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Rationale and Objectives. The authors performed this study to evaluate an approach for measuring the variations of
three-dimensional spatial resolution and image noise throughout a field of view imaged with multi–detector row spiral
computed tomographic (CT) scanners.

Materials and Methods. The authors designed a phantom (diameter, 320 mm) that contained 37 metallic spheres (diame-
ter, approximately 0.8 mm) positioned between two disks made of a material with attenuation being that of water. One
sphere was located at the isocenter of the phantom, and the rest were evenly spaced in three concentric rings with diame-
ters of 100, 200, and 300 mm, respectively. The phantom was imaged with two widely used multi–detector row CT scan-
ners by using a standard protocol and four variations of that protocol. Because a recently developed theory holds that im-
age resolution should be proportional to the square root of the trace of the covariance matrix of a point spread function,
the authors developed a software package to segment high-attenuation spheres from the CT image volume and compute
point spread functions from blurred images of the spheres. Three-dimensional spatial resolution and image noise were cal-
culated as a function of radial distance within the field of view.

Results. Resolution and noise were quantified in the resultant CT image volumes and found to be nonisotropic, with
worse resolution and less noise occurring at the periphery of the field of view.

Conclusion. The method enabled measurement of variations in spatial resolution and of their distribution on images ob-
tained with multi–detector row CT scanners. These findings may contribute to the development of an improved algorithm
for image reconstruction.

Key Words. Computed tomography (CT), image quality; computed tomography, multi–detector row; computed tomogra-
phy (CT), quantitative.
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During the past few years, rapid progress has been made
in computed tomographic (CT) theory, technology, and
applications, and multi–detector row CT has become a
standard modality of medical imaging. Objective, quanti-

tative, CT image–based measures are gaining acceptance
in the clinical setting as diagnostic aids for characterizing
pathologic processes and as predictors of therapeutic out-
comes. Image quality is thus of primary concern. Exten-
sive studies of various methods for quantitative and quali-
tative assessment of CT image quality have produced
many valuable results (1–5).

A number of factors contribute to image quality, in-
cluding the choice of a CT scanner and scanning proto-
col. In this study, we investigated various parameters that
affect spatial resolution and image noise. Previous re-
search studies of image quality were focused mainly on
the center of the field of view, and most were concerned
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with either in-plane resolution (the ability to resolve two
objects in a single section) or through-plane resolution
(the ability to resolve objects in two different sections).
We performed this study to evaluate variations in three-
dimensional resolution and noise throughout the field of
view on multi–detector row CT images obtained in a
disk-shaped phantom containing concentric rings of me-
tallic spheres. We chose to measure noise instead of con-
trast resolution because the measurement of noise is less
complicated than that of contrast resolution. We devel-
oped a simple method for calculating three-dimensional
resolution and image noise at multiple points throughout a
field of view.

In the next section, we describe a phantom that was
created to enable these measurements. Then we discuss
how we quantified three-dimensional spatial resolution by
using a formula for computing the square root of the trace
of the covariance matrix of a point spread function (6,7).
We also discuss briefly how we measured image noise.
Finally, we present our results, discuss the possible ori-
gins of the observed variations in resolution, and suggest
possible directions of future research.

MATERIALS AND METHODS

Phantom

To study how spatial resolution varies within the field
of view of a reconstructed CT scan, we created a phan-
tom that enabled us to measure spatial resolution at multi-
ple points. With the commonly used line-pair phantoms
or wire phantoms, resolution can be measured in only one
or two dimensions; because we wanted to measure spatial
resolution in all three dimensions simultaneously, we
needed a structure that was more substantially three-
dimensional.

It was determined that metal spheres of sufficiently
small diameter would provide a reasonable approximation
of a delta function in all three dimensions (8). In addition,
the shape of the spheres would make it possible to com-
pensate for their finite size. Because spheres are isomet-
ric, any misalignment of the phantom with the scanner
would have a minimal effect on measurement.

