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Standardization of Computed Tomography Images

P. Ruiegsegger, Th. Hangartner, H. U. Keller, and Th. Hinderling

by Means of a Material-Selective
Beam Hardening Correction

Abstract: Polychromaticity of the X-rays used in computed tomography (CT)
has made it difficult to establish an absolute scale for CT values and has made
quantitative comparisons between patients unreliable. The spectral shift of the
X-rays depends on the material distribution within the structure measured and
is significant if substantial amounts of bone, fat, or injected contrast material
are present. A material-selective beam hardening correction procedure has
been developed that allows the reconstruction of good approximations of
linear attenuation coefficients with respect to a reference energy. With the aid
of mathematical simulations and measurements on a physical phantom, the
feasibility of the procedure and its insensitivity with regard to energy settings
and other machine parameters are documented. Index Terms: Computed
tomography—Beam hardening correction-—Absolute CT scale—Normalized

CT numbers—Spectral shift artifact correction.

Beam hardening artifacts have been recognized
as a serious problem in computed tomography (CT)
(1—4). While a linearization of the raw data can
eliminate some of these artifacts (5—8), effects due
to bone, muscle, and fat cannot be handled simulta-
neously by linearization. It is therefore necessary to
apply a correction for the polychromaticity of X-
rays that is based on the material distribution within
the measured body cross section. In an earlier work
(9), we proposed such a procedure for the elimina-
tion of the distinctive beam hardening artifacts in
the presence of high concentrations of contrast
material. Other postprocessing correction proce-
dures are reported (10— 12) with special emphasis
on the suppression of bone induced artifacts.

In this paper we present an iterative correction
procedure for beam hardening artifacts that is based
on the distribution of bone, muscle, and fat. The
corrected reconstructions are standardized to a
fixed photon energy and are independent from kVp
settings, X-ray filters, water bags, or detector type
used. Since most of the existing CT systems have
effective X-ray energies close to 70 keV, this en-
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ergy was chosen as a reference or standard. This
means that the corrected and standardized CT im-
ages are identical with those made with a hypothet-
ical monoenergetic photon source of 70 keV.

METHOD

The transmission measurements in X-ray CT
depend on the spectrum of the photon source used
and on the atomic composition of the absorbing
medium, The number of photons I(p,8) that are
transmitted after a path p with projection angle 8
may be described by the equation

Kp.6) = [14E) exp - S B L. OJE (1)

where I(F) is the energy spectrum of the incident
beam, w4 (E) is the linear attenuation coefficient of
the material £ at energy E, and L,.(p, ) is the thick-
ness of the material &k along this ray.

The projections

M(p,0) = In {Io/I(P,ﬂ)} 5
1, = [IE)E 2)
may be used as a basis for the reconstruction of a

CT image, but in general there will be no linear rela-
tionship between the CT values in the reconstruc-

with
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tion and the linear attenuation coefficients in the
measured body cross section.

In the monoenergetic case, Egs. 1 and 2 can sim-
ply be written as

Mg (p.6) = In {I(E; (p.O)} = ; il EQ Li(p, 6)
(3
where, In our case, E; is taken to be 70 keV.

Let us assume for a moment that the X-ray spec-
trum and the material distribution are already
known. Then monoenergetic and polyenergetic
projections could be calculated according to Eqgs.
2 and 3, and hence also

0(p,6) = My (p,0YM(p,6) @)

We call Q(p.#) beam hardening correction factors.
If the measured projections are first multiplied with
the pertinent Q(p,8) and then used for the recon-
struction of a CT image, attenuation coefficients
will result as if we had measured with 2 monoener-
getic X-ray beam.

For the calculations and measurements described
in the Results section, the continuous spectrum
I((E) was replaced by a set of discrete energies. We
found that three effective energies are appropriate
if the respective intensities I,; are carefully select-
ed. These intensities are given by the spectrum of
the X-ray tube, the filters used, the detector re-
sponse, and the effective energies selected. For
reliable results, an experimental determination of
Iy; is therefore advised. To this end, two wedges of
materials with precisely known linear attenuation
coefficients (we used H,O and CCl,) and geometries
were scanned. By comparing pairs of measure-
ments with the same detector output we obtain

3 3
> Iyexp(—piLy) = D Inexp(—pzly) (5
i=1 =1

1a,b

The linear attenuation coefficients w and the wedge
thicknesses L are known, and the spectral intensi-
ties I, may be determined with the help of a least-
squares procedure,

The material distribution L,.(p,8) needed to calcu-
late the beam hardening correction factors may be
estimated from a reconstruction that is based on
linearized data. Each pixel in this reconstruction
is assumed to contain bone, a mixture of bone and
fat, muscle, a mixture of muscle and fat, fat, or a
mixture of muscle and air. The linear attenuation
coefficients (or CT values) of the mixtures are con-
sidered to be linear compositions of those of the
“‘pure’’ materials. One might argue that it would be
more appropriate to use mixtures of all three mate-
rials. Yet with the help of numerical simulations we
found that the beam hardening correction factors
Q(p,0) are only slightly altered (on the order of
0.1%) if such improved tissue compositions are
used. On the other hand, the reconstruction from
linearized data may have beam hardening artifacts
that influence the estimated material distribution
significantly. In this case, the reconstruction made
after each projection value was modified with its
O(p,8) may be used in a second iteration for the
calculation of an improved estimate of the material
distribution. In all practical cases studied, only two
iterations were needed to achieve an accuracy com-
patible with that of the values reported in the liter-
ature used for the attenuation coefficients of the
material components.

