Density resolution in quantitative computed tomography of foam and lung
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This study was performed to assess density resolution in quantitative computed tomography (CT) of
foam and lung. Density resolution, a measure for the ability to discriminate materials of different
density in a CT number histogram, is normally determined by quantum noise. In a cellular solid,
variations in mass in the volumes sampled by CT cause an additional degradation of density
resolution by the linear partial volume effect. The sample volume, which is directly related to
spatial resolution, can be varied by choosing different section thicknesses and reconstruction filters.
Several polyethene (PE) foams, as simple models of lung tissue, and five patients were investigated
using various sample volumes. For the uniform PE foams, density resolution could be directly
determined as the full width at half maximum of CT number histograms. Density resolution for
foams with cell sizes of 0.8—1.5 mm was dominated by effects caused by the limited sample size,
not by quantum noise. The relative magnitudes of density resolution could roughly be explained
with a model for a hypothetic random cellular solid. Since lungs are not of uniform density, analysis
of patient data was more complicated. A combined convolution least-squares fit procedure, together
with information obtained in the studies of foam, were used to determine density resolution in lung
studies. Density resolution, both for foams and lung, was strongly dependent on sample volume,
and was quite poor for thin sections and sharp filters. Consequently, histogram-shape related pa-
rameters are sensitive to the spatial resolution chosen on CT. Thin section densitometry, using a
1-mm section with a standard or high resolution filter, is not recommended except in determining
average density. When using thicker sections, an in-plane spatial resolution similar to section
thickness is advised. © 1996 American Association of Physicists in Medicine.

Key words: densitometry, lung density, CT technology

I. INTRODUCTION

Modern computed tomography (CT) scanners are able to de-
termine the average density of lung tissue with acceptable
accuracy.? With proper air calibration the average lung den-
sity, as determined by CT, is largely independent of the scan-
ner’s technique settings, and results from different scanners
can meaningfully be compared, at least for a number of
widely used scanners that was recently tested.

However, disease affecting lung density only locally, or to
varying degrees throughout the lung, may not optimally be
reflected by the average density. Such lesions might in prin-
ciple be quantified more effectively using other quantities
derived from CT number histograms. Several investigators,
following this approach, have tried to quantify the extent and
severity of emphysema and interstitial lung disease. They
used, among others, the fractional area of the histogram be-
low some threshold (also referred to in the literature as pixel
index or density mask),>~'? a percentile (being the CT num-
ber below which a given percentage of the histogram
extends),s"z‘17 the fraction of the histogram within a given
interval or above some CT number,'6~? the standard devia-
tion and full width at half maximum (FWHM),'*!>18 and the
skewness and kurtosis.?! Unfortunately, these parameters are
dependent on all instrumental factors that affect the shape of
the histogram. Among these instrumental factors section
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thickness and reconstruction filter (or kernel) are of para-
mount importance. According to the literature cited, section
thicknesses from 1 to 13 mm have been used, while only
standard and high resolution reconstruction filters have been
applied. Although all investigators who performed histogram
analysis appeared to be aware of the dependence of the CT
number distribution on scanning technique and reconstruc-
tion kernel, no quantitative study of the effect of these pa-
rameters has been published to our knowledge. This is a very
unsatisfactory state of affairs since it is by no means obvious
that the techniques described in the literature are well suited
to their purpose.

In order to facilitate a quantitative description of factors
affecting parameters derived from a histogram, it is practical
to introduce the quantity *‘density resolution.”” Density reso-
lution, for a certain material and a given set of CT technique
parameters, is defined as the FWHM of the CT number his-
togram of a large sample of uniform density of that material.
To conform with definitions of resolution in other fields of
spectroscopy, the FWHM was chosen as the descriptive pa-
rameter rather than the standard deviation. For water equiva-
lent tissue, like the lung,? density resolution has numerically
the same value when expressed in Hounsfield units (H) or
kg/m®. The importance of density resolution may immedi-
ately be evident from the fact that it is the lower limit by
which two tissues (e.g., healthy and diseased lung) have
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to differ in density in order to be seen separately in a CT
number histogram. A quantity related to density resolution,
but distinctly different and unfortunately of little use in the
present context, is the generaily used (low) contrast resolu-
tion, defined as the diameter of a circular region that, at a
given difference in CT number, makes the region just dis-
cernible from its surroundings.”® This parameter is generally
specified in CT product data.

For a noncellular material of uniform density, like water
or air, density resolution in CT is normally limited by quan-
tum noise, i.e., by the finite number of photons that is de-
tected after transmission of the x rays through the phantom.
A cellular material, like foam or lung, further degrades den-
sity resolution by the linear partial volume effect. The under-
lying physical mechanism is that, in sampling an air contain-
ing cellular solid, the individual samples will contain varying
amounts of air and solid. The degree of deterioration of den-
sity resolution is strongly dependent on the ratio of the spa-
tial resolution chosen on the CT system, and the characteris-
tic dimensions of the cellular structure. For clinical
applications the spatial resolution should ideally guarantee
the sampling of areas affected by disease without the inclu-
sion of unaffected tissue, while at the same time the density
resolution should allow discrimination between affected and
unaffected tissue.

