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ABSTRACT

Chronic Obstructive Pulmonary Disease (COPD) is a lung disease characterized by progressive airflow limitation
caused by emphysema and chronic bronchitis. Emphysema is quantified from chest computed tomography (CT)
scans as the percentage of attentuation values below a fixed threshold. The emphysema quantification varies
substantially between scans reconstructed with different kernels, limiting the possibilities to compare emphysema
quantifications obtained from scans with different reconstruction parameters. In this paper we propose a method
to normalize scans reconstructed with different kernels to have the same characteristics as scans reconstructed
with a reference kernel and investigate if this normalization reduces the variability in emphysema quantification.
The proposed normalization splits a CT scan into different frequency bands based on hierarchical unsharp
masking. Normalization is performed by changing the energy in each frequency band to the average energy in
each band in the reference kernel. A database of 15 subjects with COPD was constructed for this study. All
subjects were scanned at total lung capacity and the scans were reconstructed with four different reconstruction
kernels. The normalization was applied to all scans. Emphysema quantification was performed before and after
normalization. It is shown that the emphysema score varies substantially before normalization but the variation
diminishes after normalization.
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1. INTRODUCTION

Chronic Obstructive Pulmonary Disease (COPD) is a leading cause of death and chronic morbidity worldwide.1

COPD is a chronic lung disease characterized by progressive airflow limitation. The main causes of airflow
limitation in COPD are chronic bronchitis, inflammation of the airways, and emphysema, irreversible destruction
of lung tissue. Emphysema severity is commonly quantified from computed tomography (CT) scans as an
emphysema score (ES): the percentage of voxels in the lung below a certain Hounsfield Unit (HU). Several
studies have shown that the ES as measured from CT scans correlates well with pulmonary function tests
and histology and can be used to monitor emphysema progression.2,3 It has been observed that ES varies
depending on, among other factors, scanner type, dose, slice thickness, and reconstruction kernel used.4 As
a result, ES measured from CT scans obtained with different parameters cannot be directly compared, which
limits the possibilities of comparing cohorts scanned with different reconstructions parameters or even monitor
progression over time of subjects scanned multiple times. In this study, we focus on the variation due to different
reconstruction kernels, which is known to strongly affect the ES.5 There has been some research toward equating
emphysema measurements for different reconstruction kernels (e.g.6,7) but these studies focus on equating the
ES after the measurement was performed.

In this paper we propose a method to normalize scans obtained with different reconstruction kernels to have
the same characteristics as a chosen reference kernel and apply this to reduce the variability in measured ES.

2. MATERIALS

A database with 15 subjects with COPD was constructed. For all 15 subjects a CT scan was obtained at total
lung capacity on a SIEMENS Sensation 64 scanner at normal dose (90-241 mAs, 120 KVP). Four scans were
reconstructed to 512 × 512 matrices, with pixel spacing between 0.5 and 0.8 mm and slice spacing of 0.75 mm
using different reconstruction kernels: b20f, b41f, b60f, and b75f. Example slices of scans reconstructed with the
four different kernels can be seen in Figure 2.



3. METHOD

The goal of the normalization is to change the appearance of scans reconstructed with different kernels to
correspond to a reference reconstruction. The most important difference between the different reconstructions is
the sharpness of the images. The proposed method extracts frequency bands using hierarchical unsharp masking
and reconstructs a normalized scan by combining the different frequency bands weighted by the energy present
in each band in a reference reconstruction.

3.1 Preprocessing

The lungs were automatically extracted in all scans using a lung segmentation method based on region growing
combined with morpholigical operations.8 The ES was calculated in every scan as the percentage of voxels in
the lungs below -950 HU.

3.2 Separation in frequency bands

Let I denote the original image, Lσ the original image convoluted with a Gaussian at scale σ (where L0 = I),
and n the number of frequency bands. Frequency bands F i are now defined as:

F i+1 = Lσi
− Lσi+1

, for 0 ≤ i < n− 1
F i = Lσi−1 , for i = n.

(1)

Where σi is a set of n scales. For this paper, five frequency bands were used with σi values {0,1,2,4,8} voxels.
Figure 1 shows a diagram of the algorithm used to obtain the frequency bands.

Figure 1. Separation in frequency bands.

3.3 Reconstruction of the normalized image

The scans reconstructed with the b41f kernel were chosen as the reference reconstructions. All 15 reference scans
where splitted into five frecuency bands F i and the standard deviation was computed for each band. Thus,
STDV F i was defined as the average standard deviation in F i in the set of scans reconstructed with b41f kernel.
The normalization in equation 2 was applied to all reconstructed scans from all 15 subjects.



