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Charge coupled devices �CCDs� are being increasingly used in radiation therapy for dosimetric

purposes. However, CCDs are sensitive to stray radiation. This effect induces transient noise.

Radiation-induced noise strongly alters the image and therefore limits its quantitative analysis. The

purpose of this work is to characterize the radiation-induced noise and to develop filtration algo-

rithms to restore image quality. Two models of CCD were used for measurements close to a medical

linac. The structure of the transient noise was first characterized. Then, four methods of noise

filtration were compared: median filtering of a time series of identical images, uniform median

filtering of single images, an adaptive filter with switching mechanism, and a modified version of

the adaptive switch filter. The intensity distribution of noisy pixels was similar in both cameras.

However, the spatial distribution of the noise was different: The average noise cluster size was

1.2�0.6 and 3.2�2.7 pixels for the U2000 and the Luca, respectively. The median of a time

series of images resulted in the best filtration and minimal image distortion. For applications where

time series is impractical, the adaptive switch filter must be used to reduce image distortion. Our

modified version of the switch filter can be used in order to handle nonisolated groups of noisy

pixels. © 2008 American Association of Physicists in Medicine. �DOI: 10.1118/1.2975147�
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I. INTRODUCTION

Charge coupled devices �CCDs� are increasingly used in ra-

diation therapy applications.
1–4

Their advantages include

high resolution, good sensitivity, short acquisition times, and

a large field of view. With the proper lenses, CCDs can be

used to sample a large area for use with liquid scintillation

materials
3

or plastic scintillation sheets
2,4

or to read thou-

sands of miniature detectors placed in an array.
1,5–7

One disadvantage of a CCD, however, is that stray radia-

tion can induce transient noise on its surface or within its

electronics. Extracting dosimetric information from CCD im-

ages requires accurate quantitative analysis of images. If the

CCD camera is inside of a medical linac vault, transient

noise produced by stray radiation may limit accurate quanti-

tative analysis. Radiation-induced transient noise usually ap-

pears as sharp spikes or impulses affecting one or a small

cluster of pixels.

One obvious solution to this problem is to take the CCD

camera outside the radiation vault, but unfortunately it is

often impractical or impossible to do so. When using a CCD

for acquiring a 2D image such as in the work of Petric et al.
4

or Kirov et al.
3

the camera must be close to the scintillator.

While mirrors can be used to prevent the camera from being

within the path of the primary radiation beam, it is impos-

sible to have the camera outside the radiation vault. When

using CCD to image arrays of miniature scintillation

detectors
1

the camera can, in theory, be taken outside the

radiation vault. However, as we move toward larger arrays

this solution becomes less and less viable from practical and

economical viewpoints. Having to route the output of all

scintillation detectors outside the radiation vault may pose

some problems. For example, a bundle of 50 optical fibers

each of 1 mm in diameter and surrounded with 1-mm-thick

jackets can be several centimeters thick and have limited

bending capability. Moreover, optic cables can be damaged

more easily than cables carrying electrical current. Longer

optical fiber bundles have a greater chance accidentally dam-

aged. Optical fibers with a 1 mm diameter and jacketed to

prevent contamination from external light source can be as

high as 6.5 $ /m for plastic fibers and even more expensive

for silica fibers with better light transmission properties. De-

pending on the design of the radiation vault, 15–20 m of

optical fibers can be necessary to connect each detector to the

CCD outside the vault. For a relatively small array of 50

scintillation detectors, this means that the cost for optical

fiber alone could reach $6500, which is of the same order as

the cost of a CCD camera.

Using lead or other heavy material for shielding can miti-

gate the impact of stray radiation on CCD cameras. How-

ever, it is nearly impossible to completely remove all

radiation- induced noise. Complete shielding would surround

the camera and could greatly limit its field of view. More-

over, a full shielding would be heavy, cumbersome, and limit

the portability of the device.

It is well known that algorithms based on the nonlinear

median operation can be used to remove impulse noise from

an image.
8–10

Numerous median-based filters of varying

complexity and intended purpose exist. However, to the best

of our knowledge, no study has looked at the performance of

such filters in the context of images obtained by CCD cam-
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eras subject to scatter radiation from a medical linac. One

study looked at removing noise in cameras used in neutron

radiography with a filter based on the Laplacian of Gaussian

�LoG� operation.
11

The LoG approach can be successfully

used in neutron radiography because this imaging modality

does not usually contain sharp edges, which is not the case in

applications outside neutron radiography. The LoG operation

is sensitive to sharp edges and could register them as noises.

