OPTIMIZATION OF A
REAL-TIME PORTAL IMAGING SYSTEM
FOR QUANTITATIVE IMAGING

by

PATHIRAGE RASIKA DEEPAL RAJAPAKSHE

A Thesis
Submitted to the Faculty of Graduate Studies
in Partial Fulfillment of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

Department of Physics
University of Manitoba
Winnipeg, Manitoba

© Rasika Rajapakshe, 1995



National Lib
Bl 5™

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, Iloan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395, rue Wellington
Ottawa (Ontario)

Your file  Votre rélérence

Qur file  Notre référence

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa thése
de quelque maniére et sous
quelque forme que ce soit pour
metire des exemplaires de cette
these a la disposition des
personnes intéressées.

L’auteur conserve la propriété du
droit d’auteur qui protege sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-16276-1

Canada



Name . :
Dissertation Ausiracrs infernational is arranged by broad, general subject categories. Please select the one subject which most
nearly describes the content of your dissertation. Enter the corresponding four-digit code in the spaces provided.

KAD) ATIoN PHyYs\cs ol7]s[6] UM

SUBJECT TERM SUBJECT CODE
Subject Categories
THE HUMANITIES AND SOCIAL SCIENCES
20?#MUN|(AT|0NS AND THE A%];S29 Esycdh_ofogy ............................... 8g§g PHILOSOPHY, RELIGION AND Ar;caient o 0579
rehitecture .......eeiiniennnnnnnen eading ..... Medi . ..0581
Art History ... 10377 Religiovs 70327 MEOLOGY Modern .. 0582
Cinema ... 0900  Sciences ..... L0714 poposopny Black ... ..0328
dance ... ....0378 Secondary ...... ..0533 neral African oo 0331
Fine Arts ....... B ....0357 Social Sciences .. ..0534 Biblical Stodias Asia, Australia and Oceania 0332
anonncl!hon Science. 8;3:]3 goc19|ogy of gggg o goncdicn ........................... 0334
ournalism ........... ial .o L0529 GEOY e 0 00 Eyropean.......... .
Library Science ....... ....0399 ngé:her Training ..0530 gl:\?l'gso o}f o L:Irigp/ignr;riccn .
Mass Communications . ....0708 Technolzgp\ ............... ..0710 Theol phy ot . Middle Eastern .
Music ..o ....0413 Tests an ! easurements ..0288 R _ United States ...
?E::;:ehr Com-r?x..:-rAncotlon . 8222 Vocationa e 0747 SOCIA[ S(IEN(ES LHc:iiory of Science .. .
LANGUAGE, LITERATURE AND AMEHCON SHUi .o 0323 polifcal Seignce
EDUCATION LINGUISTICS LA P
General ......cooooviirs 0515 Language Cultordl 9y International Law and
Adnministration , ...0514 %enercl ............................. 0679 Physical Relations ......................... 0616
Adult and Conti 82.}9 Ancient ..... ..0289 Business Administration R Public Administration ........... Og} 7
: Linguistics - 0290 General........oocoesecceere 0310 ecreqtion ;- 4
-0273 Mogdern .............................. 0291 Accounfing . .0272 Social Work 452

10688 Literature Banking ......... 0770 Sociology

Generdl .....ocoieriirrirrinennns 0401 Management . ...0454 General ...
9275 Classicol .. 0294 Mélrke?ing ,,,,,, 70338 gggg;'gpy %62
/ ' mpargtiv . i i "} s ; -

Eloﬂy Childhood ...... 8212‘81 Moelec,ascc(, e ‘_029§ E:c:\:or:?é\sswdies """"""""""" 0385 Ethnic and lg/aucl Stydi ..0631
Elementary 9524 Modern ... 10298 General ..o, 0501 Individual and Family
Gln%nce. 0519 African ... ..0316 Agricultural ........ ....0503 | S’U |_es| e ~0628
HUI 'G"ce "0480 American .. ..0591 Commerce-Business ...0505 nRulsm.c a
chh 0745 Asian ..o, ..0305 Finance ................ ....0508 bela.chorés """ RVON Sl 0629
H!% er .. 0520 Canadian (English) .. ..0352 History ...0509 Pu .‘C[ and Social Weltare .... 0630
HIS °'7E° - 0278 Canadian {French) .. ..0355 Labor ..0510 Secid |S"Ud”re an
Home Ecan 2%t ENQlish vooverrrosen, 0593 Th 0511  Development - 6700
Industrial ... 932} Germanic ...... 0311 Folklore ... ~.0358 Theory and Met ~0344
kanguage a gare Lotin American . .0312  Geography ... 0366 {remsporiafion ~0709
Mothematics . 9280 Middle Eastern . S0315  Gerontology e 0351 yroan anc Reg 0999
Phl:'lsm o 9352 Romance 0313 History Women's Studies .............c....... 0453
Ph'yts)iiglj Y 0523 Slavic and East European Generdl ...c.oovoiieie, 0578

THE SCIENCES AND ENGINEERING

BIOLOGICAL SCIENCES Geodesy ..o 0370 Speech Pathology ................ 0460 Engineerin
Agriculture Geology ...... ..0372 Toxicology ......... ...0383 General ...cocoovoviieiiri. 0537
general .............................. 812152 Segpf;ysncs . 8353 Home Economics ﬁerosp{cce i .8238
GrONOMY ..ovveeresirienrinneanes ydrology ... . riculturat ... .0539
Ar;\ilm'cx.lrczlture and oirs l‘;/(:werg'?gy Ny 10411 PHYSICAL SCIENCES ngmé:ﬁva‘a 10540
UHON e aleobotany ... . . iomedical .... .0541
I — 0476 poleoscdlogy . 0425 Pure sﬂ/ences Chemical . 10542
cience an . ivi
Technology .........ccoeurnrene 0359 Paleozoology .. ..0985 gepiiz?tlu-fél """""""""""""" 8;38 Electronics and Electrical ......0544
;fre'st I?n wildlife 8j;g Eﬁ yr_ml&]:xg ......... 3 85125 Agcﬂyﬁccl : ~ 3abe ﬁegt cnld Thermodynamics 8242
ant Culture ......... ysica] Geography ...... .. ‘ \ al - raulic oo, 4
Eicn: gﬁthplcfgy - 83?9 Physical Ocegnozrgphy ............ 0415 E:gfhg:;:;s'ry 822; »I,‘r/\\)c,iu'siriol .
ant Physiology ... Qring ....coovenr.
Range I\z\’oncogge{nent revrennen 0777 HEALTH AND ENVIRONMENTAL gl:c:r?i:: 8388 Materials Science .
B lWocd Technology ........c...... 0746 SCIENCES Phc?rmccé'ﬁ't.i.c " 0491 Mechanical ..........
10 Cég)’ | 0306 Environmental Sciences ............. 0768 Physical .......... ...0494 Metallurgy .
Aﬁgg; .............................. 0305 Health Sciences Polymer ... " 0495 minllng ......
Biostoﬁs{ic'sm 0308 neral ..o 0566 Radiation 0754 A uckeon_- ----
Bot, : 0309 e A 0300 Mathemahics ..o 0405 fackaging .
Colclzny.... 0379 Chemotl erapy . 0992 Physics etroleum Vi o
Ecolosy 0399 i 0567 General ..o 0605 Janitary and Municipa
Ecology ... - 032¢ Education 0350 Acoustics T 0986 GooYsfem Science.........
G"eon?," ogy - 538 Hospital Management . 0769 Astronomy and Oeotec. nology "y
Li ne ]lcs """ o793 Human Development .. ..0758 Astrophysics..................... 0606 Ipe(chons Resleorc ”
A:‘mnol;;g ..... 10410 Immunology ............... ..0982 Afmosp?\eric Science.. ...0608 i OS!"CS Tei nz]> ogy - :
M::Ire?:ullzl:)gy 0419 Medicine and Surgery ......... 0564 Aomic . o 0748 Textile Technology .....cccoovveneee.
Neuroscience . 0317 Mental Health ........ - 0347 Electronics and Electricity ... 0607 PSYCHOLOGY
Qceanography ... 0416 Nursing ........ ..0569 Elementary Particles ung I
Phce<;n|ogrc|p y - 0d1s Nutrificn o 0570 High Energy oo 0798 (BBehnerp i —
R )é%la.ogy ----- " 085 Obstetrics and Gyneco!?y ..0380 Fluid and Plasma 0759 CT' 9"‘?"“
Radiation e ~08z2 Occupational Health an Molecular 0609 Clinical ........
Ze e!nncry cience. 0472 Thera ) 2T 0354 Nuclear ... L0610 E eve ‘?pmemlc :
Bio hoo.ogy .............................. Ophthalmology 0381 Opics . 0752 Ex ernmglento
R 0786 Pathology ........ ..0571 Radiation . 0756w pOUSIIG
Meggru[ .............................. 0780 Phormoco!ogy . 0419 Solid State 0611 ﬁrsqnlc nyl
1O s Phcrmoq{ ........ ..0572 SIGHSHES .vvvveervsnreressornrressrrronins 0463 E by
EARTH SCIENCES PI’\ SiCC] hercpy . ..0382 A '.ed Sc- Psycho 10 09)’ .
Bi Pemist 0425 Public Health ... ..0573 PRIl tences SSYC. ]Ome'”cs - .
G(e)gelv?c E?n"lls L5 ZTOVPINUNON 0598 Rcdiology _____ 0574 Apphed Mec!'qucs Lo £ PO
OCREMISITY oo Recreation .......coccevevecvcennene 0575 Computer Science ...




OPTIMIZATION OF A REAL-TIME PORTAL IMAGING SYSTEM FOR

QUANTITATIVE IMAGING

BY

PATHIRAGE RASTKA DEEPAL RAJAPAKSHE

A Thesis submitted to the Faculty of Graduate Studies of the University of Manitoba
in partial fulfillment of the requirements of the degree of

DOCTOR OF PHILOSOPHY

© 1995

Permission has been granted to the LIBRARY OF THE UNIVERSITY OF MANITOBA
to lend or sell copies of this thesis, to the NATIONAL LIBRARY OF CANADA to
microfilm this thesis and to lend or sell copies of the film, and LIBRARY
MICROFILMS to publish an abstract of this thesis.

The author reserves other publication rights, and neither the thesis nor extensive
extracts from it may be printed or other-wise reproduced without the author’s written

permission.



ABSTRACT

The outcome of radiation therapy in treating cancerous tumour relies mainly on
the ability to destroy the tumour with minimal damage to the surrounding normal tissues.
The accuracy and the reproducibility in the radiation dose delivered to the target volume
on a daily basis over a period of several weeks are important factors in improving overall
precision of the treatment process. A prototype video-based electronic portal imaging
device (VEPID) was developed at the Manitoba Cancer Foundation for verifying the
accuracy and reproducibility of radiotherapy treatments in real-time. The performance of
the prototype VEPID was far from ideal for both geometric and dosimetric verification of
radiation treatments due to the inferior noise properties of the system.

The ideal imaging system is a quantum noise limited system in which
contributions from all other sources of noise are smaller than the quantum noise. The
major objective of this work was to optimize the noise characteristics of the VEPID so
that it can operate in the quantum noise limited regime with high signal-to-noise
characteristics. In order to achieve this, all the significant noise sources in the imaging
system were identified and the contribution from each source was quantified either by
theoretical modeling or experimental measurements. Both hardware and software
methods were then utilized to optimize the system noise. In particular, the optimization
of the video camera played a major role in this process, and a cooled CCD camera based
on a dual field capture CCD was found to be the ideal candidate for real-time quantitative
portal imaging. In order to verify the satisfactory performance of the optimized VEPID
over time, a quality control test was also implemented. It has been shown that the
optimized VEPID can be used to verify electron treatments with linear accelerators, and it
is capable of monitoring the stability of linear accelerators during the first few seconds of
operation. The VEPID is also shown to be capable of measuring relative exit doses to an

accuracy better than 3%.
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Chapter 1

Rationale for portal imaging

1.1 Introduction

The goal of external beam radiotherapy is to sterilize the malignant tumour with
minimal destruction of the surrounding normal, non-cancerous tissue, ultimately resulting
in tumour cure with sufficient normal tissue remaining to ensure viability and function.
Unfortunately, radiation interacts with and is absorbed by normal tissues in its path en
route to the tumour. Not all the radiation is absorbed by the tumour; some continues
through the body, eventually exiting at the skin surface, irradiating these normal tissues
as well. Furthermore, the tendency for malignant tumours to infiltrate surrounding
normal tissue means that a radiation treatment field must encompass a margin of normal
tissue around the known extent of the tumour. Consequently, radiation damage is

produced in normal tissues in the treatment area as well as in the tumour.

