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PURPOSE: To quantify inter- and
intrascanner conformity in computed
tomographic (CT) densitometry of
the lungs.

MATERIALS AND METHODS: With
six scanners from four manufacturers,
a lung densitometry protocol with
several variations was applied for
performance comparison. Phantoms
included water, air, and a humanoid
thorax phantom equipped with a dog
lung and exchangeable pseudolungs
of polyethylene foam.

RESULTS: All scanners produced
acceptable CT numbers (Hounsfield
units) for water, but some not for air.
An incorrect calibration of air density
affected all CT numbers at lung den-
sities, but the error was easily correct-
able. Some systems were more sensi-
tive to object size than others were.
Sensitivity of CT numbers to section
thickness, reconstruction filter, zoom
factor, and table height was small,
except for two scanners in relation to
section thickness.

CONCLUSION: After correction for
poor air calibration, scanner confor-
mity was acceptable when the repro-
ducibility of lung densitometry in
clinical practice was set as a refer-
ence.

Index terms: Lung, CT, 60.12118 #{149}Lung, den-

sity, 60.91
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(�OMPUTED tomographic (CT) den-
‘a- sitometry of the lungs is exten-
sively used in research and is of grow-
ing clinical interest (see, eg, references
1-4 and references therein). A relevant
issue for present applications, and
certainly for a more general introduc-
tion, is conformity among the various
scanners on the market. In other fields
of densitometry, relatively poor inter-
scanner, and even intrascanner, con-
formity of CT numbers (Hounsfield
units) has been reported (5-7). More-
over, CT scanners were traditionally
not optimized for the low-attenuation
studies that are relevant to investiga-
tions of lung disease. To our knowl-
edge, no systematic scanner compari-
son in lung densitometry has been

published so far, although the scale of
activities seems to warrant such an
investigation. The present study re-
ports the results from a few wide-
spread scanners, and it addresses the
problem of correcting CT-determined
densities obtained with a scanner
having a poor calibration at air den-
sity.

MATERIALS AND METHODS

CT Scanners

Six CT scanners were included in the
study (Table 1). All systems are thind-gen-

emation scanners, except the Picker system,
which is fourth-generation. With all sys-
tems, scans were obtained that might be
chosen for a combined densitometric and

high-resolution CT study. The scanning
parameters chosen according to this ap-
proach are given in Table 1. Only densito-
metric results were evaluated. A specialist
from the manufacturing on sales company
of each scanner collaborated in the mea-
sumements, except in the case of the two
Siemens scanners of our own hospital.

Phantoms

The following phantoms were used:
1. A circular, water-filled phantom of

20-cm diameter.

2. A humanoid thorax phantom (8) con-

taming lungs of a dog and an empty lower

thorax section that could be equipped
with polyethylene foam to simulate lungs.
A ring of 3-cm-thick pig fat was placed
around the “lean” phantom to simulate an
“obese” thorax. This ring of lard was fro-
zen to stabilize its form.

3. Various pieces of polyethylene foam

(PSG, Wellen, Belgium) with a relatively

uniform and accurately determined den-

sity (9) were used as pseudolungs in the

thorax phantom.

Measurements

CT numbers for water and aim, yielding
the two calibration points of the Houns-
field scale, were measured. The CT num-
ben of air was measured within the empty
lean and obese thorax, as well as in the

empty gantry. The CT number of water
was determined with the 20-cm-diameter
phantom in the middle of the gantry, by
using a large circular region of interest
covering about 80% of the phantom cross

section.
The dog lungs in the humanoid phan-

tom were measured at a position that had
been marked on the outside of the phan-
tom. The CT number was calculated as an
average over a hand-drawn region corn-

pletely including the left lung.

The CT numbers of the various pieces of
polyethylene foam were determined with
the foam in the lean and in the obese
phantom. The results, consisting of CT
numbers versus foam density, were fitted
with the linear function CT number = off-
set + slope . density. The CT number for

air (empty phantom) was included in the

fit. �2 analysis was used as a measure of
the quality of the fit; for a proper fit and
realistic error estimates �2 should be on

the order of 1.
The correlation of CT number with

some variations in the standard protocol
was also investigated. We determined the
influence of section thickness, meconstruc-
tion filter, zoom factor, and table height.
In principle these parameters should not
affect the average CT number, at least not

for homogeneous materials. We used the
water phantom, air, and the obese thorax
phantom with polyethylene foam at a

density of 109 kg/rn3 (for short, foam 109).
We also looked for the possible occurrence
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of data truncation: Some scanners do not

use CT numbers below -1023 on -1024,

whereas owing to noise such values may

well occur for lungs of extremely low den-
sity (eg, in patients with emphysema) (9).