The aim of the present study was to provide quantitative
data on the relation between spatial and density resolution.
This information should be of help in choosing an optimal
compromise between the conflicting demands for both kinds
of resolution. To this purpose the following points were ad-
dressed: (1) By way of introduction the effect and impor-
tance of density resolution will be illustrated using a phan-
tom containing foams of two densities. (2) Measurements of
the in-plane spatial resolution for the CT’s various recon-
struction filters will be performed. Together with section
thickness, this in-plane spatial resolution enables the calcu-
lation of the nominal sample volume of the CT scanner. (3)
Density resolution for polyethene (PE) foam, as a simple
model for lung tissue, will be studied in some detail. (4) The
contribution of quantum noise to density resolution will be
investigated. (5) Density resolution in patient studies of lung
will be estimated.

ll. MATERIALS AND METHODS
A. Phantoms and patients

A thin copper wire (0.15 mm in diameter) was used as a
resolution phantom to determine the point spread function
(PSF) for the CT’s various reconstruction filters.

Polyethene (PE) foam samples of several densities (37,
59, 63, 96, 109, 164, and 186 kg/m3 ; PSG, Wellen, Belgium)
have been used as pseudo-lungs. We will refer to these
foams by means of their density. These samples were studied
free in air on the patient bed, in the empty lower section of a
humanoid thorax phantom,24 and in a polymethylmethacry-
late (PMMA or perspex) phantom. The PMMA phantom has
the form of a cross-sectional slice of an average human tho-
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rax, with cavities in the positions of the lungs. Air, in the
empty cavities of the phantoms, was also measured to esti-
mate system noise.

In this study five male patients were included: three pa-
tients with emphysema (A: 68 y; B: 63 y; C: 79 y), one
patient with normal lungs (D: 69 y), and one patient with
both emphysema and interstitial lung disease (E: 83 y). Our
lung density research protocol was approved by the Medical
Ethical Committee of our institution, and the studies were
performed after obtaining the patient’s informed consent.

B. CT scanner

All measurements were performed on a Somatom Plus
scanner (Siemens, Erlangen, Germany). The high voltage
was in all cases 137 kV. Unless stated otherwise, we used a
scanning time of 1 s, a tube load of 220 mAs, a zoom factor
in reconstruction of 1.6, and a 512X512 matrix. At 220 mAs
the system used the large focal spot of the x-ray source.
Reconstruction kernels (or filters) applied in this study were:
ultra-high resolution (UHR; Siemens code AB_07041), high
resolution (HR; AB_07052), standard (STD; AB_07055),
soft (SFT; AB_07057), and detail soft (DS; AB_07059). We
will refer to this set as “‘the five kernels’” or ‘‘all five ker-
nels.””

C. Measurements

To illustrate the effect of density resolution measurements
were performed on the PMMA thorax phantom equipped
with two PE foams: 75% of the area of one lung cavity was
filled with foam of a density of 96 kg/m®, while the remain-
ing 25% was filled with foam of a density of 63 kg/m®,
simulating a large lesion of lower density. The other lung
cavity was left empty (thus air filled) to yield estimates of
system noise within an average sized thorax. Section thick-
nesses of 1, 2, 3, 5, and 10 mm were applied, and each scan
was reconstructed with all five kernels mentioned before.
The degree of separation of the two foams in the CT number
histogram will give a simple visual indication of density
resolution.

In order to find the in-plane sample size the thin copper
wire (resolution phantom) was imaged with a section thick-
ness of 3 mm and reconstructed with all five kernels using a
large zoom factor of 16 (field of view approximately 3 cm).

To find the density resolution for foams, PE foams 37, 59,
109, 164, and 186 have been measured in air (foam free on
patient bed) with the same section thicknesses and recon-
struction filters as used with the PMMA phantom. For a few
acquisitions the images were reconstructed with zoom fac-
tors other than 1.6 to check the effect of this parameter.

To verify the uniformity of the foams, larger CT sample
volumes are required than achievable with the DS kernel.
Therefore, the matrix size of the image was reduced from the
original 512512 to 64X64 by taking the average of sets of
88 pixels. We used 10-mm sections and the STD filter in
this last experiment.

The effect of quantum noise was investigated using foam
37 and air within the humanoid thorax cavity. The phantom
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was surrounded by an additional ring of fat of 3 cm thick-
ness. This foam and the ‘‘obese’” phantom were chosen be-
cause they realized similar contributions of quantum noise
and sampling effects to density resolution. Technique set-
tings were: a section thickness of 1 mm, the STD reconstruc-
tion kernel, and various tube loads between 75 and 880 mAs,
with corresponding scan times between 1 and 4 s.

All five patients were investigated at only one anatomical
position, at full inspiration, and using section thicknesses of
1,2, 3, 5, and 10 mm. Each scan was reconstructed with all
five kernels, resulting in 25 images per patient.

D. Theory of analysis

The definition of density resolution, as given in Sec. I, has
the following background: Consider a cellular material of
uniform average density that is scanned using sample vol-
umes of such a large size that the resulting CT number his-
togram has a negligible width. Choosing smaller sample vol-
umes causes an increase in the relative variation in mass
sampled. By the linear partial volume effect this is reflected
in an increase in spread in CT numbers in the image, thus in
a broadening of the histogram. Since nonlinear effects are
very small,? the average CT number will remain the same.
Except for normalization, the measured, broadened histo-
gram can be seen as the convolution function applied to the
original spikelike histogram. The function’s width is then, by
common definition, the resolution. Thus, provided that the
foams used are of uniform average density, and we will show
they are, the measured histograms yield a direct estimate of
density resolution. We will see that for the foams the mea-
sured histograms resemble Gaussians, except for some tail-
ing toward higher CT numbers. To quantify this tailing the
skewness of the histogram was also determined.

