Orig Art-Samartzis_Layout 1 8/1/14 10:25 PM Page 1

Original Article

A robust method, based on a novel source, for
performance and diagnostic capabilities assessment
of the positron emission tomography system
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The aim of our work was to provide a robust method for evaluating imaging performance of positron
emission tomography (PET) systems and particularly to estimate the modulation transfer function (MTF)
using the line spread function (LSF) method. A novel plane source was prepared using thin layer chromatography (TLC) of a fluorine-18-fluorodeoxyglucose (18F-FDG) solution. The source was placed within
a phantom, and imaged using the whole body (WB) two dimensional (2D) and three dimensional (3D)
standard imaging protocols in a GE Discovery ST hybrid PET/CT scanner. Modulation transfer function
was evaluated by determining the LSF, for various reconstruction methods and filters. The proposed MTF
measurement method was validated against the conventional method, based on point spread function
(PSF). Higher MTF values were obtained with 3D scanning protocol and 3D iterative reconstruction algorithm. All MTF obtained using 3D reconstruction algorithms showed better preservation of higher frequencies than the 2D algorithms. They also exhibited better contrast and resolution. MTF derived from
LSF were more precise compared with those obtained from PSF since their reproducibility was better in
all cases, providing a mean standard deviation of 0.0043, in contrary to the PSF method which gave 0.0405.
In conclusion, the proposed method is novel and easy to implement for characterization of the signal
transfer properties and image quality of PET/computed tomography (CT) systems. It provides an easy
way to evaluate the frequency response of each kernel available. The proposed method requires cheap
and easily accessible materials, available to the medical physicist in the nuclear medicine department.
Furthermore, it is robust to aliasing and since this method is based on the LSF, is more resilient to noise
due to greater data averaging than conventional PSF-integration techniques.
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Introduction

P

ositron emission tomography (PET) is a powerful molecular imaging modality enabling measurements of radiotracers distributions in vivo. Spatial resolution is the
ability of the system to image an object without blurring and so, it is a measure of
how close two adjacent objects can be distinguished. The spatial resolution is usually
characterized by the modulation transfer function (MTF), which reports the amount of
sinusoidal signals transferred by the imaging system [1]. Positron emission tomography
imaging is aﬀected by a number of resolution degrading factors that include random
positron range, photon pair noncollinearity attenuation, intercrystal penetration, intercrystal scatter, detector inefﬁciencies, and electronics mispositioning. In total, a PET system has a spatially variant resolution loss [2]. Evaluation of imaging system performance
has a long history and many attempts have been made to characterize tomographic imaging systems by combining factors that describe each component into one figure of
merit. The signal spread of an imaging system can be described by the point spread function (PSF) or the line spread function (LSF). The full width at half maximum (FWHM) of
these functions is the most used measure for assessing the resolution of a system. However, FWHM lacks the possibility to completely characterize these systems since diﬀerent
LSF or PSF shapes may show equal FWHM values [3, 4]. An alternative is to use the MTF
in order to describe the ability of a system to maintain the amplitudes of spatial frequencies passing through it [5-9]. Precise and accurate determinations of MTF are important
for comparing the eﬀects of diﬀerent scan and reconstruction parameters, for comparison
between diﬀerent PET scanners and specifically for evaluating the accuracy of size and
density measurements of fine details in medical images [10-14].
The objective of this work was to provide a measurement method for evaluating resolution performance of PET systems and particularly to estimate the MTF using the LSF
method. MTF determination by use of LSF has been previously presented in the literature
[15-17]. The key to our approach was the preparation of a novel and highly homogeneous-
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plane source, based on fluorine-18-fluorodeoxyglucose (18FFDG) as the positrons emitting radiopharmaceutical and subsequently its two gamma 511keV photons. The advantage of
this test-object (the thin plane source) is that it can be prepared by using materials easily accessible in a hospital environment. The above introduces a low cost method that could
be used for evaluating task-based resolution metrics for system optimization and comparison across standard and iterative reconstruction algorithms, as well as for comparison of
diﬀerent PET systems and routine quality control. Clinical
scanning protocols could also be evaluated. In conclusion, the
use of MTF provides a common language between physicians
and physicists, as a mean to quantify image quality.

source exibits a maximun non-uniformity deviation of 4.3%.
The reconstructed PET images, with the phantom placed in
the horizontal and vertical direction, are shown in Figure 2.