It is important to study noise in CCD cameras from a medi-

cal physics perspective because the end points are different

than in other fields, such as space applications. The fre-

quency and amplitude of radiation-induced noise alter the

image and with it our ability to extract accurate dosimetric

information. Similar reasoning can be applied to filtration

algorithms. It is important to find a method of filtration that

is suitable for dosimetric applications.

In this paper, we characterize and evaluate the effect of

transient noise on images produced by two different CCD

cameras, and compare the relative performance of different

methods used to filter the resulting noise. The purpose of

those filtration methods is to restore image quality to a level

sufficient for quantitative analysis of the image. The perma-

nent impact of radiation on a CCD device is outside the

scope of this work.

II. METHODS AND MATERIALS

II.A. CCD cameras and experimental setup

Two interline CCD cameras were used in this experiment:

the Luca EM �Andor Technology, Windsor, CT� and the

U2000 �Apogee Instruments, Roseville, CA�. The cameras

were chosen for their characteristics �thermoelectric cooling,

good dynamic range, and light sensitivity� and affordability

�less than $10 000�. The Luca produces 14 bit images with

dimensions of 658�496 pixels, while the U2000 produces

16 bit images with dimensions of 1600�1200 pixels. The

Luca CCD is equipped with the option of electron multiply-

ing. Electron multiplication is achieved through impact ion-

ization in a special gain register placed at the end of the

normal serial register.

II.B. Noise characterization

Each camera was placed into a radiation vault containing

a Varian 2100EX linear accelerator �Varian Medical Systems,

Palo Alto, CA� and positioned on a cart placed parallel to the

treatment table on the right side at a distance of 2 m from the

gantry isocenter.

Images were acquired in four different conditions: �1�
with no light and no radiation, �2� with no light and with

radiation, �3� with light and with no radiation, and �4� with

light and with radiation. In images acquired with no light, the

camera was shielded from ambient light by capping the lens

and covering the entire camera with an opaque black felt

cloth. All images were acquired with a 100 ms acquisition

rate. For images with radiation, the linear accelerator was run

in 6 MV photon mode at a dose rate of 400 monitor units

�MU�/min. �One monitor unit corresponds to a dose of 1 cGy

in water at a depth of 1.5 cm for a field size of 10

�10 cm2 at a SSD of 100 cm.� Thermoluminescent dosim-

eters have been used to estimate the dose received by the

camera at this point to approximately 0.2 cGy /min. For the

Luca, acquisition was repeated 20 times for each imaging

condition with and without electron multiplying. For the

U2000, acquisitions were repeated only ten times because of

the larger number of pixels per image. In all cases, the cam-

era was not explicitly shielded from radiation.

The images were imported into IMAGEJ �NIH, Bethesda,

MD�.12
Histograms of all dark images were created based on

pixel intensity. The images acquired under irradiation were

characterized for both the number of pixels affected by the

irradiation and the intensity distribution of the noise.

Although the permanent effects of radiation exposure to

the CCD camera are outside the scope of this paper, it is

nonetheless important to ensure that the performance of the

cameras is stable throughout the entire study. We have there-

fore verified that the noise distribution on each camera did

not change and that no pixel was permanently affected or

damaged by radiation.

II.C. Noise filtration

Four different filtering methods were used to remove un-

wanted noise in image X acquired under irradiation to pro-

duce filtered image Y: �1� Temporal median filtering, in

which the median value for each pixel is calculated for three

consecutive images acquired at times t1, t2, and t3 to produce

a new image comprising these median values:

Y i,j = median�Xi,j�t1�,Xi,j�t2�,Xi,j�t3�� . �1�

This guarantees that pixel values falling far outside the norm

�in this case, transient noise from stray radiation� would be

eliminated from the data set. This filter only works, however,

in cases in which three or more consecutive images can be

obtained under the same conditions. �2� Spatial median fil-

tering, in which the value of each pixel of the original image

is replaced by the median value computed over a �2N+1�
� �2N+1� square window, WN, to form the filtered image Y:

Y i,j = median�xi−s,j−t��s,t� � WN� . �2�

N values of 1, 2, and 3 were used. Spatial median filtering

can result in a loss of spatial resolution when there is a steep

gradient in pixel values; therefore, it would be ideal to use as

small a value of N as possible. However, if the noise covers

a significant portion of the window, the noise will not be

filtered out. Thus, there must be a trade-off between spatial

resolution and desired degree of noise removal. �3� Switch-

median filtering,
8

which is an adaptive filter that first identi-

fies pixels that are potential outliers and then replaces only

those detected outliers with a filtered value. The median filter

is used to generate an image that is subtracted from the origi-

nal to form a difference image D. This new image is then

used to identify outliers. In the difference image, non-noisy

pixels have values close to zero and noisy pixels have much

higher values. Values above a detection threshold T are re-

placed by the median of pixels within the window WN, while
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those within the detection threshold are considered noise

free. The filtered image can therefore be expressed as

Y i,j = �median�xi−s,j−t��s,t� � WN� if Di,j � T

xi,j if Di,j � T .
	 �3�

Determining the correct detection threshold value to dis-

criminate between noisy and non-noisy pixels is a key pa-

rameter in the success of the noise-filtering algorithm. In our

case, the threshold was set to three times the standard devia-

tion of the pixels measured in a radiation free environment.

Since very few pixels are replaced, this adaptive filter prom-

ises to preserve spatial resolution. �4� Finally, modified

switch median filter, which we have developed in an effort to

preserve spatial resolution within the images while com-

pletely removing the transient noise induced by stray radia-

tion even in the region exposed to bright light. Two modifi-

cations to the original switch median filter were

implemented. The first modification was to use an algorithm

to decide the size of the median window �WN� to use on

every noisy pixel. Once the noise detection has been made

by using Eq. �3�, a binary image containing all pixels for

which Di,j is superior to T is produced. A particle analysis

algorithm is then run on that image to detect the size �in
pixels� of each cluster of noise. The algorithm then replaces

each noisy pixel by the median value computed over a win-

dow WN according to the size of the noisy cluster. Clusters of

sizes 1–4 pixels were filtered using W1; clusters of sizes

5–12 pixels were filtered using W2 window, and more than

12 pixels were filtered using W3. The second modification to

the original switch filter is to use a variable threshold that is

function of the image brightness. When analyzing the tran-

sient radiation noise in dark images, the statistical variation

of the non-noisy pixels is low and a small value of T can be

used without risk of falsely identifying noisy pixels. How-

ever, in an image exposed to light and radiation, the statisti-

cal uncertainty of non-noisy pixels can be higher in bright

regions and a larger T value must be used to avoid false-

positive noise detection. We have characterized the relation-

ship between image brightness and statistical variations for

both CCDs. Then, for every noisy image, we established a

threshold map of pixels by estimating the standard deviation

from the brightness of the median image used for noise de-

tection. The median image was used to measure image

brightness because it can be considered noise free, which is

obviously not the case of the original image. The modified

switch filter is illustrated in Fig. 1. All filtering methods were

implemented within IMAGEJ.

III. RESULTS

III.A. Noise characterization

Figure 2 shows sample surface plots of images acquired

with and without the presence of stray radiation. Four experi-

mental conditions were used: �1� image acquired with the

Luca kept in the dark without electron multiplying �Fig.

2�a��; �2� image acquired with the U2000 kept in the dark

�Fig. 2�b��; �3� image acquired with the Luca kept in the dark

with electron multiplying activated �Fig. 2�c��; and �4� image

acquired with the Luca without electron multiplying in the

presence of a low level of ambient light and imaging geo-

metric shapes, such as circles and squares �Fig. 2�d��. Figure

3 shows histograms of the intensity values of all the pixels in

the images acquired in the same four experimental setups.

Figure 2 is not intended to be a complete characterization of

radiation-induced noise. Instead, its purpose is to illustrate

some key features of the noise observed in each experimental

setup. Those features are:

�1� The tendency of the noise in the images acquired with

the Luca to appear in clusters, while appearing more

frequently in single isolated pixels in the U2000 images.

�2� The higher value of noisy pixels when electron multi-

plying is used.

�3� The bandlike structures appearing in the background

when electron multiplying is used.

�4� The superposition of noise in an image acquired in am-

bient light.