For lung tissue the situation is more complicated. Because
lung tissue is not of uniform average density, the FWHM of
the CT number histogram of a patient does not reflect density
resolution in a direct way. But even for arbitrary density
distributions in the lung, it should be possible to find the
difference in density resolution between two different mea-
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surements using convolution techniques. We tried to realize
this in the following way. We took the reconstruction with
the detail soft kernel (DS; AB_07059) as the reference, and
assumed that at the corresponding scale of sampling the av-
erage density within each sample might still be considered
constant. Histograms obtained using sharper kernels should
be obtainable from the DS histogram by convolution with a
suitable function, the width of the convolution function re-

~ flecting the difference in density resolution between the two

kernels. To keep the analysis tractable we assumed that the
convolution functions could be approximated with Gauss-
ians. The analysis was performed per series of one section
thickness, because different sections contain different tissue
and are for that reason difficult to compare.

One expects the width of the convolution function to be
dependent on the local density p and the characteristic size D
of the cellular lung structure. Not having any knowledge on
the local D we tried to model the sampling component of
density resolution for lung tissue as

FWHM(S.F,p)=FWHM(S.F).(p/pa), (1)

with § the section thickness, F the reconstruction filter, p
(p,y) the (average) lung density, and y some positive power.
This p dependence assures that the width of the convolution
function becomes zero when density does. For a truly ran-
dom solid with a fixed D one expects y=1 (see hereafter).
Introduction of the power 7y creates an additional degree of
freedom. In this model the width of the convolution Gauss-
ian, required to convert the reference DS histogram into one
corresponding to filter F, is given by

FWHM(S,DS— F,p)=FWHM(S,DS—F).(plpy)"  (2)
with FWHM(S,DS— F)

= JFWHM?(S,F)— FWHMZ2(S,DS). (3)

Here we used the property that the convolution of two Gaus-
sians is again a Gaussian with a width given by a formula
well known from error propagation analysis. In the presence
of quantum noise, (3) becomes

FWHM(S,DS— F,QN. p)= VFWHM(S,DS— F).(p/p,,) >+ FWHM>,(S,F) — FWHM>,(S,DS), (4)

with FWHM,y(S,F) the FWHM of the CT number histo-
gram of air acquired under the same conditions of kV, mAs,
x-ray attenuation, and scatter as in the patient study.
Estimates of FWHM(S, DS—F) were determined from a
one parameter fit using (4) in a convolution algorithm that
was incorporated in a general nonlinear least-squares fit
procedure.”® Thus, FWHM(S, DS—F) was determined in
such a way that the convolution of the measured DS histo-
gram with a Gaussian of the width given by (4), fitted opti-
mally in the least-squares sense to the measured histogram
corresponding to filter F. The parameter y was determined
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beforehand by varying its value, performing a number of fit
procedures, and evaluating the quality of the fits as reflected
by x*. The 7y so found was used throughout the complete
analysis of that patient.

The foregoing procedure yields only differences in den-
sity resolution, while we are interested in absolute values.
However, calculation of absolute values is possible when a
second relation can be found. This relation might be obtained
from the PE foam studies. There it was found that the ratio
a,=FWHM(S ,DS)/FWHM(S,SFT) was nearly independent
of foam type. Assuming that the ratio is the same for lung,
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one can convert the relative FWHMSs into absolute values.
First we calculate FWHM(S,DS) using « :

Qg

e

FWHM(S,DS)=FWHM(S,DS—SFT).

then all other FWHM(S, F) using (5):

FWHM(S,F)= VFWHM?(S,DS— F) + FEWHM?(S,DS),
(6)
for F=SFT, STD, HR, or UHR, so that in the presence of
quantum noise

FWHM(S.F,QN,p)

= VFWHM(S,F).(p/p,)> Y+ FWHMp,(S,F), )
with FWHM(S,F) according to (5) or (6).

E. Practical analysis

All reconstructed CT images were transferred to an ICON
Power PC workstation (Siemens Gammasonics, Hoffman Es-
tates, IL) for further processing with software developed in
our hospital.

CT images of foam in air, and air itself, were analyzed
using the same elliptical region of interest (ROI) on all im-
ages of a series. The area of the ROI was always as large as
possible, typically 110 cm? CT number histograms were
generated from the part of the images within the ROI. The
following parameters were determined from the histograms:
the FWHM, the average CT number, the standard deviation,
and the skewness. A series consisted of 25 images (five sec-
tion thicknesses, five kernels). It turned out that the directly
measured FWHM was prone to statistical variations in the
histogram. Since the standard deviation (s.d.) was far more
robust, we calculated for each foam the average ratio of
FWHM and s.d., and used this ratio to calculate an effective
FWHM (the density resolution) from the standard deviation.

Only one lung in the images of the patients was analyzed
in order to limit the amount of work and data. In a series of
25 images from one patient, the (whole) selected lung was
automatically segmented in one image only, and the seg-
mented area slightly eroded so that the resulting region fitted
also within the lung in all other images, even when small
differences in ‘“full’’ inspiration were present. This proce-
dure was followed to ascertain that all histograms were from
the same area of lung, containing the same number of pixels.
Quantitative analysis was performed per series of five images
of the same section thickness, the images in a series differing
only in the reconstruction kernel that had been applied. The
results obtained by fitting expression (4) were converted to
absolute estimates of density resolution using (5) and (6).
Values for quantum noise needed in using (4) were obtained
from the air-filled lung cavity of the PMMA phantom.