Materials and methods

The method for estimation of MTF in PET systems, presented
in this study, is based on the determination of LSF from cross
sectional images of a thin plane source. An integrated
PET/CT system (GE, Discovery ST PET/CT, Milwaukee,WI) was
used to demonstrate the proposed method. The plane
source was prepared in our laboratory by thin layer chromatography of a radiopharmaceutical solution. A custom
software, that incorporates the functionality of estimating
the MTF from both LSF and PSF, was also developed.

Figure 1.The PMMA blocks with the plane source inside placed on the bed of the
GE Discovery ST PET/CT.

Preparation of the MTF test object
Preparation of a film-based plane source for the LSF measurement
It has been demonstrated in the literature that several ways
can be used to create phantoms in nuclear medicine [18].
The use of chromatography paper to produce a radioactive
thin plane source has not been implemented previously. For
this study, a novel plane source was prepared by immersing
Al substrate chromatography paper (Al foils 5×10cm coated
with silica gel, Fluka), in a radioactive solution. The radioactive solution was prepared by adding ~120MBq of the radiopharmaceutical 18F-FDG into 50mL of CH3CN/NaCl (95:5). The
CH3CN/NaCl is the solvent of the process. For the incubation
of the chromatography plate with the radiopharmaceutical
solution, a 250mL glass beaker has been used. The chromatography plate was placed vertically, with less than 1cm
immersed, in the solution for 10 to 15min. At the end of incubation, the chromatography paper was examined optically for the optimum adsorption-binding of the solution
onto the substrate and left to dry for 15min. Stripes of 1cm
from the bottom and the upper part of the chromatography
paper were cut oﬀ, to avoid any inconsistency in the radioactivity distribution. The plane source resulted exhibits an activity of 2.85MBq, as measured with an Atomlab 300 (Biodex
Medical Systems) dose calibrator.
The source was sandwiched in the center of eight, 1cm
thick, 10×12.5cm poly(methyl-methacrylate) (PMMA) slabs
and imaged in a General Electric Discovery ST, PET/CT scanner, as shown in Figure 1. The coronal image of the source
(matrix: 256x256) was carefully reviewed for in-homogeneities in the radioactivity distribution for the MTF evaluation of PET images. The uniformity was also evaluated by
obtaining regions of interest (ROI) on the coronal slice of the
source while placed horizontaly on the scanner bed. The
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Figure 2. Left: Coronal, sagittal and transverse slices of the phantom, when the
plane source is placed in parallel to coronal direction (i.e. horizontally). Right: Coronal, sagittal and transverse slices of the phantom, when the plane source is placed
in parallel to sagittal direction (i.e. vertically).

Preparation of the point source for the PSF measurement
In order to prepare a point source, the following procedure
was followed: A micro pipette was used to place a sample of
18
F-FDG with >200MBq/cc (5mCi/cc) activity concentration
on a slide. The end of a hematocrit capillary tube (1mm internal diameter capillary glass tube), was placed onto the
drop. The capillary action draws the drop into the tube. Care
was taken for the prepared source to be less than 1mm in
axial length. If the source is longer than 1mm, the measured
axial resolution will increase. Both ends of the tube were
sealed with sodium bentonite clay, with the end of the tube
with activity sealed first [4].
The capillary tube was fitted to the center of the field of
view (FOV) of the scanner as shown in Figure 3 and imaged
with a 20cm diameter FOV, matrix 256X256. A transverse
slice image of the point source is also shown in Figure 3.
MTF
The MTF was obtained by using both the LSF and PSF methods, for the 2D and 3D PET/CT imaging protocols, after appliwww.nuclmed.gr

Orig Art-Samartzis_Layout 1 8/1/14 10:25 PM Page 3

Original Article

Figure 3. Left: The point source placed in the center of the FOV of the scanner.
Right: Transverse slice image of the point source.