Assuming a webb-calibrated scanner, the

density of water-equivalent tissue, as lung
is (10), can simply be calculated from the
measured CT number by adding 1,000
(strictly, the correction at air density should
be 1,001.3, changing to about 998.0 at wa-

ten density). The density so obtained is in
kilograms per cubic meter. This relation
shows the equivalence between CT num-

ben and density. In the remainder of this
article we use CT numbers because they
are the numbers given by the scanner.

RESULTS

The CT numbers found for water,
air, dog lung, and foam 109 are shown
in Table 2. The results for water were
similar among all scanners. For air,
dog lung, and foam 109, the CT num-
bers obtained with the Philips scan-
ners deviated from the results of the

other scanners. Table 3 presents the
results of the measurements of foam

in the lean and obese thorax phan-
tom. The latter results are presented
in the form of the offset and slope of
the linear function fitted to the data.
The figure shows, as an example, the
foam data points, together with the
line fitted to them, for the Philips SR
7000 scanner (top) and a Siemens

Somatom Plus scanner (bottom). The
quality of the fit was usually good, as
was also evidenced with the x2 value.

With all scanners, the CT numbers
of air, water, and foam 109 were also
measured at section thicknesses of 3,

5, and 10 mm. The Philips scanners, in

contrast to the other scanners, showed
considerable section thickness-depen-
dent differences in CT numbers for air
and foam. Averaging for each of the
non-Philips scanners the results for
the four different section thicknesses,
where the averaging is performed
separately for air, water, and foam
109, produced standard deviations of
these intrascanner averages between

0.1 and 1.2 HU. For air, the Philips
SR 7000 produced -984 HU (1.5-mm
section thickness), -992 HU (3 mm),
-994 HU (5 mm) and -996 HU (10
mm); and the LX produced -984 HU
(1.5 mm), -991 HU (3 mm), -994 HU

(5 mm), and -992 HU (10 mm). Espe-

ciably for sections of 1.5-mm thickness,
barge deviations from the ideal value
of -1,000 HU were observed. The CT
numbers for foam 109 showed similar
shifts.

The influence of the type of recon-
struction filter was normally very
small: bntrascanner changes were al-

most always less than 1 HU, the maxi-

mum change being 2.0 HU. Greater
deviations might be found in those
cases in which data truncation occurs.

The filters tested were, for the GE
Highlight scanner, STD (standard),
bone, detail, soft, and smooth; for the
Picker PQ-2000 scanner, STD, sharp,
and smooth; for the Philips SR 7000
and LX scanners, 4, 5, 8, and 9; and
for the Somatom Plus scanners, stan-
dard, high-resolution, ultra-high-reso-
lution, and soft.

Zoom factor variation between 1.0
and 3.0 never modified CT numbers

by more than 1 HU.

Changes in table height over a 5-cm
range never affected CT numbers by
more than 1.5 HU. Some systems
(Picker, Philips) allow scanning with
the table in such a bow position that it
is partly outside the scan field, which

beads to falsification of CT numbers

(often in the form of streak artifacts).
Another system (Siemens) allows only
a 5-cm vertical positioning range.

The Highlight and the Somatom
Plus scanners are prone to data trun-

cation: Data are truncated at -1024
and - 1023 HU, respectively.

DISCUSSION

The CT numbers for water indicate

that all scanners tested are reasonably
well adjusted at this major calibration
point. For air the situation is depen-
dent on the scanner. The Siemens So-
matom Plus scanners produced values
that are under all tested circumstances,
within 1 or 2 I-lU from the ideal value of
- 1,000 HU. In contrast, both Philips
scanners showed a deviation of slightly
more than 15 FlU when a section thick-
ness of 1.5 mm was used. Without cor-

rection, such a deviation induced a
large error in the estimated lung den-
sity (eg, at a density of 100 kg/rn3 the

error would be 15%).

The GE system produces CT num-
bers for free air that are approxi-
mately - 1,008 1-lU, 8 HU too low. For
air within the thorax phantom, the
Picker and GE systems show differ-
ences on the order of 4-5 HU between
data from the lean and obese thorax.