1.2 Dose response and tumour control

Various levels of radiation yield different tumour control probabilities depending
upon the size and anatomic extent of the lesion. The total number of surviving cells is
proportional to the initial number and biological characteristics of clonogenic cells and
the total cell kill achieved with a specified dose of radiation. The relationship between
radiation dose and the probability of tumour control of a homogeneous group of tumours
is sigmoidal. That is, with increasing radiation doses, more and more neoplastic cells are
killed until ultimately, all clonogenic cells are destroyed and a cure is achieved. Dose
response relationships for local control of homogeneous tumour groups have been

empirically determined].



The dose of radiation which can be delivered to a tumour is limited by the
probability of serious normal tissue complicationsz. Therefore, the choice of tumour
dose is based on the relative probability of tumour control and normal tissue
complications. The potential therapeutic gain can be estimated for an average group of
patients based on tumour size, histological type and the normal tissues which will be
included in the treatment fields. Figure 1-1 shows a theoretical dose response
relationship for tumour control and normal tissue complications. These two curves have
been drawn parallel to one another for simplicity, although it is likely that in practice,
because of the heterogeneity of tumour response to irradiation, the tumour-control curve
will be shallower than that for normal tissue response?. The therapeutic ratio is often
defined as percentage of tumour cures which are obtained at a given level toxicity for
normal tissues. Hill2, however, suggested that the therapeutic ratio is better defined in
terms of a ratio of radiation doses required to produce a given percentage of tumour
control and complications.

The greater the displacement between the two curves, the higher the probability of
tumour control. If the tumour-control curve is shallower than that for normal tissue
damage, however, then the therapeutic ratio may only be favourable for low and
intermediate tumour-control levels. If the two curves are close together or the curve for
tumour control is displaced to the right of that for complications, the therapeutic ratio is
unfavourable, where a high level of complications must be accepted to achieve even a

minimal level of tumour control.

1.3 Precision required in radiotherapy

Unfortunately, very little quantitative information about these dose response
curves is available. The information available, however, does allow us to make some
conclusions regarding accuracy of dose delivered to the patient. The slopes of these

curves are sufficiently steep that a change in dose of 5% is expected to result in a change
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Figure 1-1 Illustration of the concept of therapeutic ratio in terms of dose response
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of over 10% either in tumour control or complication rate. This is a large change in
results and for this reason the ICRU report 243 has recommended that an overall accuracy
of +5% be considered as reasonable, in which case even higher accuracy is required for
each individual activity in the treatment process. Svenssont showed that various
contributing factors in the calculation and delivery of dose to a homogeneous phantom
combine to give an uncertainty of this magnitude at 95% confidence level. For tumours

with high dose gradient, however, a limit of =3 % may be requireds.

1.4 Limits to precision

Uncertainty in the delivered dose to the patient can arise from any one of the
chain of activities in the treatment process: accurate delineation of the tumour volume;
calibration of the treatment unit; treatment planning process; set-up of the patient. The
set-up of the patient can be divided into three steps: setting the machine parameters,
patient positioning and patient immobilization during treatment.

The accurate delineation of the target volume is essentially a clinical task which
requires close collaboration between the radiotherapist and the physicist. Although this
task is assumed to be achieved in most cases®, Leunens et. al.”7 have shown that for brain
tumours, the largest contributing factor in the global uncertainty might come from the
subjective interpretation of the tumour boundaries from diagnostic CT images. However,
future developments in correlation between MRI and CT images which provide
complementary patient information, will eventually decrease the uncertainty in tumour
and target volume delineations.

Cunningham8 recently pointed out that the goal recommended by ICRU report 24
of a +5% accuracy for dose delivery is difficult to achieve with currently available
treatment planning systems. However, in an attempt to attain a goal of 3% in accuracy, a
new generation of dose calculation methods has been proposed. These are the A-volume

method?, differential pencil beam methodl0, dose spread array methodll, and Fourier



convolution method12. They all employ theoretically calculated absorbed dose arrays as
input data. In particular, the latter three methods rely on similar Monte Carlo-generated
data, which include electron transport information. These methods are undergoing
critical evaluations and have not been implemented into commercial treatment planning
systems as yet.

As the uncertainties associated with treatment unit calibration and treatment
planning are handled with extensive quality assurance programs and accurate radiation
transport algorithms, patient set-up remains the major concern in the overall accuracy of
the treatment process. Dutreix® claimed that in a good radiotherapy centre, where a
quality assurance program is regularly applied, the setting-up of the patient is generally
the weakest point of the chain which largely contributes to the overall uncertainty. Portal
verification, in which a transmission image of the patient is acquired during therapy,
plays a significant role in verifying that the uncertainties associated with patient set-up

are within acceptable limits.

1.5 Documented patient set-up errors

A number of studies have documented the frequency and magnitude of patient set-
up errors in external beam radiotherapy, in most cases using portal imaging. By
systematic use of verification films in their pioneering work, Marks et. al.13.14
demonstrated a high incidence of localization errors on patients irradiated for head and
neck cancer or malignant lymphomas. These errors were corrected with improved
immobilization of the patients. For instance, the use of a bite block in patients with head
and neck tumours reduced localization incidence of errors from 16% to 1%l4.
Hendricksonl reported a 3.5% incidence of error in multiple parameters (setting of field

size, timer, gantry and collimator angles, and patient positioning) with one technologist

working. The error rate declined to 2.8% when two technologists worked together.



Byhardt et. al.16 compared the frequency and magnitude of errors for different
sites of treatment. They found that 17% of the 434 ear, nose, and throat (ENT) treatments
included in the study had errors greater than 5 mm, and errors of similar magnitude were
found in 7% of 163 cranial region portals. Furthermore, there was a 13% error rate (field
displacements of 5mm or more) reported among the 317 chest region films examined. Of
the cases included in the study, the highest error rate was observed for treatments in the
pelvic region where discrepancies greater than 5 mm were found in 26% of the 153 cases.

Rabinowitz et. al.17 reported on the analysis of simulator and portal films of 71
patients, 25 of whom were analyzed retrospectively, 39 prospectively, and seven with
daily portal films. Some discrepancies were noted between the simulator and the
localization portal films. With an average value of 3 mm standard deviation of the
variations, the mean worst case discrepancy averaged 3.5 mm in the head and neck
region, 9.2 mm in the thorax, 5.1 in the abdomen, 8.4 in the pelvis and 6.9 in the
extremities.

Hulshof et. al.18 analyzed the incidence and magnitude of localization errors
detected by verification films during mantle field irradiation for Hodgkin's disease in 126
treatment set-ups. The first verification film at the beginning of treatment showed
localization errors of over 1 cm in 13% of the cases leading to a critical margin between
the shielding block and tumour-bearing area in 9% of treatment set-ups. After the first
correction, an adequate treatment set-up was obtained in 60% of the cases and after two
corrections in 84%, thus demonstrating the verification films in improving the
localization of portals and monitoring subsequent corrections. Others have documented
similar localization errors on the basis of portal film or EPID image review analysis in

treatments of the breast!9-24, head and neck?25-33, mantle/thorax26,33-40 and



1.6 Impact of local control on survival

Some studies have pointed out that set-up errors may also correlate with decreased
tumour control. Kinzie et. al.?3 in the Patterns of Care Study, reviewed patients with
Hodgkin's disease treated with radiation therapy alone, and found that 33% of patients
whose treatment portals were inadequate, subsequently developed in-field or marginal
recurrences, in comparison with only 7% of those treated with adequate portals. Marks
et. al.>0 also reported a higher incidence of failures in patients with carcinoma of the
nasopharynx on whom shielding of the ear inadvertently caused some blocking of tumour
volume.

Suit et. al.>7 have reported that experimentally, in animal tumour models, the
incidence of distant metastases is usually higher in those animals with local failure than
in those with local tumour control. Similar phenomenon is observed in patients with
carcinoma of the lung>8, prostated?, and uterine cervix60. Suit et. al.>7 pointed out that
in the United States, elimination of locoregional failures in patients without distant
metastases at the time of diagnosis would result in a significant increase in survivors.
They have also noted that long-term disease free survival after salvage treatment of
patients with local failure only should be viewed as proof that improved treatment of the
primary lesion results in higher survival rates, provided that the patients do not have and
will not develop distant metastases. These authors presented data to indicate that in a
variety of tumours, a correlation exists between the incidence of locoregional failures and
the development of distant metastases. They have also reported data demonstrating the

importance of higher doses of radiation in improving the probability of tumour control.



1.7 The need for real-time portal imaging

Suit et. al.01 pointed out the benefits of reducing the treatment volume in an effort
to deliver higher doses of radiation, which may improve the quality of tumour control
without excessively irradiating surrounding normal tissues, thereby decreasing treatment-
related morbidity. As early as 1965 Takahashi proposed dynamic conformal therapy, in
which blocks, radiation field direction, and patient might be dynamically controlled
during treatment in order to achieve a tightly conforming high dose region around the
target volume®2. Dynamic conformal radiation therapy is technically feasible today with
the commercial availability of multileaf collimators, and is under study at a number of
institutions®3. The use of a smaller treatment volume in these treatments reqﬁires
methods to confirm that the target volume has been exactly aligned for each beam path,
and the dynamic nature requires that the methods be real-time. Therefore, there is a
specific need for real-time portal imaging devices to make dynamic conformal therapy a
success. In particular, the NCI workshop on geometric accuracy and reproducibility in
radiation therapy held in 198764 made specific recommendations to encourage the

development of convenient real-time on-line portal imaging systems.
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Chapter 2

Introduction to portal imaging systems

2.1 Portal imaging with radiographic film

Portal imaging with radiographic film was the conventional method of verifying
the accuracy of radiotherapy. A film is placed on the exit side of the patient, and records
a projection of the patient's anatomy within the radiation field boundary. The report of
the AAPM task group 281 defined three types of portal radiographs: localization,
verification, and double exposure radiographs. Localization radiograph is produced by an
exposure which is short compared to the daily treatment time. It is processed and
examined before the remainder of the treatment is delivered, so that any set-up errors can
be detected and corrected in an interactive manner. However, this procedure is time
consuming and impractical for routine implementation in every treatment fraction. A
verification radiograph is produced when the film is exposed to the entire treatment
delivered with that field, and therefore uses a less sensitive (ie. slow) film. Any set-up
errors detected by this procedure can only be corrected on the following treatment.
Double exposure radiograph is made when the treatment field is small making it difficult
to determine the patient set-up accurately. As the name implies, two exposures are made,
where one exposure is made with the blocked treatment field and the other uses a larger
unblocked field. This procedure has the advantage of showing anatomical features
located outside of the treatment field, which is useful in verifying the correct patient set-
up.

High energy photons have similar energy absorption coefficients for bone and soft
tissue, so that in comparison to diagnostic films, the contrast in portal films is extremely
poor. Contrast is also degraded by the scattered photons since an anti-scatter grid is

impractical at high energies. Although Droege et al2 have found that contrast

18



improvement can be achieved by maintaining an air gap between the patient and the film
for 60Co and 4 and 8 MV photons, scattering is highly fdrward directed at higher energies
making air gaps less effective beyond 6 MV3,

Many techniques have been proposed to improve portal film quality: by using
metal screen cassettes2:4-0, and by using metal/phosphor screen combination’-9.
Reinstein and Ortonl0 have used postprocessing enhancement by "gamma
multiplication” to obtain an order of magnitude improvement in contrast in localization
and verification films. Alternatively, a number of authors have developed methods to
convert portal films into digital format and then to apply digital image enhancement
techniques11-17.