cation of various reconstruction and filtering algorithms on
the thin plane (LSF) and point source (PSF) images, for comparison purposes. The reconstruction algorithms used, were
the ones installed in the dimension console of the Discovery
ST, PET/CT system (Milwaukee,WI).
The smallest displayed FOV, appropriate to the phantom dimensions, was used as otherwise the postsampling pixel pitch
(of the image display matrix) may limit the resolution and affect the MTF computation [8]. Because a small display FOV is
desired, the dimensions of the phantom should also be relatively small. The 8cm thick by 12.5cm long phantom used in
this study was well suited to a FOV with 20cm diameter [6].
LSF
In the LSF method, the phantom with the thin plane source
was placed in the center of the field of view with slight horizontal angulation. In this study, the angle of the line relative
to the horizontal was measured as 1.6°. However, as with the
Fujita technique, angles spanning from approximately 1° to 8°
are generally useful. For angles >8°, the dimensions of the vertical LSF diﬀer from those of the true LSF by more than 1%,
and geometrical corrections should be considered. The final
LSF was obtained by averaging all line LSF profiles after angle
correction. The angle correction was performed following the
procedure described in Fountos et al [12]. The line LSF profile
can be written as LSF (ξ)=G(xi, yi), where G(xi, yi) represents the
slit ROI image pixel values, x1, yi are the pixel coordinates in
the horizontal and vertical axes respectively, ranging as follows x1≤xi≤x2, y1≤yi≤y2 x1, x2 define the range, where each line
LSF was calculated and y1, y2 are the corresponding lengths.
The average LSF profile was calculated as [19]:

(1)

where ξ=tan(θ) xi+yi and θ is the angle between the line
image and the horizontal or vertical axis.
Since the plane source could have been positioned, either
clockwise or counter clockwise, in a slight angle ranging
from -80 to -10 and 10 to 80, a custom made software develwww.nuclmed.gr

oped in Matlab (MathWorks, Natick, MA) was used for angle
correction [12]. The software is testing negative and positive
angles and for each angle it calculates the corrected averaged LSF and standard deviation (sd) for all data points. The
angle showing the minimum average sd is adopted as the
optimum angle and it was then used for correction. The average LSF was fitted using four diﬀerent functions: i) a Gaussian function, ii) a sum of two Gaussian functions, iii) a
Lorentzian function and iv) a hybrid (sum of a Gaussian and
a Lorentzian) function, in order to reduce noise in the LSF,
which could result in MTF overestimation [19-22]. The fitting
function providing the optimum correlation coeﬃcient (R2)
was selected. Fourier transformation and subsequent normalization were then applied on the final LSF to compute
the MTF [7, 8, 12].
ΡSF
MTF was also obtained through the PSF method similar to
the one described in Fountos et al [12]. The center of the
point image was determined (x0, y0 coordinates) and line
profiles passing from this point were obtained covering various angles ranging from 00 to 1800 with a 20 angle step.
The PSF profile can be written as PSF(ξ)=G(xi, yi) where G(xi,
yi) are the image pixel values [15]. xi, yi are the pixel coordinates in the horizontal and vertical axes respectively, fulfilling the line equation criteria for the following equation:

Where:
with 0°≤θ ≤180° and r is the half length of the line profile.
Almost all applications of the PSF, as a generalized descriptor of tomographic systems performance, follow the assumption of rotational symmetry [12, 23-29], therefore the
PSF profiles in the radial directions can be averaged to produce a one dimensional (1D) PSF profile, which was calculated as [30]:
(3)

Where ξ is the pixel position in horizontal axis. The MTF was then
calculated as described in the LSF method (see section B.1).
Goodness of fit
To evaluate the goodness of fit, in the LSF and PSF fitting approaches, the correlation coeﬃcient (R2) and the root mean
square error (RMSE) were calculated.
The RMSE was used as a measure of goodness of fit between the fitted and the measured values [31]. The diﬀerences
between measured and fitted values are also called residuals,
and the RMSE serves to aggregate them into a single measure
of predictive power. The RMSE of the fitted values with respect
to the measured ones is defined as the square root of the
mean squared error, according to the following equation (4):
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Where xm,i is the measured values and xf,i is the fitted values at i.
MTF reproducibility, for both LSF and PSF methods, was
determined by repeating MTFs calculation ten times, yielding the mean sd.