The phantom was disk shaped (ie, a short cylinder)
and had a diameter of 320 mm and a height of 20 mm.
The spheres were sandwiched between two disks made of
a material with attenuation being that of water (height of
each disk, 10 mm). The disks were held together with
nylon screws. The spheres had a mean diameter (� stan-

dard deviation) of 0.79 mm � 0.025 (1/32 inch � 0.001).
One sphere was placed at the isocenter of the phantom,
and the others were placed in concentric rings around it,
at radii of 50, 100, and 150 mm from the isocenter. Each
ring contained 12 equiangularly spaced spheres, for a to-
tal of 37 spheres.

Spatial Resolution
An axiomatically sound measure of image resolution in

one dimension is the standard deviation of the point
spread function (6). This measurement of resolution can
be extended to three dimensions by calculating the square
root of the trace of the covariance matrix of the point
spread function (7). We derived a simple method for
computing this measurement that included compensation
for convolution with a sphere (Appendix).

Image Noise
The most common measure of noise is the standard

deviation of attenuation values in a region that should
have uniform value, such as water background. This mea-
sure of noise also has an axiomatic basis (6). In our phan-
tom tests, we measured the standard deviation in a region

Table 1
CT Imaging Parameters

Parameter

Scanner

Aquilion MX8000

Kilovoltage 120 120
Milliamperage 300 300
Field of view (mm) 320 320
Collimation (mm) 1 1
Section thickness (full width
at half maximum, mm) 1.3 1.3

Number of detector rows 4 4
Pitch 0.625 0.625
Scanning period (sec per
revolution) 1 1

Section spacing 0.6 0.6
Scanning path Helical Helical
Reconstruction filter FC01 B
Interpolation method Full scan Full scan
Reconstruction matrix 512 � 512 512 � 512
Pixel size (mm) 0.625 0.625
Resolution at isocenter 0.70 0.72

Note.—The FC01 filter used with the Aquilion unit is a standard
nonsharpening nonsmoothing filter and is similar to the B filter
used with the MX8000 unit.

MEINEL ET AL Academic Radiology, Vol 10, No 6, June 2003

608



of interest near each of the spheres. This ensured coverage
equivalent to that used for measuring spatial resolution.

Scanning Protocols
In the first part of our study, we compared two com-

mercial CT scanners: the Aquilion (Toshiba, Tokyo, Ja-

pan) and the MX8000 (Philips, Cleveland, Ohio). The
parameters used at this stage (Table 1) were those of
“conventional” scanning; the reconstruction kernel chosen
did not enhance or smooth, and the reconstructed voxels
were isometric. Scanning parameters were chosen that
were as similar as possible between the two imagers.

Table 2
Cross-Protocol Parameters Used with the Phillips MX8000 Scanner

Parameter

Protocol Name

High-Resolution
Sharp 1,024 Half Scan 0.5 mm

Collimation (mm) 1 1 1 0.5
Section thickness (full width at half maximum) 1.3 1.3 1.3 0.6
Section spacing (mm) 0.6 0.6 0.6 0.6
Focus resolution High Standard Standard Standard
Interpolation method Full scan Full scan Half scan Full scan
Reconstruction filter Sharp Standard Standard Standard
Reconstruction matrix 512 � 512 1,024 � 1,024 512 � 512 512 � 512
Resolution at isocenter 0.72 0.50 0.7 0.56

Note.—Four scans were obtained by using different parameters.

Figure 1. Graphs of variations in (a) spatial resolution and (b) noise correlated with distance from the isocenter on CT images obtained
in the disk phantom by using the Aquilion scanner. Each x-axis location represents a ring of spheres inside the phantom. The line con-
nects the mean measurements in each of the three concentric rings. For both resolution and noise, lower numbers are better. Notice that
as spatial resolution becomes worse toward the periphery of the field of view, noise also is reduced. Imaging parameters are given in Table 1.
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The second part of our study was designed to reveal
any effects caused by a particular parameter in the scan-
ning protocol. Additional scans were obtained with the
MX8000 unit, each with a different variation in the proto-
col. Representative permutations are described in Table 2.

RESULTS

Results from the initial stage of scanning (with the
standard protocol) are shown in Figures 1 and 2. Each
x-axis location represents a ring of spheres, and the y axis
represents normalized resolution or noise. The line con-
nects the mean measurements in each of the three concen-
tric rings of spheres. Spatial resolution varied among
spheres within the same ring and became worse with in-
creasing distance from the isocenter (from ring to ring),
whereas noise improved with increasing distance from the
isocenter.