Both the normal Luca and U2000 dark images showed a

quasi-Gaussian distribution in noise typical of CCD cameras

�Figs. 3�a� and 3�b��. However, when electron multiplying

was turned on within the Luca camera, the dark image no

longer followed a Gaussian distribution. Under irradiation,

both the Luca and U2000 images showed the same relative

shape in the peak, with an increase in the higher pixel values.

The structure of the noise differed quite significantly depend-

ing on the camera �Fig. 3 and Table I�, which tended to be

limited to single pixels with the U2000 �Table I�, while with

the Luca, the noise tended to be clustered within a given

area, with an average of 3 pixels involved.

FIG. 1. Modified version of the adaptive switch filter originally developed

by Sun and Neuvo �Ref. 8�.
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The noise characteristics of both cameras did not exhibit

any changes. This is shown in Figs. 3�a� and 3�b�. Noise

histograms of the first and last images acquired during irra-

diation are shown alongside the noise histogram of the whole

image series. No variation is seen between the first and last

image. The noise distribution was found to be constant

throughout this study. In addition, to ascertain that the noise

was definitely transient �i.e., no pixel was permanently af-

fected or damaged by radiation�, we used a simple method

by looking at the maximum pixel value before and after the

irradiation. For both cameras, no significant changes in the

maximum pixel value before and after irradiation were seen.

The Apogee maximum pixel values were 9217 before radia-

tion and 9249 immediately after irradiation. The Luca maxi-

mum pixel values were 538 before radiation and 534 imme-

diately after irradiation.

With electron multiplying �Fig. 3�c��, the Luca images

acquired in the presence of stray radiation showed an in-

crease in both lower and higher pixel values, in contradiction

with the common hypothesis that radiation noise on a CCD

camera is additive in nature. The electron-multiplying ampli-

fication also affects noisy pixels. Consequently, the noisy

pixels were of higher value than when electron multiplying

was not used. Moreover, saturated pixels were seen when

FIG. 2. �a�–�c� Dark images acquired with a CCD with and without the presence of stray radiation. �a� Luca, �b� U2000 in normal mode, and �c� Luca in EM

mode. Note the structure of the noise due to stray radiation differs depending on camera type and mode of acquisition. �d� Images acquired of an object in

ambient light with the Luca in normal mode.
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electron multiplying was used. Saturated pixels represent

0.09% of all pixels in Fig. 3�c�, but cannot be seen because

the abscissa was truncated for better clarity. No saturated

pixels were seen when the electron multiplying is turned off.

Stray radiation tended to produce bands of noise due to the

internal normalization mechanism of the device, in which the

mean pixel value is determined for each line of pixels. The

percentage of noisy pixels �Table I� was also slightly greater

with electron multiplying turned on.

Finally, the bright image acquired with the U2000 in am-

bient light �Fig. 2�d�� showed a more complex distribution of

intensity levels. Because of this complex distribution of in-

tensity levels it is more difficult to differentiate the noisy

pixels from the non-noisy pixels by examination of the his-

tograms compared to the case where a dark image was ex-

posed to radiation.

III.B. Noise filtering

Figure 4 shows the relative fraction of each intensity level

in the images acquired in the presence of stray radiation fol-

lowing application of the different filtering methods. Images

filtered with both temporal and spatial median filtering �Figs.

4�a� and 4�b�� led to a decrease in the high-intensity �i.e.,

noisy� pixel values. A decrease in the low-intensity peak

FIG. 3. �a�–�c� Histograms of the dark images acquired with and without the presence of stray radiation. For all dark image acquisitions, the lens cover was

placed on the lens and the entire CCD was covered with opaque black felt. The CCD was placed approximately 2 m from the gantry isocenter and the linac

was run at a dose rate of 400 MU /min. �a� Luca in normal mode, �b� U2000, and �c� Luca in electron-multiplying �EM� mode. �d� Histograms of the images

exposed to light acquired with the U2000 CCD in normal mode under the same conditions as in �a�–�c� except the CCD was unshielded from ambient light.

TABLE I. Characterization of noise within the dark images due to stray

radiation.

U2000 Luca Luca, EM mode

Noisy pixel probability �%� 0.19 0.27 0.39

Noise cluster probability �%� 0.16 0.08 0.09

Mean noise cluster size �pixels� 1.2 3.2 4.4

Median noise cluster size �pixels� 1 2 4

Standard deviation �pixels� 0.6 2.7 3.5

Maximum noise cluster size �pixels� 20 47 52
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width relative to the normal dark image was also observed.