Results
Figures 4 and 5, show line spread functions (LSF) obtained
by the LSF and by the PSF methods respectively, fitted with
the Gaussian, the summation of two Gaussians, the Lorentzian and the hybrid Gaussian & Lorentzian functions. The LSFs
were obtained with the standard WB PET 3D protocol with
3D reconstruction method: iterative, 21 subsets, 2 iterations.
The PSF were obtained in 3D mode with 3D reconstruction
method: FORE FBP and transaxial filter Ramp with minimum
cut-oﬀ 6.4mm.
The values of R2 and RMSE for the diﬀerent fitting functions
are shown in Table 1, for both LSF and PSF methods. These
values were used as a criterion for the selection of the optimum fitting function used in the subsequent MTF calculation.
For the 3D scanning mode (i.e. without septa), Figure 6
plots the MTF of diﬀerent reconstruction algorithms. The algorithms were: 1) iterative, 2) FORE iterative, 3) FORE filtered
back projection and 4) Reprojection. The advance of the fully
3D iterative reconstruction algorithm is clearly shown by its
MTF. Compared with the two Fourier rebinding (FORE iterative and FORE filtered back projection) as well as the reprojection algorithms, iterative reconstruction exhibits increased
contrast. That is so the case because high MTF values in the
low frequency range are needed to outline the coarse details
of the image and is important for presentation and detection
of relatively large but low contrast lesions. Consequently increased MTF values in the high frequency range are necessary to portray fine details and sharp edges. This is of obvious
importance for small objects and also sometimes for larger
objects because of the importance of edges and sharp bor-

Figure 4. Representation of the four fitting methods to the averaged line spread
function (LSF) values for the PET image obtained with the PET WB 3D imaging protocol and 3D Reconstruction method: Iterative with 21 subsets and 5 iterations.
Top left: Gaussian. Top right: Sum of two Gaussians. Bottom left: Lorentzian. Bottom
right: Hybrid Gaussian & Lorentzian (LSF/MTF method).
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Figure 5. Representation of the four fitting methods to the averaged point spread
function (PSF) values for the PET image obtained with the PET WB 3D imaging protocol and 3D Reconstruction method: FORE FBP and transaxial filter ramp with minimum cut-oﬀ 6.4mm. Top right: Sum of two Gaussians. Bottom left: Lorentzian.
Bottom right: Hybrid Gaussian & Lorentzian (PSF/MTF method).
Table 1. Goodness of fit for the LSF and PSF methods shown
in Figures 4 and 5
Fitting results for the LSF & PSF methods
Goodness of
PET
Reconstruction fit parameters
Protocol method
RMSE (R2)
LSF
Iterative
1.382
0.9958
(3D)
(21 subsets,
0.896
0.9984
2 iterations)

PSF
(3D)

FORE FBP
Transaxial
filter:
Ramp cut-off
=6.4mm

3.324

0.9757

0.331

0.9998

0.3375

0.9998

2.1583

2.6422

0.6287

0.9897

0.9846

0.9993

Fitting

Gaussian

Sum of two
Gaussians
Lorentzian
Hybrid
Gaussian
&
Lorentzian
Gaussian
Sum of two
Gaussians
Lorentzian
Hybrid
Gaussian
&
Lorentzian