In order to circumvent the problem of inherently poor contrast in megavoltage
portal films, imaging with low energy X-rays has been proposed. This idea was first
explored as early as 1958 by Holloway18 who mounted a diagnostic X-ray tube on a
cobalt unit. Later Biggs et. al.19 mounted a diagnostic X-ray tube on the side ofa 10 MV
linac. Shiu et. al.20also reported a system where a commercially available X-ray tube
was mounted on the head of a cobalt unit. An alternate approach suggested by
Galbraith2! involves replacing the high-Z target with a thin low-Z target so that sufficient
low-energy photons will be produced to make a high contrast portal film. However these
systems did not find wide enough acceptance by the community to be commercially
available. Epp and Suit22 recently stressed the importance of diagnostic quality portal
imaging in verifying three-dimensional conformal treatments.

Despite these improvements, the procedures involved in making and evaluating
portal films are time consuming making portal imaging with film an off-line imaging
modality. Their use in each portal of every treatment is prevented by the cost and effort
involved in the film method. Furthermore, the cost in the film is largely irrecoverable.
Consequently, 60% of the radiotherapy centres limited the use of portal films to the first

day of the treatment only ..
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2.2 Alternative off-line modalities

Xeroradiography has been shown to have certain advantages over the portal film
in radiation therapy verification23-24. The xeroradiographic process exploits the
photoconductive properties of amorphous selenium. The image receptor is a thin layer of
selenium deposited on an aluminium backing plate. The detector is charged prior to
irradiation, and the electron hole pairs generated by the deposited radiation energy form a
latent image by subtraction from the original uniform charge distribution. The latent
image is developed by spraying a fine aerosol of blue powder which sticks to the charge
image. This image is then transferred to paper by contact and fused by heating to
produce an opaque radiograph. Exposures of 3-6 s (4-9 cGy dose) are sufficient to
produce satisfactory images on 60Co or 4MV treatment machines. This technique
produces images with strong edge enhancement, and the wide latitude of the process
allows good visualization of anatomical details.

Computed radiography (CR) has also been used for megavoltage portal imaging
as an alternative to portal film25-29. The image receptor or "imaging plate" is a flexible
plastic plate less than 1 mm thick that is coated with minute polycrystals (4-5pum in
diameter) of photostimulable phosphor combined with an organic binder.
Photostimulable phosphors are capable of storing a fraction of the absorbed energy in the
form of colour centres (F-centers) when irradiated by X-rays, ultraviolet light, electrons,
or protons. They emit luminescence radiation whose intensity is proportional to the
absorbed energy when stimulated by visible or infrared radiation. After the X-ray image
is stored on the imaging plate as a latent image, it is read by sequentially scanning a laser
beam and recording the luminescent light with a conventional photomultiplier tube. By
flooding the image plate with light, any residual image can be erased and the plate can be
reused. Advantages of CR are ease of storage and retrieval, high dynamic range (105),

and the possibility of digital processing and analysis.
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Despite the advantages of portal imaging with xeroradiography and CR compared
to portal film, they are not considered as ideal methodologies for radiotherapy

verification since they are not real-time modalities.

2.3 Electronic portal imaging devices

A number of alternative detectors called electronic portal imaging devices (EPID),
have been developed in the past to overcome the limitation in these off-line imaging
methods. EPIDs are capable of imaging in real-time (or near real-time) and generating
digital data (images). Digital images open up new possibilities for automatic quantitative
geometric comparison (e.g. registration) with simulator images or digitally reconstructed
radiographs (DRR), and real-time capability allows interventional verification.
Furthermore the availability of a digital image allows the application of digital image
processing to overcome the poor contrast. Recently Boyer et. al.30 reviewed the
developments in various EPIDs, including solid state detectors, ionization chamber

systems, and video based portal imaging systems.

2.3.1 Solid state detectors

Lam et. al.31 constructed an EPID using a linear array of 256 silicon diodes. The
center-to-center separation between adjacent diodes was 2 mm, and a microcomputer
controlled stepping motor was used to scan the radiation transmitted through the patient
in 2 mm intervals. When mounted at 150 cm from the radiation source, the resulting
resolution at the isocenter was 1.3 mm. A 1.1 mm thick lead plate was used on top of the
diodes for electronic build-up when imaging a 4 MV beam. The quality of the images
allowed visualization of a 1 cm test object at 0.8% primary contrast level. Being a
scanning detector system, the major drawback in this system is the long acquisition time.

Another solid-state scanning array was developed by Morton et al.32 using zinc

tungstate scintillating crystals. The crystals, 5x5x25 mm in size, were arranged in a
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double row, 64 crystals per row. The light output from the crystals was read out by
optically coupled photodiodes. The surfaces of the crystals were polished and coated with
a reflective material for maximum light collection efficiency. The detector was mounted
at 200 cm from the radiation source to reduce the effects of scatter radiation, giving a
19x19 cm?2 field of view at the isocenter. A complete scan over the full field of view
takes about 4 s. The spatial and contrast resolutions for this system were found
experimentally to be 3 mm and 0.5% respective1y32.

Scanning arrays are not efficient in detecting two-dimensional distribution of
radiation, and therefore require long acquisition times unless spatial and/or contrast
resolution is sacrificed. Consequently scanning detector systems do not offer "real-time"
capabilities for verifying dynamic conformal therapy. In order to overcome this
drawback an area detector based on amorphous silicon photodiodes and thin-film
transistors was developed at the University of Michigan33>34. The detector is a multi-
element amorphous silicon detector array (called MASDA array) which consists of a
matrix of 256x240 photodiodes, each coupled to a thin film field effect transistor (FET).
The detector array is positioned immediately below a metal/phosphor screen combination
which has the same functionality as those used in video based systems. The major
advantage of this system is that it can collect a large percentage of the light emitted by the
metal/phosphor screen. Although initial results indicate that this technology has the
potential to provide an efficient, high resolution, large area EPID, the technology has not

matured enough to be commercially available.

2.3.2 Liquid ionization chambers

A scanning liquid ionization chamber (SLIC) EPID was developed at the
Netherlands Cancer Institute. The original prototype had only 33x32 chambers3> and the
later version which evolved into the commercial system "Portal Vision" from Varian Inc.

has 256x256 chambers36. The ion chambers are made of 1 mm liquid film of iso-octane,
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and is sandwiched between two parallel circuit boards. In addition, there is a 1 mm thick
stainless steel front screen to allow sufficient build-up. There are 256 strip-formed
electrodes on the rear plate that serve as signal electrodes. Each electrode is connected to
a sensitive electrometer, and the outputs of the electrometers are multiplexed to a single
amplifier and a digitizer. On the opposite plate, at right angles to the signal electrodes,
are 256 high voltage electrodes. The signal is read out from the chamber matrix row by
row, by successively switching high voltage to different electrodes and measuring the
currents in all 256 column electrodes. The 32.5x32.5 cm field of view is scanned in
about 6 seconds, although faster acquisitions are possible with reduced spatial resolution.

The resolution of the device is governed by the 1.27 mm spacing of the electrode plates.

2.3.3 Video based electronic portal imaging devices (VEPID)

In principle, a television/video camera tube is a convenient device of moderate
spatial resolution and adequate quantum efficiency, which can serve as the basis of an
area detector system. It is natural, therefore to employ standard television cameras which
have been brought to a high state of perfection by long development and mass
production. It is even highly desirable to retain as far as possible the scanning rates, ie.
line and frame frequency standards adopted in commercial television practice so that
standard off-the-shelf inexpensive devices such as display monitors, signal generators etc.
can be used without modification. In fact, VEPIDs or the fluoroscopic portal imaging
devices were the very first real-time EPIDs developed37. Although the image quality of
these systems was rather poor, these original studies demonstrated the potential of real-
time verification of radiation treatments using television technology.

Intense research and development on night vision capabilities for military and
civilian applications resulted in the commercial availability of very sensitive video

camera tubes such as Silicon Intensified Target (SIT) camera tubes. Utilizing these



developments, Baily et al. demonstrated fluoroscopic portal imaging using a large flat
metal/phosphor screen viewed through a 450 mirror by a SIT camera38.

A schematic diagram of a video based portal imaging system is shown in Fig. 2-1,
and in general consists of the following components.

1. metal/phosphor screen to convert the X-ray image to a light image.

2. 45° front surface mirror to optically couple the screen to the video camera

3. very sensitive video camera fitted with a fast (low F/stop) lens

4. control system containing a computer/image processor combination.

The metal plate about 1-2 mm in thickness, acts as the build-up material for the phosphor
screen, transferring part of the energies of the incident photons to secondary electrons.
These electrons in turn interact with and deposit energy (dose) through excitations in the
phosphor screen. The screen emits fluorescent light via de-excitation, the intensity of
which is proportional to the deposited energy39’40. A very small fraction of this light
(less than 0.05%) is detected by the video camera to form a video signal. The video
signal is then digitized, processed, and stored by the computer system. .

The system developed by Baily et. al. at the University of California at San Diego,
contained a 1/16" stainless steel build-up plate onto which a 43x43 cm? E-2 fluorescent
screen (Dupont) was cemented. A front surface mirror and an F/0.78, 13 mm focal length
lens was used to optically couple the phosphor screen to a SIT camera. The scanning of
the SIT camera was modified from RS-170 format to a square format to image the full
field of view. A computer or an image processor was not used in this system, and images
were stored either on video tape or video disk. The limiting resolution of the system
measured at the input surface of the fluorescent screen was 0.8 Ip/mm. This early system
clearly demonstrated the capability of real-time visualization of organ motion during
60Co and 6MV treatments.

At the Massachusetts General Hospital (MGH), Leong et. al. developed a similar

system, incorporating a real-time digital image processing system and a host computer‘”.
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Figure 2-1 A Schematic diagram of a video based portal imaging system.
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The video signal was digitized to 512x512 8-bit pixels and stored on frame buffers, and a
pipeline image processor (PIP) was used to perform a host of arithmetic and logical
operations, both at video frame rates. In addition to acquiring and processing digital
portal images, the authors also described the attempts for quantitative dosimetric analysis
on portal images, which was the first attempt on dosimetric verification of a radiation
treatment using an EPID.

Munro et. al. at the University of Toronto have developed a VEPID using a
plumbicon (lead oxide vidicon) camera4243. A 400 mg cm2 terbium activated
gadolinium oxysulfide (GdyO7S:Tb or P-43) phosphor layer bonded to 1 mm copper
plate was used in their system, and signal integration on the camera target was used to
reduce electronic noise. They have shown that the system is capable of detecting 0.7%
contrast with 7cGy irradiation. This system is commercially marketed by Infimed Inc.
under the trade name "THERAVIEW".

Visser et. al at the Daniel den Hoed Cancer Centre have developed a prototype
system which is now marketed by the Philips Medical Systems as "SRI-100 MVI" portal
imaging system#4. The system consists of a Charge Coupled Device (CCD) camera
(512x256 pixels) optically coupled to a 30x40 cm? rare earth fluorescent screen having a
surface density of 411 mg cm2 using two 450 mirrors. Initial signal integration was
carried out on the CCD target for 0.1-1 seconds, and subsequent accumulation was
carried out on a 16-bit frame processor. The spatial resolution of the system as measured
by the FWHM was 1.5 mm. With 25 cm of water equivalent absorber, the signal-to-noise
ratio of an image acquired with a 7 sec exposure was found to be 105. Huizenga et. al.
later reported an improvement in the system by incorporating a large area CCD having a
higher quantum efﬁciency45.