The standard deviations of the pixel intensity distribution

acquired with the Luca �Fig. 4�a�� were 10.9 and 36.4 gray

scale levels for the dark and the irradiated images, respec-

tively. The use of the temporal median filter on the irradiated

image reduced the standard deviation to 8.6 gray scale levels.

When we applied the spatial median filter on the irradiated

image, the standard deviation decreased to 8.4 and 7.3 gray

scale levels for the W1 and the W2 median windows, respec-

tively. The standard deviation of filtered images was smaller

than the standard deviation of the nonirradiated image, which

is consistent with the narrower low-intensity peak seen in

Fig. 4�b�. Overall, both the temporal and W2 spatial median

filters produced similar images. The W1 spatial median filter,

however, failed to remove all the noise. This is due to the

nature of the noise, in which stray radiation on the electron-

ics tends to produce noisy clusters rather than isolated pixels.

The three filtering methods led to somewhat similar re-

sults for the U2000 images �Fig. 4�b��. On the images ac-

quired with the U2000, the standard deviations of the pixel

intensity distribution were 16.2 and 95.4 gray scale levels for

the dark and the irradiated images, respectively. The standard

deviation of the filtered images decreased to 12.5, 7.9, and

6.6, respectively, for the temporal median filter and W1 and

W2 spatial median filters.

The spatial and temporal filters affect every pixel of the

image. Because of this, images filtered with these techniques

are being smoothed. This explains the narrower low-intensity

peak in Figs. 4�a� and 4�b�. The switch filter uses the same

filtration methods as the spatial median filter �i.e., it replaces

original pixels with a median value computed over a given

window WN�. Therefore its efficiency at removing noise is

not expected to be better than the spatial median filter. The

advantage of the switch filter over the spatial median filter is

its capacity to replace only noisy pixels. This explains why

there is no loss in peak width in the low intensity region

�Figs. 4�c� and 4�d��. The switch filter causes no unnecessary

smoothing of the image. The utility of the modified switch

median filter is demonstrated in Table II, which shows that

nearly all replacements in the U2000 images were performed

with the W1 switch median filter, while a greater number of

FIG. 4. �a�, �b� Comparison of histograms following application of the temporal, W1 spatial, and W2 spatial median filter windows to the dark image acquired

in the presence of stray radiation. �a� Luca images and �b� U2000 images, �c�, �d� Comparison of histograms following application of the W2 switch and

modified switch median filter kernels to the dark image acquired in the presence of stray radiation. �c� Luca images and �d� U2000 images.
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replacements were made with the W2 and W3 filters on the

Luca images.

Using a fixed threshold value to discriminate between

noisy and non-noisy pixels led to an increase of false posi-

tive or a decrease of true positive, respectively, for a thresh-

old based on either dark or bright pixels. This is illustrated in

Fig. 5. The fixed threshold was therefore replaced with a

threshold map �Fig. 1�. This threshold map was established

from the relationship between the mean value of a group of

pixels exposed to a uniform amount of light �without radia-

tion� and the standard deviation of that group of pixels. Ap-

plying this variable threshold on an image acquired in the

presence of ambient light and radiation, 0.4% of the pixels

were registered as noise. This value is close to the true frac-

tion of noisy pixels, which is 0.3% according to Table I.

Using a single detection threshold of an intensity level cov-

ering 3� of the range observed in the dark regions, 5% of the

pixels were registered as noise. With a detection threshold

covering 3� of the range of the bright regions, 0.07% of the

pixels were registered as noise.

III.C. Application of noise filtration to clinical cases

Thus far, we have presented the performance of each

noise filtration scheme from a general perspective. However,

because the intended use of these filtration schemes is to

restore image quality for quantitative analysis �i.e., dose

measurements�, it is important to illustrate how the filters

perform in a clinical situation. We therefore present three

cases to show how the various filtration methods success-

fully remove noise in clinical applications. Stray radiation

can affect an image in a near endless number of ways and for

this reason these three cases are not meant as a proof but

only as further illustration of the general behavior of each

filtration schemes. All cases presented in this section are for

images acquired with the Luca CCD, which was chosen be-

cause of its higher susceptibility to form noise clusters,

therefore making it a more stringent test of the filtration

schemes. Each case was selected because it showed a high

level of noise.

