filter) enable assessment of Vhyper with less
influence of partial-volume-artifacts. However, further
studies seem necessary to prove this conclusively for the

assessment of lung hyperinflation associated with
mechanical ventilation.

Thin slices have been implemented in several proto-
cols for the CT quantification of Vhyper in emphysema,
asthma or interstitial lung disease. To avoid an overesti-
mation of Vhyper, however, most of these studies used
-950 HU or even lower thresholds to separate Vhyper

from nomal lung [16, 18, 24, 27, 28, 30–32, 36, 38, 39].
Accordingly, the authors were able to reduce partial-
volume-artifacts without the associated overestimation of
Vhyper. Unfortunately, this procedure has not been adopted
in studies about mechanical ventilation, and this may
explain the high values of Vhyper reported in subjects
scanned at low transpulmonary pressures [5, 6, 9, 15]. In
all these studies, thin slices were analyzed with the tra-
ditional -900 HU threshold, sometimes in combination
with sharp filters. In this context, it is interesting to note
the significant decrease in Vhyper in 3 mm slices observed
in our study after applying the -950 HU threshold.

It is likely, however, that no single threshold for Vhyper

is universally appropriate, even when using intermediate
slice thicknesses in combination with soft or standard
filters [26]. Thresholds will not only vary with patient-
specific factors [16, 36], but also with the severity of the
lung pathology [5]. A gold standard for measurement of
Vhyper in mechanically ventilated patients is lacking,
especially for conditions in which the average lung den-
sity is increased, such as acute lung injury. Finally, even if
Vhyper assessed by threshold-based CT densitometry might
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correlate with macroscopic and microscopic morphome-
try (as shown for emphysema [32, 33, 39]), it is still a
challenge to understand how we could relate it to physi-
ological indicators of alveolar hyperinflation such as
functional dead-space [40], septal stress, or increased
cytokine release [7, 41].

Some limitations of our retrospective study deserve
attention. Although a fixed CT protocol was used for each
group, different respiratory conditions (e.g., slightly dif-
ferent PEEP levels) may have resulted in uncontrolled
lung volumes at which CT data were acquired. Also, age,
body mass index, and smoking habits differed between
groups. Finally, the radiation dose (current-time product)
had been chosen by the CT technician according to
indication for CT and patient factors and thus varied
among our patients. All these factors may have biased
intergroup comparisons of Vhyper, but not the within-
patient assessments, which were the focus of this study.
Finally, two outliers can be recognized in the Vhyper col-
umn of Fig. 2 (ARF and normal-ventilated). The lower
radiation doses applied in these two patients (100 mAs)
might be an explanation for the high values of Vhyper,
although such an artifact seemed to be limited in previous

studies [30, 32]. Anyway, we tested the overall analysis
without these two outliers. We found that the trend of
increasing Vhyper with higher image resolution remained,
suggesting that our conclusions are robust.

In conclusion, CT-based assessment of the hyperin-
flated lung volume in mechanically ventilated patients is
significantly affected by image reconstruction parame-
ters. Sharp filters overestimate this volume whatever
slice thickness they are combined with. Thin slices used
in combination with standard filters seem to reduce
partial-volume-artifacts and may improve the assessment
of hyperinflation. This approach, however, would require
the definition and validation of new HU thresholds (e.g.,
-950 HU in normal lungs). Quantitative data of differ-
ent studies can only be compared if identical
reconstruction parameters were used and comprehen-
sively specified.
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