F. Sampling within a hypothetical random cellular
solid

Unfortunately, as far as we know, no model has been
published that describes the distribution of mass in samples
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arbitrary taken out of foam or lung tissue. In order to gain at
least some insight into the problem, consider a hypothetic
foam of average density p, consisting of randomly distrib-
uted, but identical structure elements. Structure elements
might be seen as idealizations of faces and edges of the poly-
hedral cells of, for instance, PE foam. For a tetrakaidecahe-
dron, as for PE, there is a fixed average number » (of about
19) of these structure elements per cell volume.?’ Suppose
the cell volume is D>. In a sample volume V there will be on
average N =nVID? structure elements, with, according to
Poisson statistics, a standard deviation (s.d.) of (N. Since the
average density in the sample volume is p, its s.d. is given by
s.d.=pyN/N. Using V=SL2, with S section thickness, and L
the effective in plane sample size, one gets

d.= D D' 8
sd=\.yP=NsL (8)

Obviously, this model neglects the order present in cellular
solids. For volumes not too small compared to cell size, the
model may not be wholly unrealistic since there exists con-
siderable variation in both cell size and cell form in foams.
We will refer to this model as the random cellular solid
model.

Note that according to this modet the s.d. in CT estimated
density has the same functional dependence on section thick-
ness and in-plane resolution as the s.d. due to quantum noise.

lil. RESULTS
A. Hlustration of effect of density resolution

Histograms from the PMMA thorax phantom equipped
with PE foams of two different densities are shown in Fig. 1.
As an example the image of the PMMA phantom, obtained
with a section thickness of 1 mm and the UHR reconstruc-
tion filter, is displayed in Fig. 2. The histogram in the left top
of Fig. 1 corresponds to this image.

B. Spatial resolution

The images of the thin copper wire of the PSF phantom
were acquired with a section thickness of 3 mm. The FWHM
of the profiles for the various reconstruction kernels was 0.98
mm for UHR, 0.99 mm for HR, 1.13 mm for STD, 1.40 mm
for SFT, and 1.86 mm for DS. A few checks with 1- and
5-mm sections gave the same results. From least-squares fits
it was found that the PSFs for the DS, SFT, and STD kernel
could reasonably well be described with a Gaussian, and
those for the HR and UHR kernel only poorly. The results
are used to calculate reconstruction filter and section
thickness-dependent CT sample volumes.
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Fic. 1. Histograms from the PMMA thorax phantom containing foams of
two densities, 63 and 96 kg/m3, as a function of section thickness and
reconstruction filter. Horizontal axis: CT number, range —1000 to —840 H,
Vertical axis: pixel frequency, on identical vertical scales.

C. Histograms from PE foam and air: Density

resolution and skewness

Density resolution for PE foam 109 measured free in air is
shown in Fig. 3. For comparison, density resolution for air
(in the images of foam 109) is shown in Fig. 4.

The average ratios of FWHM and s.d., obtained from the

histograms from foams and air, are given in Table I.

Fig. 2. PMMA thorax phantom with foams of two densities, 63 and 96
kg/m?®, covering 25% and 75% of the area of one lung cavity, the other
cavity containing air. Image acquired with a section thickness of 1 mm and

the UHR kernel.
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FiG. 3. Density resolution for foam 109 plotted as a function of the inverse
square root of section thickness [see expression (8)]. From top to bottom:
UHR, HR, STD, SFT, DS reconstruction filter.

The FWHMs of the histograms from the images whose
matrix size had been reduced from the original 512X512 to
64X 64 are also shown in Table I. The linear in-plane voxel
size was 4.9 mm. The original image had been obtained with
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FIG. 4. Density resolution for air in scan of foam 109, plotted as a function
of the inverse square root of section thickness. From top to bottom: UHR,
HR, STD, SFT, DS reconstruction filter.
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TaBLE . Foam histograms: FWHM for a 64X64 matrix, ratio FWHMY/s.d. and average skewness.
Foam
37 59 164 186 Air
FWHMy i 1.0 H 27H 29 H 1.3 H 1.0 H 0.4 H
FWHM/sd? 2.18%0.13 1.98x0.14 2.05+0.08 2.02+0.14 2.36+0.05 2.30x0.11
Skewness” 0.43*0.16 0.76+0.23 0.57%0.18 0.55+0.14 —0.01+0.02 —0.03+0.04

“Voxel volume 240 mm® (§=10 mm, L=4.9 mm), averaged over 110 cm’ of the foam image.
®Average over all combinations of section thickness and reconstruction kernel; normal 512X512 matrix.

a section thickness of 10 mm; the resulting sample volume
was thus 240 mm®. Small FWHMs of less than 3 H were
obtained, reflecting good uniform average density as re-
ported before.'

An example histogram from foam 109 is shown in Fig. 5.
The histogram resembles a normal distribution, except for
some positive skewness, as is illustrated by a fit of the left
side, including the top, with a Gaussian. The skewness of the
histograms from foam 109 is shown in Fig. 6. Values for the
average skewness for foams and air are given in Table I.

D. Test of the hypothetic random cellular solid model
[Expression (8)]

The decrease of the s.d. of the histograms with increasing
section thickness was for all foams approximately according
to the expected S™'> dependence, at least when the points
corresponding to a section thickness of 1 mm were excluded.
Lines fitted to the data generally had small offsets, e.g., for
foam 109 between —2.2 and —3.2 H. In all cases the offsets
were relatively small compared to the measured s.d.’s.