The normalized image IN is now constructed from the frequency bands as:

IN = Fn +

n−1∑
i=1

λiF
i (2)

λi =
STDV F i

STDV F i
(3)

Note that if all λi equal 1, IN equals I.

4. RESULTS

Figure 2. Example slices of a scan reconstructed with four kernels. The upper row shows the orignal slices reconstructed
with kernels b20f (A), b41f (B), b60f (C), b75f (D). The lower row shows the same slices after normalization.

The first row of Figure 2 shows four slices of the same scan reconstructed with the four different kernels used. The
difference between the kernels can be observed, where b20f is the smoothest reconstruction, b41f is smooth with
finer grain noise, b75f is a sharp reconstruction with edge-preserving noise reduction, and b60f is the sharpest
reconstruction. In the second row of Figure 2 the same slices are provided after normalization, it can be seen
that the appearance of the scans after normalization is more similar. Figure 3 provides the histograms of the
four reconstructions of the scan shown in Figure 2 before and after normalization. The difference between the
smoother kernels (b20f and b41f) and the sharper kernels (b60f and b75f) can clearly be seen in the histogram
before normalization, whereas after normalization the histograms are almost identical.



Figure 3. Lung Histograms for the different kernels before (left) and after normalizing (right) for the scan shown in
Figure 2.

Figure 4. Emphysema scores for the 15 subjects for each reconstruction kernel sorted on the emphysema score with the
b41f reconstruction. The emphysema scores obtained from the original scans are shown on the left, the plot on the right
shows the emphsyema scores after normalization.

The ES computed from the four reconstructions for each subject can be seen in Figure 4. There is a substantial
difference in ES between the different kernels, especially comparing the smoother kernels (b20f and b41f) and the
sharper kernels (b60f and b75f). After normalization the difference between the ES computed for the different
reconstructions diminishes, which can be seen in the plot on the right in Figure 4.



5. DISCUSSION

In this paper we present an algorithm to reduce variability in emphysema measurements between scans recon-
structed with different kernels. In Figure 2 it can be visually observed that the scans become much more similar
after applying normalization. This is also reflected in the lung histograms (Figure 3) which become almost
identical after normalization. This also result in much more similar values for ES as showed in Figure 4.

From the emphysema scores after normalization (Figure 4) it can be seen that the values not only become
more similar between different kernels, but also maintain the same behaviour. In the plot, the patients are
ordered according to the ES obtained for the reference kernel, from higher (right) to lower values (left). Before
normalization it is observed that, in patients 2-15, ES values for smoother kernels range from 0% to 35%
aproximately, whereas for sharper kernels they are between 25% and 40%, which means that for the same group
of patients, ES values have a broader range for smoother kernels than for sharper kernels. These differences are
more noticeable for patients with lower ES values in the reference kernel (patients 9-15). In these cases, depending
on which kernel is used to evaluate emphysema, the same patient can be considered ”almost healthy” if they
are evaluated using b20f or b41f (ES values lower than 15%), or they can be considered to have a considerable
amount of emphysema (ES values between 25% and 40%) if they are evaluated using b60f or b75f. However,
after normalization, ES values not only become more similar, but also behave in the same way between patients,
changing in almost the same range of values.

Even though this study shows promising results, it also has some limitations. It can be observed that ES
values obtained from the scans reconstructed with the b60f kernel are consistently slightly lower than for the
other kernels. In addition, from the histrograms of the different reconstructions after normalization in Figure 3
it can be seen that the peak of the histogram for b60f is at a slightly higher HU than the peak for the other
kernels. This suggests that an overall HU correction, as for example proposed by Kim et al.3 might be beneficial
to add to the normalization method.

In this study we have only used a very small number of patients. In future work we intend to use a larger
database, which we can split into two different sets: one set to obtain the normalization coefficients, and the
remaining to test the algorithm. Furthermore, we also intend to study the possible applications of this algorithm
to reduce variability between different scanner models and vendors.

6. CONCLUSIONS

Emphysema is quantified from chest CT scans by determining the percentage of attenuation values below a fixed
threshold. The kernel used for image reconstruction has a large influence on the obtained emphysema quantifi-
cation, limiting the possibilities to compare emphysema quantifications among subjects scanned with different
reconstruction parameters. A method to normalize CT scans reconstructed with different kernels is proposed
and shown to diminish the variation in emphysema quantification obtained from the different reconstructions.
The proposed method to normalize images shows promising results in order to reduce variability in emphysema
quantification between scans reconstructed with different kernels.
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