Wong et. al. at the Mallincrodt Institute of Radiology have also developed a
prototype VEPID using a Newvicon camera40,47_ In order to overcome the bulkiness of

the mirror based systems, the original design incorporated fibre optic coupling between
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the video camera and the phosphor screen. However, a later version developed at the
William Beaumont Hospital uses mirror coupling and a cooled CCD camera capable of
target integration48.

Shalev et. al. at the Manitoba Cancer Treatment and Research Foundation
(MCTRF) in Winnipeg, developed a prototype real-time VEPID which later evolved into
the BEAMVIEWPLUS portal imaging system from Siemens Medical Systems#9. The
original prototype utilized a commercial phosphor screen (100 mg cm-2) and a SIT
camera combination to properly match the light output from the screen to the camera
response. An ITI-151 real-time image processor from Imaging Technology Inc
connected to a PC-286 host computer was used for image acquisition, process, and
storage. The SIT camera was operated at RS-170 video rate (30 frames per sec.) and
images were obtained by averaging 128 or 256 frames in real-time.

Although the images produced by this system were not ideal, the image quality
was adequate after digital processing for the use in the evaluation of set-up errors0. The
SIT camera which was necessary for imaging at the light level encountered with the 100
mg cm-2 screen, has a quantum efficiency of only 10-15%. This was a major drawback
in the original system. After an extensive study on the performance of different
metal/phosphor screen combinations for the use in real-time VEPIDs, Wowk developed
thick screens that produced four fold increase in light output>1. Consequently, and also
partly due to recommendations based on the work of this thesis, the BEAMVIEWPLUS

commercial system uses a 150 mg cm-2 screen and a Newvicon camera.

2.4 Thesis overview

In the case of verification of static beam therapy, continuous real-time imaging is
required only when patient and/or organ motion during a single fraction has to be studied.
However, due to ever increasing utilization of dynamic therapy techniques, such as

dynamic intensity modulation and dynamic wedge, the need for continuous real-time
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portal verification becomes more and more important. Although, in principle, these
treatments may be verified by a single long exposure, practical limitations such as
instabilities in detector housing make the usefulness of such cumulative exposures
somewhat questionable. In order to handle the demands in dynamic therapy verification,
portal imaging systems must be capable of imaging in real-time or near real-time
continuously during the whole treatment without any dead time.

The images produced by the MCTRF prototype portal imaging system have low
contrast-to-noise ratios, making the geometric verification process difficult. Although
post processing can increase the contrast in the portal imageso0 the noise characteristics
in the portal images determine the amount of contrast enhancement that can be
performed. Furthermore, real-time portal images obtained by the system contain artifacts
due to combined effects of accelerator pulsation and conventional video scanning. In the
context of this thesis, the term noise is used to describe the presence of unwanted
information in images. Noise, whether random or otherwise, also limits the accuracy
with which quantitative information can be extracted from portal images. Therefore,
identification and reduction of imaging system noise is necessary for optimizing the
system performance for quantitative as well as qualitative measurements.

The first objective of this work was to optimize the noise characteristics of the
prototype portal imaging system developed at the MCTRF. In order to achieve this, all
the significant noise sources in the imaging system are identified and the contribution
from each source is quantified either by theoretical modeling or by experimental
measurements. Both hardware and software methods are utilized to optimize the system
noise characteristics. Particularly, the video camera optimization was a major step in the
optimization of the system. Once the system is optimized for noise characteristics, the
second objective was to evaluate the ability of the system for quantitative imaging. The
final objective was to develop suitable quality assurance tests for commissioning and

routine quality control purposes.
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Part II of the thesis describe the systematic and detailed investigation carried out
to identify all the significant noise sources in the system and to quantify the contribution
from each source. Possible ways of reducing all the contributions from these noise
sources so that the system can operate close to the quantum noise limited regime are also
described.

Noise in video-based digital portal imaging can be categorized into three parts:
random or stochastic noise, fixed pattern noise, and artifactual noise. Random noise
comprises quantum noise, due to the counting statistics of the input X-ray flux, the
conversion of X-rays to light quanta, and the formation of a signal in the video camera,
electronic noise which arises in the camera and the rest of the electronics, and
quantization noise which is due to rounding off and truncation errors in the A/D
conversion and digital frame averaging. Fixed pattern noise is due to defects in the
phosphor screen and non-uniformities in the camera target and the A/D converter. The
artifactual noise arises due to combined effects of linac pulsation and conventional video
scanning.

Artifactual noise and whether, and under what conditions, pulsation artifacts will
affect the measurement of random noise are described in Chapter 3. The quantization
noise is handled in Chapter 4, and the rest of the random noise is dealt with in Chapter 5.
Chapter 6 deals with the fixed pattern noise. Chapter 7 covers the frequency spectra of
the image noise variance which involve the determination of Noise Power Spectra
(NPS).

Part III covers the quality control aspects of the VEPID system. Part IV
contains the applications of the optimized portal imaging system. Chapter 9 demonstrates
the on-line imaging of electron treatments, which is a very demanding static imaging
application. Chapter 10 describes an application of real-time continuous imaging, where
stability of an accelerator during first three seconds of operation is measured with the

VEPID. Chapter 11 handles the quantitative portal imaging, where the ability of the

29



system for exit dosimetry is described. Finally, the conclusions are summarized in

Chapter 12.
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Chapter 3

Artifactual noise

3.1 Introduction

In most cases electronic portal imaging devices (EPIDs) are mounted on linear
accelerators, which produce short pulses of x-radiation with a repetition rate in the range
50 to 300 pps. Under certain circumstances an aliasing situation may exist between the
bursts of radiation and the read-out cycle of the detector, with the result that pulsation
artifacts are introduced into the digitized portal image which may reduce their clinical
efficacy, or may interfere with accurate measurements of the signal level and its noise
characteristics. Such pulsation artifacts will not occur if the radiation source is not
pulsed, such as with a cobalt therapy unit, or if the detector signal is extracted in a
manner totally uncoupled from the radiation pulsation frequency. However, several types
of EPIDs do exhibit pulsation artifacts, and therefore their nature is investigated in this
chapter for the case of video-based electronic portal imaging systems (VEPIDs).

In order to facilitate the evaluation of artifacts, pulse repetition rates were
deliberately chosen to give rise to a single artifact in an image, and the nature and the
amplitude of the artifacts for different types of video camera with dissimilar signal read-
out techniques were compared. Comparative measurements were also made between a
linear accelerator and a cobalt therapy unit. The goal was to define the nature of the
pulsation artifacts and to investigate under which conditions they can be reduced or
eliminated. While it is shown that pulsation artifacts can be significantly reduced by
frame averaging, this is not always an option in clinical radiation therapy, since it
increases the image acquisition time. In many cases short exposures are required to
investigate patient or organ movement, or to improve image quality by reducing their

blurring effect. Short acquisition times are also necessary for intra-treatment verification,



as well as for the verification of dynamic collimators, rotational treatments, and dynamic
beam modulation techniques such as tomotherapyl. Where frame averaging is not
appropriate, pulsation artifacts can be eliminated by using on-target integration in the
video camera combined with suitable signal extraction. It is hoped that the analysis of
this approach will encourage the development of VEPIDs which do not exhibit pulsation

artifacts.

3.2 Video imaging of pulsed sources

Pulsation artifacts arise from the combined effects of linear accelerator pulsation
and video camera read-out technique. A good understanding of video read-out techniques
is necessary to understand these effects, and in the following brief description the
discussion is restricted to RS-170 (continuous, real-time) standard video calnerasé. A
detailed description of standard video scanning is given by Harshbarger3.

Conventional vacuum tube based video cameras operate by sequentially scanning
the camera target with a narrow electron beam, one pixel at a time. Two read-out modes
are used in vacuum tube cameras: progressive read-out mode and interlaced read-out
mode. Each pixel in the target integrates the image for 33.3 ms (frame time), which is the
time interval between two read-outs. This is due to the fact that integration is tied to the
read-out. However, in the case of progressive scanning, pixels are read out sequentially,
and therefore the integration periods of different pixels do not overlap in time. This is
shown in Fig. 3-1 for four neighboring pixels. Furthermore, in the case of interlaced
scanning, odd and even fields are read out one after the other. Therefore integration
periods of two adjacent pixels in the vertical direction are displaced in time by 16.6 ms
(field time) which corresponds to half the integration period. This displacement in
integration periods between pixels is a major drawback in vacuum tube video cameras,

when continuous imaging of rapid events is required.
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Figure 3-1. a) Spatial arrangement of four pixels in a camera target.
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Figure 3-1 b. Temporal arrangement of the image integration times of the pixels shown in
Fig. 3-1 a for four different types of cameras. Simultaneous image capture by all the

pixels is performed only by the dual field capture CCD camera.
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Solid state CCD cameras, on the other hand, use somewhat different read-out
methods. An important difference between CCD and vacuum tube cameras is that image
acquisition is not coupled to signal read-out in CCD cameras. An image is formed on the
CCD target by generating electron-hole pairs, which are trapped in an array of potential
wells created by applying potentials to on-chip electrodes. The trapped electrons are then
transferred to an on-chip amplifier in a controlled fashion by changing the potentials
applied to each electrode, and read out sequentially. Three types of CCD read-out
architectures are in use?: full frame CCD, frame transfer CCD, and interline transfer
CCD. A discussion of the differences in resolution between CCD and vacuum tube
cameras due to the differences in the read-out techniques is given by Gurley and Haslett.

Most of the commercially available CCD cameras operating in the RS-170
standard use either interline or frame transfer architecture. As far as the pixel integration
period is concerned, both of these read-out architectures are identical. Every pixel in a
single field integrates the image simultaneously in 1/60 s, and hence the integration
periods of every pixel in a single field completely overlap in time. All the pixels in the
other field also integrate the image simultaneously but exactly 1/60 s later. The
integration period of one field, therefore, does not overlap in time with the integration
period of the other; the two fields contain completely independent information as far as
temporal sampling is concerned.

A new generation CCD chip (TC 21 7* ), which is a modified frame transfer CCD,
has recently been introduced. This device is similar to a frame transfer CCD, but it has
two separately addressable storage regions for storing odd and even fields. In one mode
of operation of this device, called dual field capture mode, a complete frame is integrated
on the image area during a frame time of 33.3 ms. Then the whole frame is transferred
quickly to the storage region from which each field is read-out sequentially to generate a

true interlaced video signal, or the two fields are read out together as a single frame to

* Texas Instruments Inc. Dallas, Texas.
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generate a progressive video signal. During the reading of the stored frame the image
area continues to integrate the next video frame. The operation of this CCD is similar to
that of a full frame CCD, but the charge transfer to the storage region is very fast so that
shuttering is not required.

Figure 3-1 shows schematically the comparison between the integration periods
for four adjacent pixels for the four types of cameras. Figure 3-1la shows the spatial
arrangement of the four pixels in the camera target and Fig. 3-1b shows the temporal
relationships between the integration periods. It can be seen that simultaneous data
capture by all the pixels is performed only by the dual field capture CCD camera.