Figure 7 shows the standard deviation of the histogram of
foam 109 as a function of V"2, with V the CT’s sample
volume. For the UHR and HR filter no appropriate estimates
of sample volumes were available, as was discussed above;
the corresponding reconstructions were not used in Fig. 7.
Also, the measurements for 1-mm sections were not in-
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FiG. 5. Illustration of a histogram from foam 109 for a section thickness of
2 mm and the DS kernel (solid circles). Skewness was 0.66. Left side,
including top, was fitted with a Gaussian (line) to show positive skewness of
measured histogram. '
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cluded. A good linear relationship, in agreement with expres-
sion (8), was observed. A similar behavior was found for all
other foams. The offset and slope, obtained with linear re-
gression analysis, are shown in Table II. From the values of
the slopes it can be seen that density resolution for foam 37
was considerably better than for foam 109. For foams 59 and
164 it is similar to that for foam 109. Foam 186, which has
very small cells of about 0.1 mm, had a density resolution
nearly identical to that for air.

As a test of the dependence on foam characteristics, we
calculated the ratio of the measured slope and the slope pre-
dicted by (8) using the foam characteristics given in Table II
and n=19. This ratio should be a constant according to the
model. The measured slope was first corrected for the con-
tribution of quantum noise. Table II shows that the ratio is
not really constant.

Varying the zoom factor used in reconstruction between 1
and 3 did not affect the CT number histograms, as judged
from the average CT number and standard deviation.

E. Effect of quantum noise

In Fig. 8 the results from the study concerning the effect
of quantum noise on density resolution are presented. For

09
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T

Fig. 6. Skewness of histograms from foam 109, arbitrarily plotted as a
function of the inverse square root of section thickness, for kernels: UHR
{open circle), HR (open triangle), STD (open square), SFT (closed circle),
DS (closed triangle).
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FiG. 7. Standard deviation of the histograms from foam 109 versus y-12
with V the CT’s sample volume, including a line fitted to the data. Data are
for sections of 2, 3, 5, and 10 mm, each reconstructed with the DS, SFT, and
STD reconstruction filters.

foam 37 and air, both measured separately within the human-
oid thorax phantom, the s.d.’s of the histograms are shown,
together with the square root of the difference of their vari-
ances. The last parameter is nearly constant over the mAs
range studied: 12.1+0.3 H.

F. Patients

The fit of expression (4) never failed, and convergence
was always attained in a few iterations. The fit interval
ranged from the lowest CT number in the histogram to about
—650 H, but always included the whole peak at low density.
An example of the input and output of the fit procedure is
shown in Fig. 9. The values for FWHM (S, F) (“‘quantum
noise’’), needed in the fitting of (4), were obtained from the
histograms of air in the empty lung cavity of the PMMA
phantom (Table III). They were calculated as 2.35* s.d.,
rather than taking the directly measured FWHM values.

Data from patients A, B, and E could be fitted well with a
power factor y=1. For patient C the best results were ob-
tained with y=1.5 and for patient D with y=2. For patient D

TaBLE II. Test of random cellular solid model.

1703
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FIG. 8. Standard deviation of histograms from foam 37 (triangles) and air
(circles) in the humanoid thorax phantom as a function of the inverse square
root of mAs number. Also shown is the s.d. for the foam after elimination of
the contribution of quantum noise (squares): s.d..or= ¢(5.d.%oum—5.d. 2.

a slightly lower y=1.5 was in fact somewhat better for thin
slices and sharp kernels, while y=2.5 was more satisfactory
for thick slices and smooth kernels. Also for the other pa-
tients small differences, the least for the sets that could be
fitted with y=1, were observed for the optimal 7. The rising
slope of the fit at low CT numbers was reasonably sensitive
to the estimate of FWHMg (S, F). For curiosity, fitting data
with a Gaussian whose width was independent of density p
gave very poor results.

The results from the fits, FWHM(S,DS—F), were con-
verted to FWHM(S, F) using expressions (5) and (6). Values
used for ag [=FWHM(S,DS)/FWHM(S,SFT)], determined
as an average from foams 37, 59, 109, and 164, were
o mn=0.77x0.01, a; ;,,=0.71*0.02, a3 ;,,=0.67%:0.02,
as ym=0.63%0.03, and a;y ,,=0.62+0.02. For patient A

Foam

37 59 109 164 186 Air
Foam density p (kg/m®) 37 59 109 164 186 1.2
Foam cell size D (mm) 1.5 1.5 1.0 0.8 0.1
Fit:
Offset (H) -0.8 -32 —4.1 —42 -0.3 —04
Slope (H/mm>?) 12.3 44.1 47.7 45.6 5.6 5.6
QN-corr slope* (H mm*?) 10.9 43.7 474 453 0.0
Slopegy.con/slopegq, () 0.7 1.8 1.9 1.7 0.0°

“For quantum noise corrected slope is V(SI0P€Zugy foam— SIOPEn air)-
®For foam 186 the calculated slope was 1.3 (H mm>?).
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FiG. 9. Illustration of input (DS and UHR histograms) and output (FIT) of
the fit procedure used in analyzing patient histograms (see text). Data are for
patient A.

the results for FWHM(S,F) are shown in Fig. 10; for all
other patients they are given in the Tables IV and V. Figure
10 and Table IV show all information of patients A and B,
while Table V shows only the most relevant part of the data
of patients C, D, and E.