ders for the detection of low contrast objects and for accurate
assessment of their size and shape.
For the 3D scanning mode, Figures 7 and 8 demonstrate
the eﬀect into the MTF from diﬀerent iterations and diﬀerent
subsets, respectively. In Figure 7, the reconstruction algorithm used was iterative with 21 subsets and the iterations
were 2, 4, and 6. In Figure 8, the reconstruction algorithm
was iterative with 2 iterations, while subsets ranged from 10
to 35.
For the 2D scanning mode (i.e. with septa), Figure 9
demonstrates the eﬀect of diﬀerent filters to the MTF. The
2D reconstruction method was back projection and the filters chosen were: Hanning, Ramp, Shepp Logan, ButterWorth 2 and Enchanced Hanning.
Figures 10 and 11 plot MTF obtained with 2D OS EM reconstruction and show the eﬀect of diﬀerent iterations and
subsets. For Figure 10, the reconstruction algorithm used
was OS EM with 21 subsets and the iterations were 2, 4, and
www.nuclmed.gr
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Figure 6. Modulation transfer function, obtained with the LSF method from PET
images using the plane source method and 3D scanning with diﬀerent reconstruction algorithms. The algorithms are: 1) iterative, 2) FORE iterative, 3) FORE filtered
back projection and 4) Reprojection.

Figure 10. 2D scanning and the eﬀect of diﬀerent iterations into the MTF. MTF
obtained with the LSF method from PET images using the plane source method,
2D scanning and OS EM reconstruction algorithm with 21 subsets.

Figure 7. 3D scanning and the eﬀect of diﬀerent iterations into the MTF. MTF obtained with the LSF method from PET images using the plane source method, 3D
scanning and iterative reconstruction algorithm with 21 subsets.

Figure 11. 2D scanning and the eﬀect of diﬀerent subsets into the MTF. MTF obtained with the LSF method from PET images using the plane source method, 2D
scanning and OS EM reconstruction algorithm with 2 iterations.

Figure 8. 3D scanning and the eﬀect of diﬀerent subsets into the MTF. MTF obtained with the LSF method from PET images using the plane source method, 3D
scanning and iterative reconstruction algorithms with 2 iterations.

Figure 9. Modulation transfer function, obtained with the LSF method from PET
images using the plane source method and 2D scanning with diﬀerent filters. The
filters are: Hanning, Ramp, Shepp Logan, ButterWorth 2 and Enchanced Hanning.
www.nuclmed.gr

6. In Figure 11, the reconstruction algorithm was OS EM with
2 iterations, while subsets ranged from 10 to 35.
All MTF were obtained after the selection of the LSF fitting,
providing the optimum RMSE and R2 value. For the standard
whole body PET protocols of the scanner, in 3D and 2D scanning mode, the optimum LSF fitting function and the corresponding RMSE and R2 values are listed in Table 2.
Figures 7 and 10 show that while low and high frequency
response is similar, there are diﬀerences in the middle frequency area as the iterations increase, for both 3D iterative
and 2D OS EM reconstruction algorithms respectively.
Figures 8 and 11 show that low and middle frequencies
are aﬀected with subsets change in 3D iterative and 2D OS
EM kernels respectively. Increasing the number of subsets,
from 10 up to 30, results in increased contrast for the lower
and the middle frequency features in both cases. Further increase, from 30 to 35, has less eﬀect as shown by the MTF.
For the higher frequency features in the image, subsets
change seems to have little eﬀect.
Figure 12 shows MTF results, obtained with the PSF
method from PET images, in transverse plane, using the
standard whole body PET protocols of the scanner in 3D and
2D scanning mode. The MTF were obtained after the selection of the PSF fitting providing the optimum RMSE and R2
value. These values are listed in Table 3.
In Figure 12 the curve showing the highest MTF values
was obtained for the Iterative with 2 iterations and 30 subsets reconstruction method for a 3D scanning protocol. The
2D backprojection reconstruction method, with Hanning fil-
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Table 2. LSF optimum fitting method used in MTF calculation in Figures 6-11
Optimum fitting for the LSF method
Goodness of
PET
Reconstruction fit parameters
RMSE
(R2)
Protocol method
3D
Reprojection
0.2747 0.9998
FORE FBP

0.4117

Iterative

0.3923

FORE Iterative

2D

Backproject
OS EM

0.9962

0.3426

0.9998

0.4642

0.9996

0.3214

0.9953

0.9996

Fitting

Lorentzian
& Gaussian
Sum of two
Gaussians
Lorentzian
& Gaussian
Sum of two
Gaussians
Sum of two
Gaussians
» » » »