If a strobed light source with a narrow pulse width (<1 ms) and a frequency
comparable to the video scanning frequency is imaged with a vacuum tube camera in
non-interlaced mode, only a part (upper or lower) of the image will contain the
information due to the pulse. For example, if a narrow pulse of light is incident on the
camera target at the time shown by the dashed line in Fig. 3-1b, pixels A, B, and C will
capture the pulse, but not the pixel D. All the pixels to the top and to the left of pixel C
will also capture the pulse, but all the pixels to the right and below pixel D will not
capture the pulse. This is due to the temporal shift in the integration period of each pixel,
and leads to a horizontal banding artifact in single frame images. Even though the
imaged object is illuminated uniformly with each pulse, the resultant image will contain
the banding artifact. The artifact arises purely due to conventional video scanning.
Moreover, if interlaced scanning is used, even and odd fields may contain different levels
of signal as the integration periods of adjacent lines are separated in time by half the
integration period. This is illustrated also in Fig 3-1b, for the three vertically adjacent
pixels B, C, and D. Pixel C does not capture the pulse but the pixels B and D do so. This
introduces an interlace artifact in real time video images, which will be severe in the

regions where the difference in the two fields is greatest. This interlace artifact has been
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observed in real-time digital radiography as well®. These artifacts will be referred to as
pulsation artifacts

If a strobed source is imaged with an interline or frame transfer CCD camera
operating in real-time, only the interlace artifact will appear when the strobe frequency is
comparable to the video frequency. Moreover, the artifact will be severe when the strobe
frequency is about 30 Hz since only one field captures the strobe light, as shown in Fig 3-
Ib. The result will be a frame consisting of a bright field interlaced with a dark field.
Both the dual field capture CCD and the full frame CCD are inherently insensitive to both
the banding artifact and the interline artifact because every pixel in the whole frame
integrates the image simultaneously. However, a shutter must be used to stop light
falling on a full frame CCD during the read-out which make it unsuitable for continuous
real-time imaging. Therefore video cameras based on the dual field capture CCD are the
only ones capable of continuously operating in real-time without generating pulsation
artifacts.

Linear accelerators used in radiotherapy produce bursts of X-_rays lasting about
250 ps at a rate between 30 - 200 Hz. Since these frequencies are comparable to the
video frequency, real time portal imaging with linear accelerators will be sensitive to
these artifacts to an extent dependent on the video camera used. The dose rate delivered
by some accelerators, particularly the one used in this study, is monitored and adjusted to
the specified value during treatment by changing the pulsation frequency. Consequently
the beam pulsation frequency does not remain constant during the operation, and is
dependent on the beam energy and dose rate mode. These variations in the pulsation
frequency lead to an instability of the dose rate as seen by the video camera. Table 3-1
shows the measured average pulsation frequencies of the KD-2" linear accelerator used in

this study.

* Siemens Medical Systems Inc. Concord, California.
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3.3 Materials and method
3.3.1 Materials

The prototype portal imaging system used in this study has a metal/phosphor
screen consisting of a 500 mg/cm? GdyO9S:Tb (P-43) phosphor layer on a 2.25 mm
copper plate which was placed at a source-detector distance of 140 cm for all the
measurements. Optical coupling between the metal phosphor screen and the video
camera was achieved with a F/0.85, 25 mm c-mount lens and a 45° front coated glass
mirror. Four types of video cameras were investigated: a SIT (Silicon Intensified Target),
a Newvicon, a frame transfer CCD, and a dual field capture (DF) CCD camera. Two
different systems were used for image acquisition: a PC- 386 equipped with an ITI series
ok

150 image processor**, and a PC- 486 equipped with a Coreco Oculus 500 (OCS500)

processing board.

Dose rate Energy
6 MV 23 MV
High 195 Hz (200 cGy/min) 140 Hz (300 cGy/min)
Low 55Hz (50 ¢Gy/min) 30 Hz (50 cGy/min)

Table 3-1. Pulsation frequencies of the Siemens KD-2 linear accelerator for different

modes of operation.

The ITI-150 system digitizes RS-170 video into 512x480 pixels using an 8-bit
analog-to-digital (A/D) converter. It has a 16-bit Arithmetic Logic Unit (ALU) capable

of summing up to 256 8-bit images in real time into a 16 bit frame buffer. The OC500

** Imaging Technology Inc. Bedford, Massachusetts.
*** Coreco Inc. Quebec, Canada.
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system uses a 10-bit A/D converter which digitizes the RS-170 video signal into 640x480
array (square pixels). ITI-150 system was used with SIT, Newvicon, and frame transfer
CCD camera, whereas the OC500 system was used with the DF CCD camera. All the
results obtained with the OC500 system were normalized to 8-bit so that comparisons
between the systems could be made.

A KD-2 linear accelerator operated in the 23 MV X-ray mode at a dose rate of
300 ¢Gy/min and a 15 cm water phantom were used for this study unless otherwise
specified. A 20x20 cm? field size was used in all cases.

CCD sensors are subject to radiation damage, and should be shielded from the
direct treatment field”. They are also sensitive to incident X-rays, and image noise due to
this effect has been noted previouslyg. The DF CCD camera was found to be especially
sensitive to X-ray noise, even when it is located well outside of the field. When the beam
is on, the image rapidly fills with single- or few-pixel spurious events, and on occasion
distinct tracks are seen due to high energy electrons traveling through the CCD chip. It
was found that shielding the camera with 5 cm lead reduced scattered radiation from the
collimator, and resulted in a considerably lower spurious event rate.

It has been shown that video cameras and frame grabbers require a long warm-up
time to stabilize reference voltages after being switched on®. During this warm-up period
the video black level changes, resulting in higher temporal noise in real time video
imaging. Therefore the measurements taken with the prototype system described in this

work were made after 5 hour warm-up period.

3.3.2 Pulsation artifacts

Figure 3-2 shows a single frame open field image acquired with a SIT camera
using a KD-2 linac operated in the 23 MV X-ray mode at a dose rate of 50 cGy/min. This
low dose rate was selected to obtain a pulsation rate of about 30 Hz, producing a single

radiation pulse for each video frame. The horizontal banding artifact due to the pulsation
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Figure 3-2. An open field portal image acquired with a SIT camera using a KD-2 linac
operated in the 23 MV X-ray mode at a dose rate of 50 cGy/min. The horizontal banding

artifact and the interline artifact due to linac pulsation are clearly visible in this image.
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is clearly visible in this image. The vertical intensity profiles I(y) at the center of the
image for individual fields are shown in Fig. 3-3a and for the full field in Fig. 3-3b. It
can be seen that a burst of light due to the radiation pulse was incident on the camera
when the electron beam had scanned about one third of field 1 so that the pixel intensity
is higher in the lower part of the image. The intensity of the pixels that were read out at a
later time is higher due to the higher charge accumulated in these lower pixels. The
severity of the interlace artifact (zig-zag variation of the intensity along vertical direction)
can be seen in Fig. 3-3b.

An intensity profile of a single field from an image obtained by averaging 256
frames is also shown in Fig. 3-3a for comparison, and the interlace artifact is seen to be
considerably reduced. It is also interesting to note the severity of the non-uniform
response of the SIT camera across the target. Fig. 3-3a also shows that the intensity of
field 2 has dropped in the lower part of the field. This was believed to be due to the
readout of one field discharging some of the charge from the other field. It was also
found that the SIT camera has other irregularities in readout, for example, charge decay in
the target before the readout. This makes the SIT camera unsuitable for quantitative
imaging.

Figure 3-4 shows similar results for open field images acquired with a Newvicon
camera. The banding artifact and the interlace artifact can be seen in this case also, but
the effects are much smaller than for the SIT camera. The explanation is probably due to
the longer lag in the Newvicon camera at the low light level encountered in portal
imaging. Note that the non-uniform response across the camera target is less severe ih
the Newvicon than in the SIT camera.

Vertical intensity profiles of an image obtained with a frame transfer CCD camera
are shown in Fig. 3-5. As expected, the banding artifact is absent in this case. However,
a severe interlace artifact can be seen in the intensity profile of the full frame as shown in

Fig. 3-5b.
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Figure 3-3. Vertical intensity profiles of the image shown in Fig. 3-2. a) Profiles of each
field displayed separately and a single field profile obtained by averaging 256 frames. b)
Profile of the complete frame. Line numbers are counted downwards from the top of the

image.
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Figure 3-4. Vertical intensity profiles of a single frame image acquired with a Newvicon
camera at the 50 cGy/min dose rate. a) Profiles of each field displayed separately and a

single field profile obtained by averaging 256 frames. b) Profile of the complete frame.
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Figure 3-5. Vertical intensity profiles of an image acquired with a frame transfer CCD
camera.  a) Profiles of each field and a profile of an image averaged over 256 frames.
b) Profile of the complete frame. The interline artifact which is uniform across the image

is very large in this case but the banding artifact is absent.
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Vertical intensity profiles of an image obtained with the dual field capture CCD
camera are shown in Fig. 3-6. As expected, both artifacts are absent in this case. Note
the relatively uniform camera reéponse over the whole field. This result clearly indicates
that this CCD camera is to be preferred over SIT and Newvicon cameras for quantitative
portal imaging, due to the absence of pulsation artifacts and superior camera uniformity.

The previous tests were performed at a low dose rate in order to investigate the
relationship between beam pulsation and camera readout, for which a single beam pulse
per video frame is convenient. However, in clinical practice higher dose rates are used,
and it is necessary to evaluate the noise due to pulsation artifacts under these conditions.
Figure 3-7a shows the vertical intensity profile I(y) of a single frame image acquired
with the SIT camera using the linac at 23 MV with the 300 cGy/min dose rate mode.
The intensity profile I;,(y) of a 512 frame averaged image is also shown. The
corresponding normalized profile I (y) for the full frame is shown in Fig. 3-7b. It is seen
that four X-ray pulses have been incident on the camera during this particular frame, and
pixel intensity changes up to 15% are present. Due to continuous changes in pulsation
frequency of the KD-2 linac, pulsation artifacts will be randomly distributed in the
consecutive video frames.

Figure 3-8 shows the histograms of the gray level values of the pixels comprising
the normalized profiles 1(y) from a single frame, and 4- and 16-frame averaged images.
The distribution for the single case has a bimodal shape with a long tail towards the upper
end. When four or more frames are averaged, the distribution becomes a single mode
distribution which resembles a Gaussian distribution. This implies that for images
acquired by averaging more than four frames the noise due to the pulsation artifact will

appear to be, and can be characterized as a random noise.
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Figure 3-6. Vertical intensity profiles of an image acquired with a dual field capture
CCD camera. a) Profiles of each field displayed separately. b) Profile of the complete

frame. No pulsation artifacts are present.
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Figure 3-7. Vertical intensity profiles I(y) of a single frame open field image acquired at
the dose rate of 300 cGy/min. a) Profiles of the complete frame arid a profile of an image
averaged over 512 frames. b) Normalized profile I_(y) obtained by dividing the single

frame profile by frame averaged profile. Pixel intensity changes up to 15% are apparent.

54



Probability

0.10 :

I I T | ' I !
0.08 | i ]
0.06 |- B
; f — 1 Frame
P e 4 Frames
i : ...... 16 Frames ]
0.04 | P N
0.02 |- : N
0.00

0.95 1.00 1.05 1.10 1.15

Normalized pixel value (I (y))

Figure 3-8. Probability distribution of the normalized intensity profiles I_(y) for a single
frame image as well as 4- and 16 -frame averaged images obtained with a SIT camera at

high dose rate.
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3.3.3 Measurement of random noise

In characterizing the performance of a VEPID, it is useful to measure the various
sources of random noise in the system, and compare their relative contributions to the
overall signal to noise ratio (SNR). The design of the system, and the selection of
operating parameters, can then be optimized to achieve maximal SNR. Pulsation artifacts
are not random, but their presence will affect any noise measurements and give rise to
incorrect predictions of SNR, as well as the inappropriate selection of operating
parameters. Consequently an investigation was carried out to find whether, and under
what conditions, pulsation artifacts will affect the measurement of random noise in the
VEPID.