All foam data could be fitted well
with a linear function, indicating that
within the experimental accuracy of
about 2%, all tested scanners appear
to be linear in the low-density range
for a given phantom. Between the
lean and obese thorax data obtained
with the GE and Picker systems, how-
ever, a systematic difference of 3-4
HU existed in all data points, similar

to the difference observed for air. For
one scanner the difference is positive;
for the other, however, it is negative.
In these experiments each piece of
foam was measured in the lean tho-
rax; then the ring of lard was placed
in position, and with the foam lung in
place, the obese thorax data were ac-
quired. The shift in CT numbers must
therefore be related to phantom size
or phantom composition. Phantom
size will affect the relative amount of
scattered radiation, and phantom
composition, since fat is not equiva-
bent to water, affects beam hardening.
The resulting effects in the various
scanners are dependent on a number
of instrumental details and calcula-
tional corrections. Factors that at least
in principle are beneficial for quanti-
tative CT are (a) relatively heavy x-ray
beam filtration, (b) a detector dia-
phragm that limits section thickness,
(c) a flat beam filter, and (d) good de-
tector collimation, which is more diffi-
cult to achieve in a fourth- than in a
third-generation scanner. The pres-
ence of a detector diaphragm is espe-
ciably important for thin sections, but
only the Somatorn Plus scanners have
it as a standard feature. Not only
these systems, however, but also the



Table 3

Measurements of Foam in the Lean and Obese Thorax

Scanner

Lean Thorax Obese Thorax

Offset8

(HU)
Sbope*

(HU/Ikg/&J) #{149}

Offset8

(FlU)
Slope8

(HU/[kg/m31) x2

Highlight

SR 7000
LX
PQ-2000
Somatom I
Somatom 2

-1,005

-985
-983
-997

-1,001
-1,000

0.999
0.953
0.949
0.950

0.973
0.978

0.64
0.37
0.1
0.71

1.58
1.32 �

-1,000
-985
-983

-1,001

-999
-999

0.985
0.961
0.961
0.951

0.959
0.967

0.24
0.33
0.26
1.15

1.23
3.30

Note-Scanning parameters are in Table 1.
8 Results from a fit with the linear function CT number = offset + slope polyethylene density.
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Table 2
CT Numbers (Hounsfield units) for Water, Air, Dog Lung, and Foam 109

Scanner
Type Water Air

Air in Lean
Thorax

Air in Obese
Thorax Dog Lung*

Corrected
�g Lung*t

Corrected
Lean Thorax

Foam 109t

Corrected
Obese Thorax

Foam 109t

Highlight +1.2 -1,008 -1,005 -1,000 -912 -907 -890 -893

SR7000 +1.0 -984 -985 -985 -887 -902 -896 -896
LX -2.4 -984 -983 -983 -888 -905 -896 -894
PQ-2.000 -0.3 -999 -997 -1,001 -912 -915 -897 -896
Somatom 1 +2.6 -999 -1,001 -1,000 -910 -910 -893 -894
Somatrim2 -1.5 -1,000 -999 -1,000 -911 -911 -894 -894

Note.-Scanning parameters are in Table 1.

* Lean thorax.

t Corrected for error in CT number for air (see text).
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CT numbers of polyethylene foam in the bean

and obese thorax phantom versus pobyethyb-
ene density. Experimental data, together

with a fitted linear function, are shown for
the Philips SR 7000 scanner (S) and a Sie-

mens Somatom Plus scanner (U) (Somatom

2 in Tables 2 and 3).

two Philips systems showed no sys-
tematic shift in data between the lean
and obese thoraxes. It is probable that

these subtle effects are dependent not
only on the hardware but also on the
exact implementation of several cor-
rections with the software.

The slope of the foam curves for the
different scanners varies between
0.949 and 0.999 HU/(kg/m3). No sub-
stantiab difference exists between the
slopes for the lean and obese thorax

data for any scanner. When the x-ray
spectrum, filtration, and detector re-
sponse of the scanner are known, the
polyethylene slope can be used to
obtain an estimate of the calibration
curve for low-density water-equiva-
lent tissue. In essence, under the pres-
ent circumstances the ratio of the ef-
fective mass attenuation coefficients
of water and polyethylene is needed
for tnis conversion. Complications
due to scanners using a water-based
beam-hardening correction are neg-
lible, since the thickness of polyethyl-
ene is small: For all foam lungs it is
less than 2.5 g/cm2. For the Somatom
Plus scanner the required simulations
were performed (9), resulting in
slopes for water-equivalent tissue that
are close to the ideal value of 1.00.
The calculations were not performed
for the other scanners.