For the first clinical case, an array of four miniature scin-

tillation detectors was imaged. More details on scintillation

detector arrays and how they are used can be found in our

previous work.
1,13

The camera was placed 2 m from the iso-

center. Images were acquired over a 5 s period. No electron

multiplying was used and the spot intensities produced by

the detectors on the CCD images were usually less than 1000

gray scale levels. Figure 6�a� shows two versions of the same

image: the original CCD image containing the four light

spots produced by the miniature scintillation detectors and

the image filtered by the modified switch filter. Integrating

the value of all pixels within a region of interest covering

TABLE II. Evaluation of noisy pixel replacement by modified switch median

filter kernel. For the images acquired with the Luca CCD with an image size

of 496�658 pixels and 0.27% noisy pixels, approximately 50 pixels were

replaced by the 7�7 median values.

U2000 Luca

% replaced by W1 97.4 57.0

% replaced by W2 2.6 37.0

% replaced by W3 0.0 6.0

FIG. 5. Impact of the threshold selection in the use of a

switch filter. �a� The original image. �b� Noise detection

with the threshold set to three times the standard devia-

tion of the low-intensity pixels in the periphery of the

image. �c� Noise detection with the threshold set to

three times the standard deviation of the high-intensity

pixels at the center of the image. �d� Noise detection

with a variable threshold that is a function of the image

brightness.
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each light spot gives the total amount of light produced by

each single miniature scintillation detector. In order to illus-

trate better the effect of each noise filter we show the profile

of the fourth light spot in Fig. 6�b�. Figure 6�b� also shows

the same profile after using each of the filtration methods. As

previously noted, the temporal median filter is the best filtra-

tion method. The four other filters successfully remove noise

clusters 3 and 4. However, the W1 spatial median filter and

the switch filter fail to completely remove noise clusters 1

and 2. In this particular case, measuring the integral value of

the light spots �as required in dose measurement� without

applying any correction results in an overestimation of 10%

in the total light output of the plastic scintillator relative to

the light output value obtained after using the temporal me-

dian filter. Using the W1 spatial median filter, the switch

filter, or the modified switch filter the light output value is

underestimated by less than 2% compared to the temporal

median filter. The light output value of the spot filtered with

the W2 spatial median filter results in an underestimation of

10%, which makes the filter unsuitable for clinical use.

In the second clinical case, similar dose detectors were

used, but the integration time was reduced to 500 ms and

electron multiplying was used. As with the first clinical case,

Fig. 6�c� shows the raw CCD image containing the four light

spots produced by the scintillation detectors and the image

after the use of the modified switch filter. A profile of the

third light spot is shown in Fig. 6�d�. This light spot was

chosen because a bright noise cluster affects it. The temporal

median filter and the modified switch filter produce the best

filtration of the noise cluster. However, even if the temporal

median filter produces a good profile, it also affects the im-

age in regions where no noise is seen. For example, the right

part of the profile has higher values than the original image

even though this part of the profile is noise free. This occurs

because the temporal median filter is using data from other

images to produce the filtered image. In this specific case, we

could argue that the modified switch filter produces the op-

timal results because it exactly matches the original image in

the absence of noise.

Finally, the third clinical case was obtained by taking two-

dimensional images of a volume of liquid scintillator irradi-

ated with a 7 MeV electron beam. In this case the integration

time was 100 ms, and electron multiplying was not used. We

present this case to illustrate that noise filtration schemes can

be used in other areas than miniature scintillation detectors.

Figure 7�a� shows the original image; Fig. 7�b� shows the

image after the spatial median filter �W1� is applied. While

this filter reduces the amplitude of the noise it also smooths

the image. Figure 7�c� shows the image after the switch filter

is applied. This filter removes most of the noise but, because

it is limited to a single window size, it cannot completely

FIG. 6. Application of noise filtration schemes for two clinical cases. The Luca CCD was used to measure the light spot produced by miniature scintillation

detectors. �a� Image obtained from the CCD camera with and without filtration of a miniature scintillation detector light spot on an image acquired without

electron multiplying over a 5 s period. �b� Profile of the fourth light spot shown in �a�. �c� Image obtained from the CCD camera with and without filtration

of a miniature scintillation detector light spot on an image acquired with electron multiplying over a 500 ms period. �d� Profile of the third light spot shown

in �c�.
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remove the largest noise cluster. Moreover, a close inspection

of Fig. 7�c� reveals that some smoothing occurs in the non-

noisy parts of the image; this is due to the use of a single

threshold in the noise detection. Figure 7�d� shows the image

after the modified switch filter is applied. It can be seen that

the modified switch filter offers the best performance both

for noise filtration and for preservation of the original image

value in regions not affected by noise.