Random noise in real time video images can be characterized in either spatial or
temporal terms. In the former case, the noise in a single pixel is estimated from the
variance over a region of interest (ROI) containing many pixels. The ROI may be
rectangular, giving the single-pixel noise variance estimate X7, or it may be a section of
the horizontal line running through the pixel in question, giving the estimate .
Alternatively, the noise variance in a single pixel can be determined from its gray-level
variance over many sequential video frames, giving the noise variance estimate ~?. The
spatial rectangle ROI approach and the temporal approach are shown diagramatically in
Figs. 3-9a and 3-9b respectively. These three measures of noise differ in the way in
which the video signal is sampled, and will give different results since each will be
affected to a greater or lesser degree by the various types of noise present in the signal. A
comparison of the values of %; (line ROI), £’ (rectangular ROI), and X’ (temporal
measurement) provides an opportunity to identify and quantify the most significant noise
sources in the imaging chain. Random noise from three sources (each of which is
characterized by a variance o) will contribute in a different way to the three measures of
noise, =7, X2, and =?. These are quantum noise (c3), electronic noise (c?2), and noise

due to instability of the incident photon beam or the black level (). Pulsation artifacts
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Figure 3-9. a) Measurement of spatial noise. b) Measurement of temporal noise.
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affect the video signal by introducing variations in the vertical (y) scan direction, and
their presence will contribute to the measured value of Z, but not to the value of %;. This
contribution will be considered as though it is a random effect, which was shown to be a
reasonable approximation in section B above for the case of averaging at least four
frames. Similarly, noise due to instabilities will contribute to Z, but not to the spatial
noise measures %, and £_. These contributions are summarized in Table 3-2, from which
the following relationship can be established:

22=% +0 (3-D
and =% +0l, (3-2)

when the contribution from pulsation artifacts and instabilities are considered to be

random.

Measure of noise
Contribution 2 z, Z,

Line ROI Rectangle ROl  Temporal
Quantum (o) yes yes yes
Electronic (c,) yes yes yes
Pulsation (o,) no yes yes
Instability (o) no no yes

Table 3-2. Contributions from various sources to the noise measures %,, Z, and X,.
Spatial noise in a small ROI (either horizontal line or a rectangular) can be

obtained by measuring the variance of the pixel intensity within the ROI, but it will

include a contribution due to intensity gradients across the ROI. This effect can be
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removed by subtracting a pair of identical images P, and P, and correcting for the
increase in the variance due to subtraction. Let

A(X,y,1) =P (x5, 1) = P, (x,¥,t)
where P(x,y,t) is a pixel value at spatial coordinates x, y and time (frame) t. Then the

measured rms noise X’ in a rectangular ROI can be defined as

Xy Y

Xn Yn . 1 5
1 gék(x’ ¥)- X, Yy {ZZA(X: y,t)}

22 _ x=1 y=I

) X, Yy -1

(3-3)

where Xy and Yy are the dimensions (in pixels) of the ROI in the x and y directions.

Similarly, the measured noise varianceE; in a horizontal line ROI (Yy =1) can be defined

as

2

1 ZN: Az(xa yat) - XL’:ZN: A(X: y9t):|

N

2 3.4
2 X, —1 G-4)

¥ =

The measured temporal noise variance £? of a single pixel in a sequential series of
t

identical images can be defined as

2

Tn Ty
ZPZ(X, Y,t) - %——[ZP(X, Yat):l
t=1 t=1

N

T, -1

5= (3-5)

where T, is the total number of frames (images) used. These noise measures were
determined for images that were acquired by averaging between 1 and 256 frames. The
average of eight measurements was obtained in every case, and the standard deviation of
the eight measurements was used for error bars.

It should be noted here that if any of these noise measures (say Z,) represent a

Gaussian random noise, the measure for images obtained by averaging N frames will be
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Z
Z, ==
TN

where frame averaging is performed without truncation19.

3.3.4 Measurement of noise in the presence of pulsation artifacts
Open field images were acquired with a SIT camera using the KD-2 linac
operated in the 23 MV mode at a dose rate of 300 cGy/min. Vertical intensity profiles

I(y) from the middle of these images were extracted by averaging 20 pixels horizontally :
243

1(y)=-216 > P(x,y,1), y=61.....420 (3-7)

x=224

An intensity profile I5;,(y) of a 512 frame average image at the same location is also used

to correct for the image gradient:

Ic(y)=ll% (3-8)

This was necessary to remove variations in the profile due to all factors except the
pulsation artifacts. The standard deviation o, of I (y) was taken as the contribution to
the normalized rms noise due to the pulsation artifacts for a pixel value of one gray level.
The effective contribution G, to the rms noise variance due to pulsation artifacts can then

obtained by multiplying o _ by the average pixel value for a particular situation.

3.4 Results and discussion

Spatial noise measures X, and X, were measured using a SIT camera with a 23
MYV photon beam. For comparison, the same data were used to calculate the contribution
to the measured noise due to the presence of pulsation artifacts. The results are shown in
Fig. 3-10 as a function of N, the number of frames averaged when acquiring each image.
Figure 3-10a shows that X, decreases with N according to Eq. (3-6), and is well
represented by a linear fit (on log-log axes) to a line with slope-0.5. While o, is smaller
than X, for N >4, there is large increase in the measured value of the noise due to the

presence of pulsation artifacts when less than four frames are averaged. This is expected
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since the distribution of pulsation artifact is not Gaussian when N < 4 as shown in Fig. 3-
8. Figure 3-10b shows the comparison of X_(data points) with the value obtained by
adding X, to o, in quadrature (solid line). These two results are almost identical for N >
4, indicating the validity of Eq. (3-1), and suggest that the contribution to the measured
noise due to the presence of pulsation artifacts can be considered as a random noise for N
2 4.

Figure 3-11 shows the change in the two spatial noise measures £, and T, as well
as the temporal measure X, when frames are averaged with a SIT camera using the linac
at 23 MV with the 300 cGy/min dose rate mode. The straight line is a linear fit to the
Z, data with a slope of -0.5 according to Eq. (3-6), and demonstrates that the =, data
behave as a pure random noise. The increased values of T, are due to the pulsation
artifacts. The temporal noise Z, is always higher than both spatial noise measures in this
case since the linac output is not constant. The excursions in , larger than error bars are
due to systematic changes in the linac output.

Figure 3-11b shows a similar comparison of the changes in £, I, and I, for the
SIT camera when a 69Co beam is used. A 20x20 cm field without a phantom was used
for these measurements and the dose rate was 120 ¢cGy/min. All three noise measures are
identical in this case, since the output of the X-ray source is constant and therefore is

statistically stationary over the time scale involved.

3.5 Conclusions

The nature of pulsation artifacts in certain types of video-based electronic portal
imaging systems have been investigated. Two types of vacuum tube video cameras were
evaluated (SIT and Newvicon), as well as two types of CCD camera (frame transfer and
dual field capture). Pulsation artifacts were demonstrated at low radiation pulse rates,
and it was shown that their relative magnitude decreased with increasing number of video

frames averaged to form the final image. The dual field capture CCD camera does not
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exhibit pulsation artifacts due to the independence of signal acquisition and read-out, and
therefore is the ideal camera for real-time portal imaging. A novel method was developed
for the quantification of various contributions to the system noise, using noise measures
based on line, area, and temporal signal acquisition. Measurements from a line give the
level of quantum and electronic noise, while measurements from an area are higher due to
the effect of pulsation artifacts. Temporal noise measurements give even higher values
due to instabilities in the radiation source. Using a SIT camera and a pulsed linear
accelerator at 300 cGy/min, it was found that the effect of pulsation artifacts can be
expressed as a random contribution to the overall system noise for frame averaging with
four or more frames. All noise measures were identical when a cobalt radiation source

was used due to the absence of pulsation artifacts.
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Chapter 4

Quantization noise

4.1 Introduction

Random noise in real-time portal imaging comprises quantum noise, due to the
counting statistics of the input X-ray flux, the conversion of X-rays to light quanta, and
the formation of a signal in the video camera, electronic noise which arises in the camera
and the rest of the electronics, and quantization noise. This chapter, the contents of
which are published in parts elsewherel, is concerned with the effects of quantization
noise.

Discrete representation of analog signals is necessary when digital transmission or
processing is carried out on analog signals. Conversion of an analog signal to digital data
occurs both in spatial coordinates (sampling) and in amplitude (quantization). Both of
these processes can reduce the image quality as quantified by spatial resolution and noise,
respectively. Coarse sampling degrades resolution directly and noise characteristics
indirectly due to aliasing. Coarse amplitude quantization degrades the image by the
addition of quantization noise.

All digital imaging systems use A/D converters which give integer output values
obtained by rounding off real numbers. The quantization noise introduced by the A/D
conversion is the amplitude quantization described widely in the literature2-4. However,
there are other points in the imaging chain which involve some type of amplitude
quantization. For example, real-time video based portal imaging systems perform video
frame averaging in order to reduce the noise. It has been pointed out? that frame
averaging should be carried out with a computing device having adequate precision in
order to reduce the effect of the quantization noise of the input A/D. However, if the

averaging is performed with integer arithmetic as in the case of frame buffer and
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arithmetic logic unit (ALU) used in the prototype portal imaging system, information will
be lost due to data truncation. This is an effective amplitude quantization which
introduces quantization noise.

Consequently, there are two points in the portal imaging chain where quantization
noise is introduced. The first is at the input A/D where the input video signal is quantized
by rounding off input signal values. The contribution to the total noise from this process
is usually negligible (two orders of magnitude lower) compared to the noise variance
(~ 10 gray levels) in the analog video signal itself. The second point where quantization
noise is added to the images is when frame averaging is performed using integer
arithmetic, resulting in a truncation of real numbers to integers. In this chapter it is
shown that the quantization noise due to truncation in digital frame averaging is more

significant than the quantization noise due to round off errors in the input A/D.

4.2 Theoretical considerations

4.2.1 Quantization noise

Amplitude quantization is a non-linear transformation which maps the domain of
continuous-amplitude inputs onto a finite number 2" possible output values which are
generally n-bit binary words (integers) where n is the number of bits used in the
quantization process. These binary words are then used for digital transmission,
processing and storage.

The simplest and most commonly used quantizer is the zero memory quantizer
which determines the output value only from the corresponding analog input value. More
complicated quantizers in which the output value also depends on other input values,
such as block quantizers and sequential quantizers, are less commonly used. Zero-
memory quantizers can have quantization steps which are either equal or unequal in size.
Only the zero-memory uniform quantizer in which quantization steps are equal in size

and denoted by A is considered here.
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The amplitude quantization of a stationary, random, analog input signal x to the

digital integer* value s(x) can be treated as an additive noise operationZ:3:

s(x):y-x+q 4-1)
where y is a constant and q, called the quantization error, is an additive noise which
depends on the input signal. Quantization introduces an instrumental uncertainty which
is stochastic in nature. If the input probability density distribution is assumed to be

constant within a quantization bin A, it can be shown2-4 that the mean square value ¢ of

the quantization error q is

cL=—. (4-2)

If the rms noise of the input analog signal is o and the rms noise of the quantized output

is o, we have

ol=cl+0c?. (4-3)
0 X q

Barnes? has quoted the work of R. A. Sones which shows that the noise in the digitized
signal in fact behaves as given by Egs. (4-2) and (4-3) to a high degree of precision when

A <1.660  irrespective of the signal value.

4.2.2 The effect of frame averaging

It has been claimed® that for a n-bit A/D where the bin with is equal to the rms
noise in the analog signal, “the very best SNR of any system will be /12 x 2" irrespective

of frame averaging”. This corresponds to 886.8 for a 8-bit A/D. In the following

* Variables which have integer values after digitization are written in bold type.
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sections it is demonstrated by theoretical reasoning and experimental measurement that
this statement is not true.

Consider the digitization of an analog signal x having a Gaussian rms noise o,
with an 8-bit A/D converter such that A=1.66c_. Averaging N such signals using

floating point arithmetic will yield a final signal S_, with rms noise o, :

Save = %gs(xj) (4'4)

1 1 7 3
Cpe =—7==0, = —7==,/0, + 0. 4-5
ave \/N‘ o \/"N‘ X q ( )

and the signal-to-noise ratio SNR is given by

N

g Zs(xj)
SNR,,, == = : (4-6)
Cave -\/N(G;'*‘G(z‘)

Note that the signal is averaged after the input A/D conversion. Considering the example
A =1 and N = 256, the maximum digitized output is 255 and the maximum SNR is 6130,
which is much larger than 886.8. This result shows that with frame averaging according

to Eq. (4-4) one can achieve a high value of SNR even with an 8-bit A/D converter.