Table 3. PSF optimum fitting method used in MTF calculation in Figure 12
Optimum fitting for the PSF method
PET
Protocol
3D

2D

Reconstruction
method
Reprojection
FORE FBP
FORE Iterative
Iterative
Backproject
OS EM

Goodness of
fit parameters
RMSE
(R2)
0.5220
0.9998
0.5608
0.9998
0.2679
0.9999
0.3014
0.9999
0.5244
0.9998
0.3181
0.9999

* In all, fitting was the sum of two Gaussians

Figure 13. Clinical images scanned in diﬀerent modes and reconstructed with different algorithms. Left: 1a. Abdomen 3D reprojection, 1b. Abdomen 3D iterative.
Right: 2a. Brain 2D backprojection, 2b. Brain 2D OS EM.
Figure 12. Modulation transfer functions, obtained with the PSF method from
PET images using the 3D and 2D scanning protocols.

ter (cut-oﬀ frequency 10.9), had the lowest MTF in the range
of spatial frequencies with a stopband edge in MTF of 0.17
cycles/mm. The eﬀect of the filters, iterations and subsets on
the MTF was similar as in the case of the LSF method.
As seen in Figure 12, the use of an iterative reconstruction
algorithm leads to qualitative and quantitative improvements in image quality, regardless the scanning method. Furthermore, MTF of the 2D OS EM and 3D iterative algorithms
are comparable. This is also the case for the MTF of the 3D
FORE FBP and 2D backprojection reconstruction algorithms.
Figure 12 pinpoints that the main improvement to the PET
imaging has resulted by the introduction and use of iterative
reconstruction algorithms.
The advantages of iterative algorithms can be seen in Figure 13, where clinical images of: a) abdomen, scanned in 3D
mode and b) brain, scanned in 2D mode, are presented. Images were reconstructed with conventional and iterative algorithms. In both modes, the application of iterative
reconstruction improves quality, as seen by image resolution.