IV. DISCUSSION

The noise produced in two different CCD cameras had

similar spectra, but there was a difference in the spatial dis-

tribution of the noisy pixels. In one of the cameras the pixels

affected by scattered radiation were isolated noisy pixels,

while in the other camera the noisy pixels tended to appear in

small clusters. Differences in noise could be explained by

differences in pixel size, differences in the thickness of the

silicon in the CCD chip, or by differences in the wiring of

each pixel. The Luca camera has a pixel surface about twice

the size of the U2000 camera �10�10 vs 7.4�7.4 �m2�,
which could explain in part the highest probability of the

Luca producing noisy pixels. However, a thorough explana-

tion of the noise difference between the two models would

require in depth knowledge of their respective architecture.

Different types of filters were tested on the images pro-

duced by each camera. Optimal results were obtained by

using a temporal median filter. While this type of filter is

simple and easily implemented, it requires a time series of

identical, or nearly identical images, which may not be prac-

tical in many situations where time-varying images are ac-

quired. When a temporal median filter is impractical, a spa-

tial median filter can be used. We have filtered images by

computing the median of each pixel over a window, WN. This

uniform spatial median filtering is not as efficient as tempo-

ral filtering. It can provide adequate removal of impulse

noise, but noise-free information is distorted by the median

operation, especially if a large median window is used. To

circumvent this alteration of non-noisy pixels, we have used

adaptive filtering based on the switch filter developed by Sun

and Neuvo,
8

which affects only noisy pixels, leaving most of

the image unaltered. The switch filter worked properly when

the noise appeared as isolated pixels, but could not remove

all noise when it appeared as clusters of pixels.

The removal of noisy clusters and the need for adequate

definition of the threshold, T, requiring discrimination be-

tween noisy and normal pixels are two of the shortcomings

of switch-based adaptive filters. Several variations of this

filter exist in the literature using techniques such as weighed

median
9

or fuzzy logic,
10

but none of these filters has been

specifically designed to remove transient noise produced by

stray radiation from a linac. We have modified the switching

mechanism of the original adaptive switch filter to improve

its performance when dealing with radiation-induced noise.

Different models of CCD cameras can be affected by noise

FIG. 7. Application of noise filtration

schemes on a two-dimensional image

of a volume of liquid scintillator irra-

diated with a 7 MeV electron beam.

The acquisition time was 100 ms. A

region of 70�70 pixels is shown.
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in different ways. This difference was seen when we charac-

terized the noise in the U2000 and Luca cameras. The modi-

fied switch filter we have developed has been shown to be

sufficiently versatile and could be used to filter noise pro-

duced by any of the two models of CCDs tested as well as

other CCD cameras frequently used in radiotherapy.

V. CONCLUSION

CCDs have found many applications in radiation therapy.

They are especially valuable for quantitative assessment of

visible light such as that produced by scintillators. However,

CCDs are subject to radiation-induced noise. For a pixel af-

fected by this transient noise, its amplitude can be orders of

magnitude higher than the actual information it would con-

tain in the absence of noise. Therefore, only a few of those

noisy pixels in a region of interest can affect the results by

several percent. For this reason, radiation noise must be fil-

tered out before any quantitative analysis can be performed

on the image. In this work, we have characterized radiation-

induced noise and compared the efficiency of four types of

noise filters. We conclude that if a time series of images can

be acquired, then the temporal median filter should be used.

However, in many situations, it is not possible to obtain a

time series of nearly identical images. For these cases, we

have found that the modified version of the adaptive switch

filter
8

should be used to remove transient radiation-induced

noise effectively for both isolated and clustered noise pixels

while leaving intact all non-noisy pixels. Both the temporal

median filter and the modified switch filter have been shown

to restore image quality to a level sufficient for extracting

quantitative information for dosimtetric applications. Those

filters could also be used in other, qualitative applications of

CCD cameras such as patient monitoring.
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