It is found, without exception, that
the foam curves shift with the corre-
sponding air point, as exemplified in
the Figure. This finding suggests a
simple method for the correction of
CT numbers obtained by using a scan-
ner with poor air calibration. It neces-
sitates the measurement of the CT
number of air, preferentially within a
phantom that resembles a thorax as
closely as possible, and it simply en-
tails a correction of every measured

CT number with the error in the air
value. For example, when the air
value equals -1,008 HU, +8 HU is
added to all measured CT numbers.
In Table 2 the corrected CT numbers
for the dog lung and foam 109 were
calculated according to this method.
Averaged over all scanners, the CT
number for foam 109 in the bean tho-
rax was -894.3 HU ± 2.4, and in the

obese thorax, -894.4 HU ± 1.2. The

largest difference between the results
of any two scanners was 7 HU. These
results indicate a fair inter- and intra-
scanner conformity in densitometric
estimates in the low-density range.
For the dog lung, a larger spread in
CT numbers was observed: The aver-
age corrected CT number was -908.2
HU ± 4.7 A considerable part of the

variation is due to the inhomoge-
neous density of the lung and the re-
sulting sensitivity to phantom posi-
tioning, section thickness, and region
definition. Homogeneous foam is
clearly preferred for studies of this
type.

A theoretically better approach to
correcting poor air calibration consists
in effectively making a calibration
curve with an air and a water point
and calculating the density according
to the equation lung density = (1,000/
[CT number water - CT number air])
. (measured CT number lung - CT
number air). This method should be
more accurate, especially at higher
densities.

Concerning the tested acquisition
and reconstruction parameters that in
principle should Pot affect CT num-
bers, it can be concluded that all scan-
ners appear to be well designed. The
only serious exception is the section
thickness dependence of CT numbers
of air for the two Philips scanners.
Philips stated that they have largely
solved this problem and that they
started installing modifications. Sub-
stantiab CT number falsification by
truncation at - 1,023 or - 1,024 HU
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(9), as is possible with the Somatom
Plus and Highlight scanners, is likely
to occur only at extremely bow densi-
ties or low mAs values, especially in
combination with a high-resolution
filter. When it occurs, it beads to an
erroneous upward shift of the aver-
age CT number. The phenomenon is
easily recognized in a histogram: At
the low end, tail truncation is seen,
with a peak containing the truncated
pixels at the most negative CT num-
ber the system can handle. Recon-
struction with a smoother filter often
will remedy the problem as far as the
average CT number is concerned.

The present results compare favor-
ably with those reported in the past
(5-7). Several explanations exist for
this observation. First of all, the equip-
ment has been greatly improved in the
decade since the previous measure-
ments were performed. Second, the
older work concentrated on densitom-
etry of small, nearly water-equivalent
objects, sometimes within a medium
of greatly different density, where
partial volume effects and reconstruc-
tion filter-related effects are of impor-
tance. In the present work, in which
CT numbers averaged over barge am-
eas are considered, these problems
do not play a role.

CONCLUSION

All scanners tested have an accept-
abbe calibration at water density. At
low densities, the scanners differ in
their behavior. CT numbers from the
GE Highlight and Picker PQ-2000
scanners show some sensitivity to

phantom size or composition. The
Philips scanners SR 7000 and LX have
a poor, section-thickness-dependent
calibration, but the systems are not
very sensitive to phantom size or
composition. The Siemens Somatom
Plus systems are well calibrated and
not very sensitive to phantom size or
composition.

A simple correction for the scanners
with a poor calibration at air density
has been proposed. After this correc-
tion is applied, the conformity of all
scanners in the low-density range was

fair: At a density of about 100 kg/rn3
the standard deviation of the average
over all scanners is less than 3 HU,
and the maximum observed inter-
scanner difference is 7 HU. The ob-
served interscanner variability will
generally still be smaller than the me-
producibibity of CT densitometry in
clinical practice (9,11).

All scanners are well designed with
respect to CT number sensitivity to
reconstruction filter, zoom factor,
table height, and section thickness,
with the exception of the two Philips
systems in relation to sensitivity to

section thickness.
In conclusion, when correction for

poor air calibration is applied, all sys-
tems tested can be used for densitom-
etry of the lungs, and meaningful
comparison of results from the van-
ous scanners tested is possible. u
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