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1 Introduction
Computer tomography is an important imaging technology used in many specialties of medicine. It also helps
other imaging modalities like Positron Emission Tomography to achieve attenuation correction. In the first
two weeks of this project, we built a CT simulator and investigated the parameters controlling the resolution,
noise and dose trade-off.

2 X ray generation, scattering, and detection
2.1 Background
X-rays are electromagnetic waves with very low wavelengths. It is generated by a process called breamsst-
rahlung, referring to the radiation produced when charged particles slow down. The intensity of the X-rays
decrease as they interact with materials in two main ways: Compton scattering occurs when X-ray causes
an outer-shell electron of an atom to escape, while the X-ray’s own energy also decreases; photoelectric
effect occurs at low energy when energy carried by the X-ray photo is completely absorbed by the atom
through ejection of inner shell electron in the coming direction of the photon. The combination of these
interactions can be summarised by the linear attenuation coefficient, which is a property of the material
(equation in handout). As attenuation invovles deflection, collimators prevent detect from getting hit by
these photos. Eventually, scintillators will turn received photon energy into electricity through photo-diodes.

2.2 Linear attenuation
The data is collected from Introductory Slide 24: for soft tissue, the transition region is from 2 − 4 × 10−2

MeV. When energy is greater than upper bound of the transition region (4 × 10−2 MeV), the distribution
is dominated by Compton scattering. On the other hand, when the energy is lower than the lower bound
(2 × 10−2 MeV), it is dominated by photoelectric scattering. The transition region differs between materials:
for air, it is between 3 − 5 × 10−2 MeV. For bone, it is between 6 × 10−2 − 1 × 10− MeV.

2.3 Completion of attenuate and ct_detect

ct_detect() returns the residual energy of each angle θ and offset r. This is obtained by calculating the
line integral of the attenuation coefficients. It sums over the residual energy calculated by attenuate() to
produce total residual energy.

2.4 Effect of depth, energy, and materials on attenuation
Logarithm of residual energy generally decreases with depth across the sources and materials investigated.
For certain materials and source energy value, residual energy decreases to zero. There is a more significant
beam hardening is observed with using a thicker Aluminium filter in Soft Tissue(Fig [1b]). However, in
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Figure 1: System dynamics at the next step when scanning through initial state parameters

Titanium, Aluminium filter thickness has a minimal relative effect on the shape of decrease, possibly because
the scale is much greater (Fig [1a]). A lower energy source also decreases faster.

We also observe that linear decrease is only observed in ideal source. In normal source, the log(residual
energy) first decreases at decreasing rate before its linear decrease. This is because normal sources contain a
range of energies. As they are attenuated after certain depth, the range decreases and they behave more like
ideal source (Fig [1c]). The rate of decrease also differs between different tissues. We observe that out of all
materials investigated, copper has the fastest attenuation across depths (Fig [1d]).

3 CT scanning and algorithm
3.1 CT layouts and interpolation algorithms
Following the understanding in 2.1 of X-ray, we move on learning how X-rays from different directions can
make a 3D image. There are four generations of CT scanners. The first and second generations are
similar to this investigation, where offsets and angles are changed through linear translation of the detectors.
Second generation scanners have more detectors than first generation. The third and fourth generation
contain beam fans instead of parallel beams. This reduces the acquisition time but a different filtered back-
projection algorithm will be required.

3D scanning can be achieved through the following strategies: helical scanning combines linear translation
of the object and continuous rotation of the scanner. Multi-slice scanning measure multiple slices per
rotation by having more than one rows of detectors. Cone-beam reconstruction acquires an entire volume
in a single rotation along z axis by using a cone-shaped beam.

Interpolation methods are important in CT because sample values are finite and may not always overlap
with X-rays. Nearest neighbour interpolation assigns current pixel value to the value of the nearest pixel.
Linear interpolation calculates a weighted average of surrounding pixels. When smoother gradients are
needed, cubic interpolation assigns value through a smooth curve fitted by the surrounding points.

3.2 ct_phantom and ct_scan function
ct_phantom generates phantoms from a circle to a point attenuator to anatomical models. These phan-
toms have different shapes and materials, which give expected output useful for evaluating the simulator
performance. ct_scan creates sinogram from phantom images.