Images acquired with variations of the standard proto-
col showed similar results. Figure 3 shows the values ob-

tained with the alternate use of half-scan reconstruction,
0.5-mm collimation, a reconstruction matrix of 1,024 �
1,024, and a high-resolution setting with a sharpening
filter. Most of these variations in imaging parameters pro-
duced results similar to those obtained with the standard
parameters. When a sharpening filter was used for recon-
struction, however, the variation in resolution was greatly
decreased. Figure 4 shows the resolution-to-noise ratio for
each of the protocols.

DISCUSSION

Figure 3 shows that resolution and noise are dependent
on the distance of the spheres from the isocenter. Spatial
resolution decreased as distance from the isocenter in-
creased. The extent of the variation in resolution depends
on the scanner and protocol. It may be possible to limit
variability in resolution by applying different reconstruc-
tion filters, as shown by the values obtained with use of
the sharpening filter. The image noise also decreased with

Figure 2. Graphs of variations in (a) spatial resolution and (b) noise correlated with distance from the isocenter on CT images obtained
in the disk phantom by using the Philips MX8000 scanner. Each x-axis location represents a ring of spheres inside the phantom. The line
connects the mean measurements in each of the three concentric rings. For both resolution and noise, lower numbers are better. Notice
that as spatial resolution becomes worse toward the periphery of the field of view, noise also is reduced. Imaging parameters are given
in Table 1.

MEINEL ET AL Academic Radiology, Vol 10, No 6, June 2003

610



increasing distance from the isocenter. Once again, how-
ever, the use of a sharpening filter muted this effect, caus-
ing a notable increase in overall noise.

A scanner that is improperly configured or misaligned
with the intended field of view also might cause substan-
tial variation in resolution. If the detector plane is not
lined up perfectly with the plane of the x-ray photons,
then the detectors at the edge will not receive as many
direct x-ray photons as they would with proper alignment.
Another common cause of variable resolution is improper
collimation. Some have argued that this problem is intrin-
sic to multi–detector row CT. When multiple detectors
are used, a small cone angle results in nonuniform cover-
age by x-ray photons; that is, a smaller area may be cov-
ered on the side nearest the x-ray tube than on the side
nearest the detector. This error and its effect on image
reconstruction often go unnoticed.

Because numerous factors contribute to image recon-
struction, we cannot completely explain why the noise
improved away from the isocenter while the spatial reso-

Figure 3. Graphs show (a) the average resolution and (b) average noise at each ring on CT images obtained with the MX8000 by using
the standard protocol (Table 1) or one of four variations (Table 2). Notice that the trends are similar, except for the one in which the
“sharp” reconstruction kernel was used. ƒ � standard protocol (Table 1), E � standard protocol with high-resolution setting and “sharp”
reconstruction filter, ▫ � standard protocol with 0.5-mm section collimation and 0.6-mm section thickness, � � standard protocol with
matrix of 1,024 � 1,024, � � standard protocol with half-scan interpolation.

Figure 4. Curves show the average resolution-to-noise ratios on
CT images obtained with the standard protocol (Table 1) or with
one of four variations (Table 2). The standard protocol provided
the best resolution-to-noise ratio throughout the field of view.
ƒ � standard protocol (Table 1), E � standard protocol with
high-resolution setting and “sharp” reconstruction filter, ▫ � stan-
dard protocol with 0.5-mm section collimation and 0.6-mm sec-
tion thickness, � � standard protocol with matrix of 1,024 �
1,024, � � standard protocol with half-scan interpolation.
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lution became worse. This study was designed to develop
and test an axiomatic method for image quality measure-
ment. A more in-depth data analysis may be attempted in
future studies.

We could extend this research also by comparing vari-
ations in resolution between CT scanners with a single
detector row and those with multiple detector rows to
determine whether variations correlate with the type of
scanner used. The inclusion of a larger selection of multi–
detector row scanners would help control for effects
unique to manufacturer or model. In addition, it may be
valuable to work more directly with the scanner manufac-
turers in investigating this problem and testing potential
solutions. Image reconstruction methods that involve the
use of a spatially invariant blurring function may be fur-
ther improved (9).