4.2.3 The effect of integér arithmetic

Image processing systems capable of digital frame averaging usually make use of
integer arithmetic. Consecutive frames are accumulated in a frame buffer using an ALU
and the frame averaged image is then obtained by performing a (bit) shift-right operation.
For example, in a system consisting of a 16-bit ALU and a 16-bit frame buffer with an 8-

bit A/D, a maximum of 256 (28) frames can be added in the frame buffer and the
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averaged image is obtained by dividing the accumulated signal by 28 (performing 8 shift-
right operations). This is essentially an averaging process followed by a truncation.
Since truncation is essentially an amplitude quantization process, a development
analogous to section 4.2.1 for the increase in output noise can be used.

The truncated signal after integer frame averaging can be given as

Siune =S, +9 - (4-7)

trunc

Then the rms noise &, in the averaged and truncated (digitally averaged) signal S, .

will be given by:

r 2 2 _ \Ox 79, 2
Ol = Oave T Gq - N + CS.q (4_8)

From Eq. (4-8) it is seen that &, is always higher than ¢, no matter how many frames

frunc

are averaged. The 886.8 limit for SNR with an 8-bit A/D would be applicable to this
situation.

However, if one opts to use digital frame addition instead of digital frame
averaging, the quantization noise due to truncation can be avoided. In such a case the

accumulated signal S_,, will be

N
Saa = D.8(X;) (4-9)
jl ‘

with rms noise

g =N -0, =,N(c2 +02) (4-10)
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and the signal-to-noise ratio will be equal to SNR_, as given in Eq. (4-6). Consequently
the use of frame addition instead of frame averaging in real-time video based imaging
systems can be used to overcome quantization noise due to truncation introduced by

integer arithmetic.

4.3 Experimental methods

The prototype portal imaging system used was described in Chapter 3. Only two
types of video cameras were investigated: a SIT (Silicon Intensified Target), and a
Newvicon camera. The PC- 386 equipped with the IT-150 image processor containing
an 8-bit A/D was used for image acquisition. This system has a 16-bit ALU unit capable
of adding up to 256 8-bit images in real time into a 16-bit frame buffer. A 6 MV X-ray
beam at a dose rate of 300 cGy/min at isocenter was used to acquire the images from
which noise was measured. Water phantoms 15, 25, and 35 cm thick were used to
simulate X-ray intensities corresponding to head and neck, anterior pelvic, and lateral
pelvic fields respectively. The detector was located 140 cm from the X-ray source.

A sequence of N (1< N <256) 8-bit images can be averaged in a 16-bit frame
buffer by adding the required number of frames in the frame buffer memory and then
truncating all but the higher 8 bits. Routine clinical images are usually acquired with a 2
second exposure by averaging 64 frames. Subsequent image processing is performed on
the truncated 8-bit clinical images.

Spatial noise in the portal images was determined by measuring the variance of
the pixel intensities within a small (20x20) region of interest (ROI) according to Eq. (3-
3). This noise measure was obtained for images that were acquired by adding between 1
and 256 frames.

One should measure the noise in the signal before and after the quantization in
order to quantify the effect of quantization noise. This was done for the second

quantization by using the computer to obtain the average image. The variance of the
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signal at the input to the truncating quantizer was obtained by using double precision
floating point numbers to calculate the image average. The variance of the output signal.
after the truncating quantizer was obtained by using integer arithmetic which produces
the same effect as truncation by the frame buffer.

Images of the Las Vegas contrast-detail phantom7 were also acquired. This
phantom is constructed from commercial grade aluminium and has holes with diameters
1,2,4,7, 10, and 15 mm and depths of 0.51, 1.0, 2.0, 3.2, and 4.8 mm. With a 6 MV X-
ray beam, these thicknesses result in primary subject contrasts of 0.69, 1.36, 2.72, 436,
and 6.54 % respectively. The calculation of these contrast values is described in Ref. 1.

Two 16 - bit images of the phantom were acquired by digitally adding 256
frames (~ 40 cGy) with a 6 MV beam at the dose rate of 300 cGy/min using Newvicon
camera. One image was acquired using maximum input windowing so that only the
range of video signal corresponding to the useful information was digitized into 256 gray
levels. This corresponds to 0.5-0.7 V from a total video signal of 0.7 V and is referred to
as fine input quantization. The other image was acquired with no input windowing, so
that the full video signal of 0.0-0.7 V was digitized into 256 gray levels. This is referred
to as coarse input quantization. Open field images were similarly acquired with a
phantom containing no holes. 8-bit truncated versions of these images were obtained by
dividing the images by 256 using integer arithmetic. This simulates the truncation that
occur in the frame buffers when digital averaging is performed. These four phantom
images were then corrected with corresponding open field images by division and the

resultant images were windowed to show the maximum details within 8-bits.

4.4 Results and discussion
With the addition of sequential frames into a frame buffer, noise in the frame
averaged images G, is reduced in proportion to the square root of the number of frames

according to Eq. (4-5). Figure 4-1 is a plot of o,,, as frames are added together for the
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Figure 4-1. Reduction in rms noise in flat field images acquired with a SIT and
Newvicon camera when frames are averaged. The horizontal dotted line indicates the

level below which the quantization noise due to truncation becomes significant.
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system using a SIT and a Newvicon camera and for the three different phantom
thicknesses. Data have been fitted to a line with a slope of -0.5 as expected from Eq. (4-
5). The dashed line indicates the level below which the quantization noise becomes
significant. The SIT camera was operated at very low gain and KV values for these
measurements since the light output from the phosphor screen was close to the saturation
light level of the camera. As the image noise decreases, it reaches the point where
quantization noise due to truncation starts to become significant. This occurs at 128
frames with the SIT camera.

The lower noise level in Newvicon images is due to the higher quantum efficiency
and the longer (photo-conductive) lag in the Newvicon camera. The quantization noise
due to truncation starts to become significant when averaging 16, 30, and 50 frames for
15, 25, and 35 cm phantoms respectively for this camera. Any phantom imaged with the
Newvicon camera by averaging more than a 64 frames (2 second exposure) contains a
significant amount of quantization noise.

Figure 4-2 shows the increase in SNR as frames averaged with the Newvicon
camera using 15 cm phantom. SNR values for same images, before and after image
truncation is shown in the figure for comparison. It is seen from this figure that an SNR
higher than 886.8 is obtained with the system with proper averaging (or digital addition)
even though an 8-bit input A/D is used. Clearly, the system SNR is not always
determined by the number of bits used in the input A/D converter, but dependent on the
random nature of the quantization noise added to the signal at the input A/D.

Images of the Las Vegas phantom which show the difference between a digitally
added image with 16-bit processing and the digitally averaged (truncated) image with 8-
bit processing are shown in Figure 4-3. The image in Fig. 4-3a was obtained with full
16-bit processing of the input windowed (fine quantization) image. Fig. 4-3b shows the
corresponding image with 8-bit processing on the truncated 8-bit image. All the contrast

detail objects in the phantom are visible in Fig. 4-3a, but the 1 mm object is visible only
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Figure 4-2. Comparison of the change in SNR before and after image truncation for 15
cm water phantom images when frames are averaged. A true SNR better than 886.8 is

achieved in this system even with an 8-bit input A/D by frame addition.
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Figure 4-3. Images of the Las Vegas contrast-detail phantom showing the difference
between digital frame addition with 16-bit processing and the digital frame averaging
with 8-bit processing. a) 16-bit processing on digitally added image (with input
windowing). b) 8-bit processing on digitally averaged image (with input windowing). c)
16-bit processing on digitally added image (no input windowing). d) 8-bit processing on

digitally averaged image (no input windowing). See text for details.
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at the 6.54% contrast level in Fig. 4-3b. The 2 mm object is also not visible at the 0.69%
contrast level in Fig. 4-3b. This shows that digital frame addition together with 16-bit
processing gives superior performance compared with digital frame averaging with 8-bit
processing, even in this optimum case. Figs. 4-3¢ and 4-3d show a similar comparison
for the worst case without input windowing (coarse quantization). All the objects, except
for the 1 mm hole at the lowest two contrasts, are visible in Fig. 4-3¢ where 16-bit
processing is used. Most of the objects are not visible in Fig. 4-3d due to the truncation.
The visible contouring artifact due to truncation is also seen in Fig. 4-3d. The input
windowing hampers the performance of quantitative measurements unless extensive
calibrations are used. Therefore the dramatic difference between the two images in Figs.
4-3c and 4-3d clearly indicates that digital frame addition with 16-bit processing must be

used for quantitative portal imaging.

4.5 Conclusions

An investigation has been carried out to identify and quantify the quantization
noise sources in video based portal imaging. It has been found that the quantization noise
due to integer averaging imposes a more serious problem than the quantization noise due
to the input A/D for digital imaging systems capable of image averaging. It has also been
shown that a SNR higher than 886.8 can be achieved with an 8-bit analog-to-digital
converter (A/D) by using digital frame addition instead of frame averaging. Noise in any
verification portal image acquired with a Newvicon camera by averaging more than 64
frames is found to be dominated by the quantization noise due to truncation. The full
utilization of the improvement in SNR by frame averaging in verification portal images
can only be achieved by using all the available bits (16 instead of 8 in our case) for all
image processing and storing, and truncating images only for the purpose of display.

Unfortunately, this imposes an increased computational burden on the imaging hardware.
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Chapter 5

Random noise

5.1 Introduction

Random or spatially unstructured noise in real-time video based portal imaging
systems includes quantum noise, due to the counting statistics of the input X-ray flux, the
conversion of X-rays to light quanta, and the formation of a signal in the video camera,
electronic noise which arises in the camera and the rest of the electronics, and
quantization noise which is due to rounding off and truncation errors in the A/D
conversion and digital frame averaging.

It was shown in Chapter 4 that the quantization noise from the 8-bit A/D is
negligible when digitization is performed at video rates, and the second quantization can
be avoided by digital frame addition instead of digital frame averaging. The remaining
two parts of the random noise are considered in this Chapter. It was shown in Chapter 3
that the best camera for real-time continuous imaging with linacs is the dual field CCD
camera, and therefore the focus of this chapter is mainly concentrated on the random
noise in the CCD camera.

Near real-time imaging is adequate for some applications in radiotherapy
verification using portal imaging. Consequently all the video based portal imaging
systems, including the three which are available commercially, employ two signal
averaging techniques to reduce random image noise. They are integration of the image
on the camera target, and summation of sequential images in a digital memory, both of
which reduce the time resolution.

One commercial system (Infimed Inc., Liverpool, NY) is based on the prototype
portal imager designed by Munro et. al.l. It uses a Plumbicon camera and custom

electronics to integrate the image on the camera target. Target integration is necessary
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for this system since the camera noise is significant at the light levels encountered in
portal imaging. Only preliminary results have been published? on the advantages of
target integration for this device, and no quantitative comparison has been made between
target integration and frame averaging.

Another commercial system (Philips Medical Systems, Shelton, CT) is based on
the prototype developed by Visser et al.3, and uses a Charge Coupled Device (CCD)
video camera with a slow readout. Although this system is also capable of integrating
frames on the CCD target for extended periods, the relative advantages of target
integration and frame averaging have not been reported.

The BEAMVIEW?PLUS portal imager (Siemens Medical Systems, Concord, CA) is
based on an earlier prototype system developed by Shalev et. al4. A silicon intensified
target (SIT) camera was used in the original design, and up to 256 video frames could be
added in a frame buffer and subsequently truncated to 8-bits for display, processing, and
storage. The current version of the system uses a Newvicon camera.

Wong et. al. have also developed a prototype video based system using a
Newvicon camera’:6. The original design incorporated fibre optic coupling, while a later
version uses mirror coupling and a cooled CCD camera capable of target integration’.
Although good quality images have been produced by this system, no results have been
reported on the advantages of target integration.