A few illustrations of (the use of) the measured data are
given. In Fig. 11 the density resolution FWHM(S,F,QN,p),
according to expression (7), is shown for $=2 mm and
F=DS, for all patients. The histogram of patient B, for a
section thickness of 1 mm and the STD kernel, is shown in
Fig. 12, together with a few Gaussians that show the density
resolution at various CT numbers (—990, —950, —900, and
—850 H). Figure 13 does the same, also for patient B, now
for a section thickness of 2 mm and the DS kernel. The
partially resolved peak at CT number —987 H corresponds to
a series of bullae. Air in the main bronchi, not inciuded in
the region used in creating the histogram, had a CT number
of —1007+6 H.

IV. DISCUSSION
A. lliustration of effect of density resolution
The importance of density resolution was, by way of in-

troduction, illustrated in Fig. 1. Discrimination between the

TaBLE IHl. FWHM,x(S.F) (H) of CT number histogram of air in PMMA
thorax phantom.

Section thickness § (mm)

Reconstruction

filter F 1 2 3 5 10
UHR 78.7 55.6 53.5 447 38.6
HR 53.9 41.9 36.0 29.4 24.5
STD 36.5 27.8 243 19.5 15.1
SFT 25.2 18.6 16.0 13.0 10.1
DS 17.0 12.7 10.8 89 7.3
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FiG. 10. Density resolution at average lung density (p,,=97 kg/m?),
FWHM(S,F), for patient A as a function of the inverse square root of
section thickness. From top to bottom: UHR, HR, STD, SFT, DS recon-
struction filter.

two densities of foam present in the PMMA thorax phantom
is only possible for relatively smooth kernels and larger sec-
tion thicknesses, notwithstanding the large difference in den-
sity of 33 kg/m®. Contrary to what is the case in the histo-
grams, the two foams can easily be discerned with the eye in
all images corresponding to the histograms shown in Fig. 1.
This may be verified in Fig. 2, where the image obtained
with a section thickness of 1 mm and the UHR kernel is
shown.

But does this example of poor density resolution have any
bearing on patient studies? Yes, we think so. For instance,
assuming lung with only the two densities the foams had,
one can calculate a similar, ‘‘matrix’’ of histograms as in
Fig. 1 using density resolution data from a patient. We per-
formed these calculations with patient A’s data and found
even worse results than shown in Fig. 1.

From this phantom study it is concluded that visually ob-
servable contrast is not necessarily reflected in a histogram.

TaBLE IV. Density resolution FWHM(S, F) (H) for patient B (emphysema,
63 y,m).?

Section thickness S (mm)

Reconstruction

filter F 1 2 3 5 10
UHR 189 136 124 106 79
HR 108 80 74 66 47
STD 79 57 55 53 35
SFT 50 37 35 31 19
DS 39 26 23 20 12

*Power factor vy in expressions (1)—(7) is 1.0; p,, =107 kg/m®.
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TaBLE V. Density resolution FWHM(S,F) (H) for patients C, D, and E.

Section thickness S (mm)

Recon.

Patient filter F 1 2 3 5 10
c STD 119 85 75 58 42
SFT 89 65 60 45 31

DS 68 46 40 28 19

D® STD 99 61 54 47 39
SFT 78 51 45 39 31

DS 60 36 30 25 20

ES STD 147 128 116 100 86
SFT 124 99 89 79 67

DS 9 70 60 50 41

*Emphysema, 79 y,m; y in expressions (1)—(7) is 1.5; p,,=142 kg/m>.
®Normal lungs, 69 y,m; y=2.0; p,,=139 kg/m’,
“Emphysema and interstitial disease, 83 y,m; y=1.0; p,,=215 kg/m’.

Therefore, in designing any form of density ‘‘spectroscopy,”
quantitative data on density resolution should preferably be
used.

B. Spatial resolution and CT sample volume

Density resolution is strongly dependent on section thick-
ness and reconstruction kernel, as was shown in Fig. 1.
Given the scanner’s hardware, these parameters are also the
determinants of spatial resolution, or equivalently, the vol-
ume in the scanned object over which the signal is averaged
before it is shown in a pixel of the image. In the direction
perpendicular to the scan plane the sample dimension is
equal to the section thickness (S§). The in-plane dimensions
are normally determined by the reconstruction kernel. Ker-
nels that result in a (nearly) Gaussian point spread function
(PSF) can be characterized completely by a single width pa-
rameter, e.g., the standard deviation ¢*°, and the correspond-
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FiG. 11. Density resolution for patients A—E as a function of CT number.
Section thickness 2 mm and DS reconstruction filter. Curves are labeled
with patient number.
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FIG. 12. Bottom: Histogram of patient B for a section thickness of 1 mm and
the STD reconstruction filter. Top: Illustration of density resolution at vari-
ous CT numbers. Note for instance that densities corresponding to a CT
number of —900 H, or even —850 H, must have been ‘‘misplaced”” to a
considerable fraction in the histogram below —950 H.

ing effective in-plane sample width is L=02m""10=2510,
which is nearly equal to the FWHM (2.350). Gaussian PSFs
were found for the DS, SFT, and STD kernels, in agreement
with what was reported in the literature.®

To give an example of the use of the present data, making
a scan with a 2-mm section thickness and the smoothest (DS)
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FiG. 13. Bottom: Histogram of patient B for a section thickness of 2 mm and
the DS reconstruction filter. Note the partially resolved peak at —987 H
corresponding to lung bullae. Top: Illustration of density resolution at vari-
ous CT numbers.
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kernel results in a sample volume of approximately
V=SL>=2x199"=8 mm". High resolution kernels, having
negative side lobes in their PSF, can no longer fully be char-
acterized by a single width parameter, and the definition of
sample volume is more difficult and was not tried.