Discussion
The PSF contains complete information about the spatial
resolution. On the other hand, in order to express the spatial
resolution we usually ignore the shape of the PSF and simply
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measure its width. Unfortunately, this method has significant
drawbacks. Another way to measure image resolution is by
looking at the frequency response. Taking the 2D Fourier
transform of the PSF provides the 2D frequency response. If
the PSF is circularly symmetric, its frequency response will
also be circularly symmetric. In this case, complete information about the frequency response is contained in its profile.
In cases where the PSF is not circularly symmetric, the entire
2D frequency response contains information regarding resolution since its line profile depends on the angle [32].
A more favorable alternative is the LSF. Its advantage is that
the MTF can be directly found by taking the 1D FFT of the LSF
(unlike the PSF to MTF calculation that must use a 2D Fourier
transform). If a system has an oblong PSF, its spatial resolution
is will be diﬀerent in the vertical and horizontal directions, resulting in LSF diﬀerent in these directions [32]. Measuring the
LSF in the vertical and horizontal directions makes it possible
to describe the non-circular PSF more accurately.
The MTF of a line source is the equivalent of the LSF in the
spatial frequency domain where signals can be easily decomposed into sine waves. In this way the signal obtained
from the plane source can provide useful information concerning the signal amplitude, frequency and phase of object
signals passing through the imaging system. For each spatial
frequency (which corresponds to a particular object size in
the space domain) MTF gives the corresponding amplitude
of useful signal, i.e. the contrast level in the final image of
the particular object size. A single MTF analysis in the spatial
frequency domain can be used to predict the system performance for all possible structure sizes.
www.nuclmed.gr
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The MTF can also be used to quantify an imaging system’s
ability to recover an input contrast at a certain spatial frequency [33]. A system with a flat MTF curve having a value
near unity (spatial frequency) would faithfully reproduce the
image object with high-contrast recovery. MTF curves can be
evaluated to reveal contrast improvement under factors that
aﬀect contrast recovery such as spatial resolution improvement, object size, scattering and random coincidence events.
The diﬀerences between the PSF and LSF methods, in the
MTF calculation, could be attributed to the fact that ideal
points and lines cannot be employed under experimental
conditions and to that iterative algorithms are not linear [34].
The LSF method employed here uses more data than the
corresponding PSF, because a line is used instead of a point.
For this reason, this method is less prone to noise due to the
benefits of averaging larger amount of data by using more
samples (line profiles) [8]. Thus, our method regarding the
MTF calculation of the PET images provided a mean standard deviation of
, in contrary to the PSF method,
which showed
. This may be the principal benefit
of the proposed method in the context of clinical PET MTF
measurements.
Point sources in glass capillaries free in air could be affected by the range of the positrons emitted by the source
due to the finite source size, whereas methods that use
phantoms as attenuation media do not exhibit this dependence. Measuring spatial resolution from a sharp interface
(such as the plane source presented here) that produces a
plane response function may become increasingly important as the spatial resolution of PET systems improves. Such
measurements have been widely investigated in other areas
of medical imaging. Examples of similar work can be also
found in computed tomography (CT) [8, 13], single photon
emission tomography (SPET) [12] and PET/ magnetic resonance imaging (MRI) [35].
The method presented in this work provides the ability to
obtain image resolution in three axes by placing the source
only horizontally and vertically. In addition, a significant
number of pixels, over the entire LSF, are averaged to estimate the MTF. This is an advantage since the point sources
appearing in PET images of 256X256 dimensions, will incorporate only a few pixels, which may be insuﬃcient to correctly characterize image contrast [36].
Decreasing MTF at higher frequencies causes the blurring
of high frequency features in an image. This blurring was a
characteristic of the older 2D reconstruction algorithm
(backprojection). The new fully 3D iterative reconstruction
algorithm is superior in contrast and resolution as seen by
its MTF. Since PET is an intrinsic 3D imaging modality, it well
benefits by the 3D algorithms.
The requirements for measuring the MTF of an imaging
system include: a) a linear signal response and b) a shift invariant signal (i.e., signal independent of location in the
image). In the strictest sense of the definition, most imaging
systems are nonlinear and shift-variant. Furthermore most
clinical systems incorporate iterative reconstruction algorithms which are non-linear and diﬃcult to evaluate [32, 37].
It is important to attempt to evaluate these systems by using
certain experimental conditions under which linearity and
shift-invariance can be a reasonable assumption. These conwww.nuclmed.gr