3.3 ct_scan and sinograms
The sinogram of a centred impulse functions is a straight line (sine with amplitude of 0) (Fig [2a]), and a sine
can be clearly observed from a shifted impulse function (Fig [2b]). When using a lower number of angles,
we would expect the height of the image to become smaller, because the y-axis represents the angle. This is
what we have observed Fig [2c]. When comparing different interpolation methods, we observe that changing
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(a) Centre impulse (b) Shifted impulse
(c) Shifted impulse with 64 scan-
ning angles

(d) Shifted impulse with "nearest
neighbour" interpolation method

(e) Shifted impulse with linear in-
terpolation method

(f) Shifted impulse with cubic inter-
polation method

Figure 2: ct_scan and sinograms

(a) Original phantom (b) Sinogram after ct_scan (c) Sinogram after ct_calibrate

Figure 3: ct_calibrate and sinograms

the mode in the interpolation methods investigated did not result in either visual or quantitative changes of
the image. The SSIM and MSE stayed constant for two interpolation methods. This is because mode only
controls the edges, and the picture here is a single point. When the order is changed from 0 to 1 to 2, we
observed significant changes, as the sine curve becomes smoother. From this we expect cubic to be most
close to the sine graph, but it also trades off sharp edges.

3.4 ct_calibrate and sinograms
ct_calibrate generates total attenuation of each path from residual energy. In the experiment, attenuation
of titanium implant showed up as a bright sine wave of around 10 as expected, while other tissues had lower
attenuation (Fig [3c]).
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(a) Original phantom (b) Without filter (c) With filter (d) With filter (e) Without filter

Figure 4: Filter

4 Reconstructing cross-sectional data
4.1 Theoretical background
Filtered back-projection utilizes the projection theorem which states the 1D Fourier Transform of the Random
Transform (acquired data) equals to the 2D Fourier Transform of the Cartesian coordinate attenuation
coefficient. It is advantageous over direct fourier reconstruction by avoiding the interpolation stage that
could introduce noise, as we see previously. The Ram-Lak filter, F−1

1D |ω| is a mathametical result derived to
convolve with the Random Transform result. Since X-ray’s width is finite, the Ram-Lak filter can be cut off
at ω = 2π/width.

4.2 Effect of Ram-Lak Filter
Without filtering, the reconstructed image is effectively a point spread function where each bright pixels in
the original image contributes to the intensity of other pixels. The blurring is caused by the convolution of
the point spread function (Fig [4e]). As expected, with filtering, the back-projection result (Fig [4c]) became
more similar to the original phantom. The impulse function will be discussed later when alpha is changed in
4.3.3. After filtering, we would expect the material’s attenuation coefficient to be close to the pixel values in
the reconstructed image. Therefore, we take the disc phantom and found the mean of the central 16 pixels
to be within 1% difference with the material’s coefficient across multiple materials.

We also used two quantitative metric to measure the fidelity of reconstructed image. The first was
the structural similarity index measure (SSIM). SSIM is a metric that takes into account of the structural
similarity but discount the overall intensity difference. This is done by calculating three variables from mean,
covariance and covariance: luminance, constrast, and structure and take the weighted combination of these
three. We found the SSIM between the reconstructed image and the phantom to be close to 1.

The second was mean squared error (MSE). First the phantom’s pixel value is converted to attenuation
coefficient, and then the central 16 pixels of the phantom and the reconstructed image was used to calculate
MSE. We found that MSE is different across materials, higher in materials such as iron, but all quite low.

4.3 Effect on reconstruction quality
Reconstruction quality can be measured by visually inspecting resolution, noise, and artifacts, as well as
quantitatively measuring the geometry and value differences between the shapes. Here, we used hip replace-
ment phantoms for visual comparison and disc phantom for quantitative comparison, because artifacts are
more easily observed in hip replacement phantoms and we can compare the central region easily in the disc
phantom. Reconstruction quality can be improved by changing parameters in the software, but also must be
balanced with computational load and dosage on patients.

4.3.1 Effect of ratio between number of projections and image pixels

The relative ratio between numbers of projections and pixels in the phantom affects the quality of the
reconstruction. Low quality images, with features like streaking artifacts, were observed when the number
of projections are low relative to the image size (Fig [8b] ).