C. PE foams

The reason for studying foams was the expectation that it
would help in understanding the properties of lung tissue in
CT densitometry. The foams used have the advantage over
lung tissue in that they are uniform, at least at a scale above
that of individual cells. This uniformity was proven by the
small FWHM of the histograms when the foams were mea-
sured with a large sample volume of about 240 mm”® (Table
I). As already explained, uniformity is a prerequisite for the
direct estimation of density resolution from the width of a
measured histogram.

Density resolution for the coarser foams, of 37, 59, 109,
and 164 kg/m®, was generally much worse than for air. Foam
186, on the other hand, having cells considerably smaller
than even the smallest sample volume, gave a density reso-
lution that was similar to that for air. For air density resolu-
tion is determined by quantum noise or, to be more precise,
by system noise, which also includes small contributions
from instrumental noise. For foam an additional component,
the effect of sampling a cellular solid, exists, and this com-
ponent clearly dominates density resolution for the coarser
foams. On physical grounds one expects these two compo-
nents, i.e., quantum noise and sampling effects, to be inde-
pendent, as was assumed in writing expression (4). If this is
the case the density resolution for foam should be indepen-
dent of mAs after elimination of the contribution of quantum
noise. According to our study of foam 37 and air in the
humanoid thorax phantom this is indeed the case (Fig. 8).

All foam histograms, except those from the fine-cellular
foam 186, were slightly skewed towards higher CT numbers.
They resemble, in fact, Poisson distributions with a low av-
erage value, and this might essentially be the case.

A point of some interest is the functional dependence of
density resolution on the CT’s sample volume and the
foam’s density and cell size. Unfortunately, we only have a
rather crude model, leading to expression (8). A first test of
the model was the dependence of density resolution on the
inverse of the square root of section thickness. An acceptable
linear dependence between the two quantities was generally
observed (see, e.g., Fig. 3), at least when the data for the
sections of 1 mm were discarded. This latter seems not un-
reasonable, since all foams have cell sizes of the order of 1
mm, while the model only may be expected to work when
the sample volume is sufficiently larger than the cell volume.
The dependence of density resolution on sample volume V
conforms to expression (8), at least for sections thicker than
1 mm and kernels that have a Gaussian PSF (Fig. 7). As a
final test of the model we calculated the ratio of measured
and predicted slope of the s.d. versus the V™2 curve. This
ratio should be a constant, independent of foam type. The
results presented in the bottom row of Table II show that this
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is only roughly the case. In summary, it appears that expres-
sion (8), notwithstanding the shortcomings of the underlying
physical model, gives an adequate description of the depen-
dence of density resolution on CT technique parameters (S
and V), and a rather poor description of the dependence on
foam characteristics (p and D).

D. Patients

CT number histograms of lung tissue usually have no fea-
tures that allow the immediate determination of the density
resolution that was available while generating the image.
Therefore, to obtain quantitative data on density resolution
for lung, some indirect method had to be applied. We have
chosen as the first step for determining the reconstruction,
kernel-dependent degradation of density resolution relative
to the DS reconstruction of the scan of the same section
thickness. The second step consisted in converting the differ-
ences in density resolution so obtained into absolute values,
using information gathered from the foams. Only the low
density range, typically below —650 H, was analyzed in all
studies. The high density tail in the histograms, generally
accounting for less than 5% of the area of the lung, was not
included in the analysis.

The degradation in density resolution caused by sharper
kernels was determined with a robust combination of a con-
volution algorithm and a nonlinear least-squares fit proce-
dure. In the fit the density resolution was assumed to be
density dependent. For simplicity we assumed that the de-
pendence could be modeled by some power vy of the density.
Optimization of this power factor y yielded for three patients
y=1 and for the remaining two y=1.5 and y=2.0, respec-
tively. However, some caution with respect to the magnitude
of vy is in order, as we learned in our experience with foams.
In all measurements on the coarser foams slightly skewed
histograms were observed. Transforming a DS histogram of
foam into one for a sharper kernel required a similarly
skewed distribution. This was verified by performing a num-
ber of deconvolutions using the FFT method. But convolu-
tion with a Gaussian always reduces skewness, and it will be
remembered that we used a Gaussian in the analysis of the
patient studies. Therefore, applying the same method to the
foams as used for the patients, but with the density depen-
dence removed because the foams are of uniform density,
resulted in poor fits of too low skewness. Good fit quality
could be restored by introducing the (now unphysical) p de-
pendence, because this very effectively simulated convolu-
tion with a skewed function, as is easily understood: points
to the right in the DS histogram are redistributed over a
wider range than points to the left, according to expression
(4). Since it is likely that the correct convolution function for
lung tissue has also positive skewness, these observations
lead to the conclusion that the experimental values for 7y are
probably upper limits. The random cellular solid model pre-
dicts y=1 when there is no relation between characteristic
structural dimensions and density, but whether this is the
case is unknown.

In the calculation of absolute estimates of density resolu-
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tion we used a, values, i.e., ratios of density resolution for
the DS and SFT kemnel, derived from foam studies. These
ratios were nearly independent of foam type, and not too
different from those for air. It seems reasonable to expect
similar values for lung. To give an idea of the sensitivity to
this parameter, a change of 10% in «, caused a change of
about 20% in the estimate of density resolution for the DS
kernel. The effect on density resolution for the other kernels
is much less, because the first term under the square root in
expression (6) usually dominates the second, the latter being
the only one affected by a;.