Our research also could be extended by testing the
approximations made in our computation of three-dimen-
sional resolution. Quantification of how well the isotropic
model fits the true point spread function, as well as analy-
sis of the relation between the asymmetry of the point
spread function and its location, also might be useful.

In conclusion, we have shown that the spatial resolu-
tion of multi–detector row CT reconstruction is better at
the center of the field of view and worse at the periphery.
Our study of how resolution and noise vary throughout
the field of view was made possible by the construction
of the phantom and facilitated by the development of a
simple method for computing three-dimensional resolu-
tion. These tools, and the results they helped us achieve
in this study, may be used to guide algorithm develop-
ment, which in turn may lead to improvements in recon-
struction quality.

APPENDIX: COMPUTATION OF AN
AXIOMATIC MEASURE FOR IMAGE
RESOLUTION

The point spread function p is assumed to have zero
mean without loss of generality because we always align
our measurement with the center of the point spread func-
tion. The resolution measure R(p) of p, up to a constant
multiple, is given as

R �p � � �trace���

� ��1,1
2 � �2,2

2 � �3,3
2 , (A1)

where � is the covariance matrix of p with elements �i,j,
as follows:

�i,j � ��� xixjp(x�)dx�. (A2)

Therefore, the trace of � is

R �p � � ��
i

�i,i

� ��
i
���xixip(x�)dx�

� ��
i
����x��2p �x��dx� . (A3)

Assume that we have a data volume that contains the
point spread function; v (x, y, z) is the value at location x,
y, z. If the volume is a perfect point spread function, then
v (x, y, z) � p(x, y, z) for each voxel. We define the step
size in the x, y, and z directions to be �x, �y, and �z,
respectively, and the coordinate origin as the center of the
point spread function. Then, to compute the integral (3)
numerically,

R�p� � ��
i
����x��2p(x�)dx�

� ��
x,y,z

�x2 � y2 � z2�v�x, y, z��x�y�z . (A4)

Note that we have assumed x ' x1, y ' x2, and z ' x3,
for convenience.

For our measurements, we do not have a volume con-
taining a perfect point spread function. We have a volume
of a point spread function convolved with a small sphere.
To compensate for this, two steps are necessary. First, we
need to apply an intensity normalization, as follows:

Rnorm�p� � �¥x,y,z �x2 � y2 � z2�v�x, y, z��x�y�z

¥x,y,z v�x, y, z�
. (A5)
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Rnorm(p) is now a resolution measure of the convolution of
the point spread function and a sphere. The variance of a
convolution is simply the sum of the component variances
or

Rnorm�p� � �sphere
2 � �PSF

2 . (A6)

To invert the effect of the convolution, we use the fol-
lowing equation:

�PSF � �Rnorm
2 (p) � �sphere

2 , (A7)

which requires a known �sphere. To calculate the �sphere,
first assume a sphere of uniform distribution with radius
r. The sphere is represented as

p��, �, �� � � p0 �
3

4�r3 0 � � � r;

0 otherwise
(A8)

in spherical coordinates with the center of the sphere at
the origin.

With use of Equation A3,

�sphere
2 � ��� �x��2p0dx�. (A9)

With use of spherical coordinates,

x1 � � sin���cos���

x2 � � sin���sin��� and

x3 � � cos���. (A10)

Therefore, �x��2 is

�x��2 � 	� sin���cos���
2 � 	� sin���sin���
2 � 	� cos���
2

� �2. (A11)

If we substitute this into Equation A9, we get

�sphere
2 � ��� �x��2p0dx�

� �
0

r �
0

� �
0

2�

p0�
2�2 sin���d�d��

� p0
4⁄5 �r5

�
3�r2

5
. (A12)

To study the spatial variation of resolution, we normalize
the value at each sphere location (�PSF,i) with the value at
the isocenter (�PSF,0), as follows:

��PSF,i �
�PSF,i

�PSF,0
.
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