4



(a) 256, 410 projections (b) 256, 64 projections (c) Varying angle (d) Varying phantom size

Figure 5: Number of projections and phantom size

(a) Phantom (b) Constant (c) Linear (d) Cubic (e) Nearest neighbour

Figure 6: Interpolation result

SSIM and MSE between reconstructed and phantom improve over the number of projections, but at a
decreasing rate. This indicates there will be an optimal region when considering high number of projections
also result in higher dose for the patients. The inflexion region is around 1.6N , similar to π

2 N in the literature
(Fig [8c])[1-2]. For the same number of projections, we found the SSIM is increasing over phantom size. This
is surprising because we visually noted more streaking artifacts as the phantom size increases while the
number of projection is constant. This could be attributed to the fact that SSIM is less sensitive to the
streaking artifacts. MSE was observed to be fluctuating as it is taking an average and can be sensitive to
phantom size (Fig [8d]).

4.3.2 Effect of interpolation function in back_project

Results from three interpolation methods, linear, cubic, and nearest-neighbour were compared with the
constant mode in map_coordinates and the original phantom. Interpolation differences were found to be
most observable when changing the phantom to a 8 x 8 square in a 24 x 24 pixel image. From the results in
4.3.1, it is observed interpolation is most useful when the phantom is scanned lower than the optimal number
and therefore 12 projections were used.

Visual inspections show that nearest-neighbour interpolation had unwanted artifacts when we expect the
square to be the same colour (Fig [6]). The interpolation between cubic and linear are quite similar, but it
is more smooth for cubic. SSIM and MSE are similar across all interpolation methods, but we found cubic
to be optimal with the highest SSIM and lowest MSE. Surprisingly, nearest neighbour has higher SSIM than
linear but it also has higher MSE. Constant mode nearly the same result, visually and quantitatively with
linear interpolation (difference only at 10th significant figure). It is expected that interpolation method will
be more helpful when there is noise modelled.

4.3.3 Effect of alpha in Ram-Lak filter

Since streaking changes are sharp changes in intensity values due to finite projections, we expect that the
higher the alpha, the more smoothing we would observe. Noise can be observed in images with lower alpha.
Higher alpha smooths out the sharp edges. In the first two figures of Fig [8], we observed this effect exactly.
The bottom figures are slices across the mid-line of the disc, and we observe that it becomes less noisy with
higher alpha. We also observed that when alpha is increased for Fig [8b], the streaking artifacts are reduced,
becoming more similar to Fig [8a]. The artifacts caused by nearest neighbours can also be reduced by using
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Figure 7: Impulse response of Ram-Lak Filter

(a) α = 0.001, linear (b) α = 10, linear (c) α = 0.001, nearest (d) α = 10, nearest

Figure 8: Alpha and interpolation methods

a higher alpha, as seen from the last two figures. However, we must also note that the increased alpha comes
with a cost, as it will also make the sharp edges less observable.

It should be noted here that streaking artifacts are inherent in the way that we produce images because
we can never have infinite projections that result in a completely smooth graph. Alternative methods such
as algebraic reconstruction technique (ART) would not have these. ART is a iterative algorithm that
uses step-wise solving linear equations to solve the reconstruction problem. On the other hand, ART alone
still does not avoid Poisson noises. It requires additional methods like Maximum Likelihood-Expectation
Maximization to correct for Poisson noise.

5 Noise, beam-hardening, and Hounsfield units
5.1 Stability of HU
Hounsfield unit was found to be stable for body materials, hence practical for medical imaging. The line for
water near 1 indicates the conversion is working as expected, after verifying that the image before conversion
has the expected attenuation coefficient for water. It was also found that Hounsfield unit varies with number
of projections and pixels (Fig [9a]).
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(a) Stability (b) No clipping (c) Highlight bone (d) Highlight soft tissue

Figure 9: Hounsfield units

5.2 Effect of windowing data and DICOM viewer
Windowing can allow clinicians to focus on different tissues. When there was no windowing applied in
hu(), the images are more grayed out and it is hard to distinguish tissues (Fig [9]). Windowing at 400-600
highlights the bone in the image, useful for investigating bone pathology. Windowing around 20 highlights
the soft tissue in the image, using for investigating potential abdominal tumour. This windowing function
was also implemented in many DICOM viewers.

6 Conclusion
The investigation so far was both fun and enriching. The first learning point was hypothesis-driven testing:
the need to think about what experiments are most revealing for the results and to have expectations before
experiments are run. This allows the experiments to be most meaningful in discovering the functions of the
software. Second, I have learned the need for isolate functions in unit testing and debugging. Last but not
least, the understanding of the trade-offs between resolution, noise and dose, as well as how each parameter
in CT and affect these, will be very helpful for me as a future clinician.
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