A further point of concern might be correlation between
noise in the images. In the quantitative analysis we appeared
to assume that the noise contribution in the image recon-
structed with kernel F was independent from the noise in the
DS image. Since we used images that were reconstructed
from the same scan data this will not be the case, even when
the kernels are different. However, we analyzed histograms
from the images, and these are hardly sensitive to the actual
noise pattern: Measuring air or foam several times gave the
same results in terms of overall histogram shape, as charac-
terized by the standard deviation. Making independent scans,
instead of using one as we did, would therefore have given
virtually the same histograms. Correlation effects should
therefore be negligible, especially since we essentially used
the global shape of the histograms in our analysis.

Between patients’ differences in density resolution clearly
exist, although the differences are generally smaller than a
factor of 2, both at the average density of the lung studied
(Fig. 10 and Tables IV and V) and at corresponding densities
(Fig. 11). In Fig. 11 the curve for patient D with y=2 devi-
ates somewhat more but, as already discussed, the high
power factor may be unrealistic.

The important question now is: how realistic are our esti-
mates of density resolution for lung tissue? Regarding the
approximate average density resolution, we think our esti-
mates are realistic, simply because a certain amount of
broadening has to be accounted for and this requires values
of the order of magnitude given. As to the functional depen-
dence of density resolution on p, we can make no definite
statements except that the sampling component in density
resolution should go to zero together with p. Consequently,
quantum noise will determine density resolution at low den-
sity.

Coming to the practical implications of our results, sev-
eral aspects appear of importance. Regarding the use of his-
togram related parameters other than the average density, it
must be expected that large but varying changes are intro-
duced by changing section thickness and reconstruction ker-
nel. The actual change in each individual case will depend on
the (beforehand unknown) distribution of densities in the
lung that is smeared out by the finite density resolution. It
seems possible that poor density resolution enhances corre-
lation between average density and other histogram related
parameters. The only way to guarantee meaningful numbers
under all circumstances is to use sufficient density resolution.

Several investigators,!4-16:18-21 including the authors,'?
used thin sections (1 mm) in combination with standard or
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high resolution reconstruction kernels. For high resolution
CT (HRCT), used for the visual assessment of lung disease,
this technique has shown its potential.”*=>! For densitometry
the situation is quite different, however. The present results
indicate that the ensuing density resolution is generally quite
bad. This is illustrated in Fig. 12 for the STD filter. The
Gaussians show the poor resolution at various CT numbers.
Notice also that the histogram is without any features (apart
from noise). The same conclusion can be drawn from the .
corresponding histogram in Fig. 1, as this figure is also rea-
sonably representative for lung of corresponding densities.
For the HR filter density resolution is still considerably
worse. In our opinion this so-called thin section technique is
not appropriate for density ‘‘spectroscopy,’”’ except in deter-
mining average density.!? Another way of looking at this
point of small sample volumes is to realize that density is
only a meaningful parameter when it is obtained from a vol-
ume larger than the characteristic structural dimensions.
From the similarity between lung and the coarse foams, it
appears that the relevant dimensions in lung are of the order
of magnitude of 1 mm and that CT samples should be larger
than this.

Other investigators® '"'>~1317 have used section thick-
nesses larger than 1 mm, but to our knowledge always in
combination with standard or high resolution kernels. For
our scanner the effective in-plane sample width is approxi-
mately 1.2 mm for the STD kernel, and for other scanners it
is probably similar. The combination of thick sections and a
smaller in-plane sample size appears not appropriate from a
sampling point of view, because density is averaged over
rodlike volumes where lesions probably do not favor this
shape. More or less spherical or cubic samples probably war-
rant less undesired density averaging. Since the volume of a
sphere or a cube changes with the third power of the linear
dimension, small changes already have a large impact. Prob-
ably no suitable reconstruction kernels are currently avail-
able to increase in-plane sample width to above 2 mm. Re-
ducing matrix size, or using image filtering, might be
employed as alternatives if required.

Finally, the optimal compromise between spatial and den-
sity resolution may depend on the kind of the lesions and the
difference in density between affected and unaffected tissue,
and might be the subject of future research.

V. CONCLUSIONS

The importance of density resolution, a parameter so far
totally neglected in densitometry of the lungs, was illus-
trated.

For a number of foams that served as simple models of
lung, density resolution was determined as the FWHM of the
CT number histogram. Density resolution for foams with
cells of 0.8-1.5 mm was dominated by sampling effects in
these cellular solids, and was very poor for thin sections and
sharp reconstruction filters. The contribution of quantum
noise was generally small. The zoom factor used in recon-
struction did not affect density resolution on this scanner.
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Variations in density resolution for the different foams stud-
ied could roughly be explained by a simple model derived
for a hypothetical random cellular solid.

A phenomenological description for density-dependent
density resolution for lung tissue was presented. An experi-
mental method, using this description in a combined convo-
lution least-squares fit procedure, was developed and applied
to determine section thickness and reconstruction kernel-
dependent density resolution in patient studies. Uncertainty
remains concerning the functional dependence of density
resolution on structure related lung characteristics.

Also, in patient studies density resolution was quite poor
for thin sections and/or sharp kernels. The results indicate
that parameters that depend on the shape of the histogram
will be rather sensitive to density resolution. Only in the
presence of sufficient density resolution will meaningful val-
ues be obtained. Thin section densitometry, i.e., using 1-mm
sections in combination with a standard or high resolution
reconstruction kernel, should not be used except in determin-
ing average density. When using thicker sections, it is ad-
vised to use an in-plane spatial resolution that is similar to
section thickness, contrary to what has been general practice
so far.
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