RESULTS

The feasibility of the proposed procedure was
first studied with numerically simulated projection
data. Four cases are compared: monoenergetic
data, polyenergetic data (no correctton at all in the

FIG. 1. Beam hardening artifact in the presence of extended bone and fat masses. In this numerical phantom study, a body cross
section was simulated by a water ellipse with a larger diameter of 35 ¢m, an elliptical vertebra {30% bone mineral), and a circular
fat mass. The beam hardening artifact (a) is completely eliminated after material-selective beam hardening corraction of the

projection data (b).
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FIG. 2. Deviations of CT values reconstructed on the basis of polyenergetic data from those reconstructed on the basis of mono-
energetic data. The CT values plotied are those of the central column of the reconstruction matrix in Fig. 1. The uncorrected
polyenergetic reconstruction, the polyenergetic reconstruction after linearization, and the polyenergetic reconstruction after
material-selective beam hardening correction are given from left to right. For comparison purposes, the profile of CT values
reconstructed from monoenergetic data (dashed line) is also given in each case. The linearization of the projection data leads
to reasonably good corrections of the soft tissue values but may even worsen the CT values in the bone region. The material-
selective beam hardening correction allows the reconstruction of virtually monoenergetic pictures.

reconstruction), polyenergetic data with lineariza-
tion of the simulated detector output, and polyen-
ergetic data with the proposed material-selective
correction procedure. Then measurements of a
physical model were made with a translational-
rotational type whole body scanner (parallel beam).

The mathematical model used represents a water-
containing elliptical body whose large and small
diameters are 35 and 25 cm, respectively. It con-
tains a circular region of fat and a simulated verte-
bra consisting of a material with the properties of
spongy bone (fat with 30% bone mineral). The
monoenergetic data were created assuming a 70
keV photon beam. For the polyenergetic case, a
120 kVp X-ray setting and a 0.2 mm copper filter
were assumed. Figure 1 illustrates typical beam
hardening artifacts in the reconstructed cross sec-
tions of the described mathematical phantom. The

Fat (02H50H)
Muscle [Hp0)
Bone {CCly/ CoHg OH)

H 10 cm

A

FIG. 3. Sketch of physical phantom. The liquids simulating
fat, muscle, and bone are filled in Lucite containers with
walls of 1 mm thickness. This model was measured with a
translational-rotational type scanner. Profiles of the recon-
structed CT values along line A-A are shown in Fig. 4.

magnitude of these errors can best be appreciated
by plotting the CT values along the middle column
of the reconstruction matrix (Fig. 2). The deviation
of the CT values for water reconstructed on the
basis of the polyenergetic data from those recon-
structed on the basis of the monoenergetic data can
be as much as 10% (Fig. 1a). Linearization reduces
this error to 3% but does not lead to improvement
in the case of the simulated vertebra. After material-
selective beam hardening correction, the CT image
is practically indistinguishable from that recon-
structed from monoenergetic data (Fig. 1b).

In the physical model shown in Fig. 3, muscle is
again simulated by water, whereas fat is replaced
by C,H;OH and bone by a mixture of CCl, and
C,H.OH. Figure 4 plots the reconstructed CT val-
ues along line A-A for successive corrections. The
tabulated values (13) of the linear attenuation coef-
ficients at 70 keV are indicated by dashed lines. It
is obvious that not only the image quality is im-
proved, as can be seen from the flat response with-
in the homogeneous media, but that also the CT
values gradually approach those given in the liter-
ature. With no correction at all, the CT values for
water deviate as much as +15%. After linear-
ization, this error is reduced to —5%. With the
material-selective beam hardening correction, the
residual error is approximately —1.5%. A similar
drastic error reduction is achieved in the *‘fat’” and
“bone’’ regions. Whereas the deviations of the
*‘fat>’ values are reduced from +9.4% to +0.1%,
those for *‘bone’” improve from —13.5% to —1.4%.
The physical model was also measured with X-ray
settings at 100, 120, and 140 kVp. Figure 5 depicts
the CT values 'of the central column for all three
energies before and after the material-selective
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FIG. 4. Reconstructed CT values from measurements at 100 kVp along Line A-A of Fig. 3 for successive corrections. a: Uncor-
rected. b: After linearization of the measured projections. c: After first iteration of the material-selective beam hardening correc-
tion. d: After second iteration. Linearization (b) results in reliable muscle values, but the correction is too high for fat and too
low for bone. After the material-selective beam hardening correction, the CT numbers may be changed to linear attenuation
coefficients (cm~'). The dashed lines indicate the tabulated values at 70 keV for the materials used.

beam hardening correction. According to Table 1,
the maximum deviation of the reconstructed linear
attenuation coefficients does not exceed 1.6%.
Since this is true for all three energies, it appears
that the proposed correcting procedure is insensi-
tive to machine parameters.

The material-selective beam hardening correc-
tion procedure is now in use for bone mineralization
studies and radiation treatment planning. The linear
attenuation coefficients applied in these cases of
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pure bone, muscle, and fat are taken to be 0.480,
0.205, and 0.178 cm™! (14, 15), respectively, at 70
keV, corresponding to approximately 1,500, 50, and
—90 Hounsfield units (1,000 scale), respectively.
The mixtures of tissue materials are, of course, not
uniquely defined by the CT values. However, this
ambiguity appears to be irrelevant in view of the
facts that the beam hardening correction factor is
defined as the ratio of polyenergetic to monoener-
getic projections along the same path through the
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FIG. 5. Insensitivity of the material-selective beam hardening correction from machine parameters. a: The CT vatues along line
A-A (Fig. 3) are given for the uncorrected reconstructions from measurements at 100 kVp, 120 kVp, and 140 kVp. b: The respec-
tive linear attenuation coefficients at 70 keV after two iterations are given. The dashed lines indicate the tabulated values for the
linear attenuation coefficients of the materials used. Maximurmn deviation from these values is 1.6% for all three voltage settings.
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