ditions often include low-contrast and localized measurements. As a result, it is often necessary to specify under
which conditions the MTF results are valid. Measurement of
MTF for a nonlinear system has been the focus of past research and was employed to predict the detectability index
for detection and discrimination tasks [13, 38, 39]. Similarly,
in this work, the MTF was measured under predefined conditions such as field of view, contrast and noise levels. This
yielded a specific task-based transfer function that can be
used to compute performance assessment metrics such as
the detectability index. This work is further justified by the
need to define the MTF on a locally linearizable region of the
object, to assess the task-specific performance in the presence of nonlinear reconstruction algorithms.
The reconstruction algorithm strongly aﬀects the image
characteristics (Fig. 12), however manufacturers generally do
not divulge the actual shape of the reconstruction kernels.
Furthermore, image reconstruction algorithms are not included in the tests of acceptance [4]. The determination of a
scanner’s MTF provides an easy means to evaluate the frequency response of each kernel available [8]. The MTF
method used, could be useful for comparing the eﬀects of
diﬀerent scanning modes and reconstruction parameters
(2D vs 3D, FBP vs OSEM, etc) [10, 11] and for the evaluation
of fine details in PET imaging, albeit under very specific imaging conditions and despite algorithm nonlinearities. Additionally it can be used for accurate image resolution
determination of scanners incorporating high resolution detectors [40, 41].
The above advantages of the MTF method presented may
be valuable in clinical practice. The need for common clinical
and technical standards in PET/CT is an actual demand, as
in multicenter trials it is not possible to image all patients
with the same PET/CT system. Nowadays, there is an increasing interest in studies concerning the early assessment of
treatment response in the course of chemotherapy or radiotherapy in patients with tumors of diﬀerent types. A major
problem in these studies is the comparability of quantitative
PET results, usually expressed as standardized uptake values
(SUV) and calls into question the general use of SUV cut-oﬀ
values in clinical routine or clinical trials. MTF may be able to
restore comparability between data sets from diﬀerent PET
systems and lead to a reduction in data variability [42].
Assessment of the line spread function and hence modulation transfer function (MTF) can be used in preprocessing
operations to compensate for the image degradation. This
could result in improvement in image quality since these
new algorithms will incorporate event physics detection
[43]. Subsequently MTF could also be applicable for dose reduction to essential levels, especially when dosimetry on
pre-treatment scans in terms of target and dose-limiting tissue uptake determination for optimal targeted radionuclide
treatment conditions is needed [44].
The use of MTF provides a mean to visualize the outcome
of the image formation. This could provide a common language between physicians and physicists. Most physicians
feel that the mathematics involved into the reconstruction
processes are beyond their scientific interests. On the contrary many are aware that, the MTF quantifies how well a
subject's regional brightness variations are preserved when
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they pass through an imaging system, from other commercial uses of imaging. The matching of the image outcome
with reconstruction via its corresponding MTF, as seen by
comparing Figures 12 and 13, could help the physicians become more familiar with imaging.
Assessment of a PET system performance through the
MTF could be valuable, since the acquisition and processing
protocols could be optimized prior to their use in clinical
practice. Furthermore, since spatial resolution is usually characterized by the MTF, the diagnostic capabilities of the system could also be evaluated.
A highly sensitive quality assurance (QA) methodology is
essential to appropriately assess performance and performance stability of a PET/CT system during clinical use. Routine
QA measurements of MTF, provide an eﬀective method to
quantify any loss in image quality that may be induced during every day clinical practice use such as mechanical damage, misalignments, inappropriate calibration, mistimed
gating sequences, and damage to system electronics. Image
MTF measurements can be used us an overall quality assurance method that is sensitive to many system parameters. If
MTF changes occur, more specific tests should be implemented to indentify the cause of the problem. Moreover, QA
measurements of MTF can be more eﬀectively compared to
other clinical systems as well as reported measurements of
research prototypes, even if such comparisons include the
possible eﬀects of varying characteristics. In this case, the
ability to compare clinical image quality with the theoretical
upper limits usually demonstrated with research prototypes
could be useful in evaluating possible eﬀects of the choice
and/or quality of the PET system. Our methodology is suited
for clinical QA as well as research and development of prototype imagers. The robustness and accuracy of linear under specific imaging conditions- systems metrics and the
simplicity of the plane source make this method an invaluable tool to ensure optimal image quality.
The limitations of the MTF calculation, through the PSF
method, arise from the fact that the PSF has a complicated,
non-separable 3D shape. Following the assumption of rotational symmetry, the PSF profiles could be averaged in radial
directions as has been reported for spiral CT [45]. Possible
disadvantages of the plane source LSF method in comparison with the point source PSF could be scatter and streak artifacts. In this sense the plane source LSF method could be
considered as more realistic, with respect to clinical practice,
since both scattering and streak artifacts are present in PET
in vivo clinical imaging.
Our study is related to its application to only one PET system; therefore, the MTF was measured only for the types of
iterative reconstructions that were installed into it. There are
many parameters in iterative reconstructions, such as the
regularizer and edge preservers, that could aﬀect the MTF.
Therefore, the MTF results shown in this work are representative only of the conditions used in this study. Future studies are warranted to include other PET system and
reconstruction algorithms as well as the dependence of MTF
in iterative reconstruction images with contrast.
In conclusion, the modulation transfer function, important
for the characterization of the spatial resolution of a positron
emission tomography (PET) system, was determined by the
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LSF method. This method is based on a novel thin plane
source, which was prepared in our laboratory by immersing
Al substrate chromatography paper, in 18F-FDG radiopharmaceutical solution. The method presented in this work can
be used for comparing clinical reconstruction protocols and
as a quality control method to identify the system’s performance and stability. The novel thin plane source is easy to prepare and can be implemented with low cost materials
available at a nuclear medicine laboratory.
The authors declare that they have no conflicts of interest.
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