The purpose of this study is to investigate the random noise in the real-time portal
imaging system using a custom designed camera based on a dual field capture CCD.
Random noise in portal images acquired with SIT and Newvicon cameras is also
measured for comparison. A simple model developed to predict the frequency dependent
noise propagation through the imaging system to estimate the signal-to-noise ratio (SNR)
of a single pixel is also reported. Furthermore, the advantages of Peltier cooling the CCD
to further reduce the random noise is also investigated. A quantitative investigation was

also carried out to identify relative advantages of target integration over summation of
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sequential images in a computer frame buffer in order to reduce random noise, when near
real-time imaging is performed using the custom designed CCD camera. Although the
results of this study are only applicable to the imaging hardware under the investigation,
the experimental techniques and the noise model used can be applied to study other video

based systems.

5.2 Theory
5.2.1 Propagation of quantum noise

Radcliffe et. al. have presented an analysis of quantum noise in on-line video
based portal imaging systemsg. Here the analysis is extended by taking into account the
Modulation Transfer Function (MTF) of the metal/phosphor screen using the model
developed by Rabbani et al.?. A nomenclature somewhat similar to that of Ref. (8) is
followed, but additional steps are included so that the effects of transfer functions at
different stages in thé imaging chain can be included. It should be noted here that the
model is developed to predict the single pixel signal-to-noise ratio (SNR) of open field
portal images (ie. zero frequency signal), which is defined as the ratio of the average
value of region-of-interest (ROI) to the rms deviation in the pixels within the ROI. Since
the open field images contain only the zero frequency information, the affects of the
transfer functions are not applied to the signal propagation.

Let Nx be the average number of X-ray photons per pixel per frame incident on
the screen, and p, be the probability of interaction of those X-rays with the screen. Let
N, be the average number of optical photons produced per interacting X-ray photon with
a variance of cs':;. The generation of these optical photons involves a complicated cascade
process where secondary electrons are generated and scattered. Here a simple model is
considered where each interacting X-ray photon generates some number of secondary
electrons which are then scattered with a scattering transfer function T,(u,v) and result in

the generation of N, optical photons along the length of their tracks. Here u,v are the
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two spatial frequencies in lp/pixel corresponding to orthogonal spatial coordinates. These

optical photons are then scattered with a transfer function T, (u,v) and either absorbed or

escape the screen with a probability of . If Nt is the average number of optical photons
created in the screen per pixel per frame with a variance of o7 having a noise power

spectrum NPS..(u,v), we have
Nt =N, -p, - Ni (5-1)
and it can be shown? that

NPS,(u,v) = (N5 p, N +p, Nxo? — p, NN, )| T, (u,v)[ +p, Nx Np

(5-2)
where T (u,v)=T,(u,v) - T (u,v) (5-3)

is the screen modulation transfer function (MTF). Note that the third term in Eq. (5-2) is

always smaller than the sum of the first two terms. This expression is equivalent to that

given by Rabbani et. al.9 for screen-film radiography. Let p, be the probability that an

optical photon created in the phosphor screen will be detected by the video camera;
m>
= T .. 5 5-4
P, =&n, 1[4F~(1+m)_} (5-4)
where n_ is the quantum efficiency of the camera, T, is the transmittance of the lens, F is
the F/stop of the lens and m is the optical magnification8. Let Np be the average number

of optical photons per pixel per frame detected by the video camera, then the detected

signal is



Np = p, -Np Dy N (5-5)

with a noise power spectrum

NPSd = [pppx ﬁx NP + (pip\ —ﬁx (ﬁp )2 + pip\ _N_\G:; - plzpp\ I_\I-x —N-P ),I;(ua V)]z ] .
(5-6)
This noise spectrum is affected by the transfer function of the anti-aliasing filter in the

frame grabber |Taf(u)] , giving the noise spectrum in the digitized signal

T (u,v)|2|’1“m.(u)]2]

NPS, = [pppxﬁxﬂplTﬁ(u)]2 +(p:;pxﬁx(ﬁp)2 +pipxﬁxci - pipxﬁxﬁp)

or, (5-7)

Ts(u,v)lz]

T +(p2p Nu(N, )2 + p2p, Nio? = p2p NN, )

NPS,, ~ [pppxi\?xﬁp
(5-8)
under the assumption |T,(u,v)|-|T,¢(u)|~|T,(u,v)|. The noise variance o}, of a single

pixel is then given by the volume under the noise power spectruml 0,

0.5 03

ol =~ jdu fdv[pl,pxﬁxﬁpz Tﬂf(u)’2 +(pipxﬂx(ﬁp )+ pipxﬁxci - pipr\l—xﬁ,)>Ts(Ll,v)|z]
-0.5 -0.35
or
" 0.5 05 . , _ ppci R
op = [du [ dv| Nos[T(w)f +| p, Ny + 2= p, [Tl | (5-9)
-5 -05 p

A Monte Carlo study® has shown that o2 ~(N,), but a better estimate? is

Gf, ~ 0.8(N, ). So the noise variance for a single pixel becomes:

# T. Radcliffe, personal communication

84



62 ~ Nofx +k(1.8p, N, —p, )} (5-10)
where

035
= [dulT,(u)f (5-11)

-0.5
and
0.5 0.5
k= fdu Jdv

-05 =05

INCRY| (5-12)

Writing the SNR per pixel per frame as

SNR, = N2 (5-13)

Cp

we obtain:

o (5-14)

SNR, ~ __
Je+18:k-p, - N,

The third term in Eq. (5-10) was neglected in arriving the above expression for SNR,
since it is about four orders of magnitude smaller than the second term.

So far it has been assumed that there was no phantom in the path of the X-ray
beam. However, if the X-ray intensity is reduced by a factor € due to the presence of a

phantom, we then have

ve-Nbp (5-15)

Je+l8k-p, Ny

SNR, ~

If the frequency dependence of the noise propagation is not included as done in Ref 8, the

SNR will be
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Ve-Np

Jl+18-p, Ny

SNR, ~ (5-16)

Equations (5-15) and (5-16) can be used to calculate SNR for images acquired

with cameras in which camera noise in negligible, such as SIT camera.

5.2.2 The effect of CCD camera noise

Let Ny be the average number of thermally generated dark current electrons in
each pixel per video frame with a variance ;. The target integration time n, is usefully
expressed in units of frame readout time (1/30 s), and then the signal in the CCD after the
integration will be n,(Np+Ny) with a variance of n (o2 +02). Signal readout
introduces a readout noise per readout with a variance ;. The signal is then amplified
and digitized, and corresponding pixels from n, sequential frames can be added in a

frame buffer to generate the output pixel value N, given by:

No =n,g n,(Np +Ny) (5-17)

where g is the gain (electrons to gray level conversion factor) of the readout process.

The variance in the output pixel value will then be

2= fgz[nt(cf) +cf,)+cf]+nf0'f] (5-18)

where 0(2‘ is the variance of the quantization noise added by the analog-to-digital
converter (A/D). However, if the A/D has sufficient number of bits one can neglect the

quantization noise, in which case

o’ =nfg2[nt(62D +c§)+cf]. (5-19)
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If a test is carried out without exposing the CCD to light and integrating n, frames on the

CCD, the output noise will be given by

o, =g’[no}+07]. (5-20)

In a plot of o> vs n,, the ratio of the slope to the intercept will yield the ratio of the dark
current random noise variance o to the readout noise variance o;. The dark current
noise can be reduced to a negligible level by sufficiently cooling the CCD. Then Eq. (5-

19) reduces to

R =nfg2[n‘0'f) +cf]. (5-21)

In a plot of o2 vs n, for the cooled CCD using only target integration without frame
addition (n, =1), the slope to the intercept will give the ratio of 6 /c.. On the other
hand, for a similar test carried out using only frame addition without frame integration
(n, =1), a plot of 6} vs n, will yield a straight line through the origin with a higher slope
than in the previous case due to the contribution from readout noise.

One can also make sure that Ny, = 0 by using a suitable black level setting. Under

these conditions the output pixel value will be
N, =n,gn, Np, (5-22)

and the signal-to-noise ratio (SNR) for combined target integration and frame averaging

for the cooled CCD will be:

sNR, =Moo VN g (5-23)

- 2
% l+c’/no,
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2 2 . . .
If one selects n, such that &, <<n,cy, ie., readout noise is much smaller than quantum

noise, the SNR of the output will be
SNR, = /n¢n, No _ Vo, -SNRy. (5-24)
Cp

Equation (5-24) can be interpreted to mean that both n; and n, influence SNR in the
same way as long as ¢” << n,G},, quantization noise due to the A/D is negligible, and the

CCD target is not saturated.

5.2.3 The effect of camera noise in the Newvicon camera

The Newvicon is a vidicon type camera. The electronic noise added by the
amplifier is significant in the images acquired with vidicon type cameras! 1, and therefore
camera noise must be taken into account in calculating SNR. Let o be the noise
variance in the electronic noise added by amplifier with a zero mean value. Then the
variance in the output pixel value of an image acquired by addition of n, sequential

frames will be given by

c)= nfgz[cs%, + 02}. (5-25)
The corresponding SNR of the output will be

SNR =————\/Ef—-SNRD. (5-26)
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5.3 Materials and methods

The prototype portal imaging system used was described in Chapter 3. Three
types of video cameras were investigated for random noise: a SIT (Silicon Intensified
Target), a Newvicon, and a custom designed dual field capture (DF) CCD camera®. A
KD-2** linear accelerator operated in the 23 MV X-ray mode at a dose rate of 300
cGy/min was used to image a 15 cm water phantom. A 20x20 cm? field size was used to
acquire open field images from which the random noise is measured.

Random noise in real time video images can be characterized in either spatial or
temporal terms (see Chapter 4). In this study only the spatial noise estimated from the
variance over a region of interest (ROI) containing many pixels is used. A section of a
horizontal line running through the pixel in question was used, giving the estimate X;.
The SNR was estimated by taking the ratio of maximum signal to Z,.

Experiments on cooling and target integration were performed using the CCD
camera. The CCD can be Peltier cooled to 0° C, and the camera is capable of integrating
up to 99 video frame readout periods on the CCD. Readout is in the RS-170 video mode.

Experimental measurements to find the effect of cooling on dark current random
noise were performed without exposing the CCD to light. Dark current images were
obtained by integrating frames on the CCD target with and without cooling. The spatial
random noise variance T’ using a rectangular ROI was calculated using the method
described in Chapter 4, and the SNR was estimated by taking the ratio of maximum
signal to 2.

For the comparison of target integration and frame averaging, one should perform
the experiments using a stable X-ray source so that exposure can be properly controlled.
This was not possible with the Linacs used in our institution, and the 60Co unit was taken

out of commission due to its age. Therefore these experiments were carried out using a

* Paultek Imaging, Grass Valley, CA
* Siemens Medical Systems Inc. Concord, California.
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light box. Although the light box operates at the 60 Hz line frequency, there are no
pulsation artifacts since the CCD camera timing is synchronized with the line frequency.
Furthermore, the light box contains an incandescent bulb producing light with
exponential decay constant of 156 ms. The stability of the light box was also monitored
for two hour period, and the rms changes were only 0.17%.

Initial experiments were performed using the experimental portal imaging system
with the CCD camera to estimate the required camera gain for real-time portal imaging.
For these tests a 15 cm water phantom was imaged with a 300 ¢Gy/min 23 MV X-ray
beam to simulate clinical conditions. Two different camera gains were found to be
necessary, corresponding to two different metal/phosphor screens. One setting
corresponded to the use of a custom screen consisting of a 500 mg/cm? Gdr0»S: Tb (P-
43) phosphor layer on a 2.25 mm copper plate ("thick screen"). The second setting
corresponded to the 150 mg/em? screen used in the BEAMVIEWPLUS portal imaging
system ("thin screen").

The light level on the CCD for the experiments was controlled by properly closing
the F/stop until the camera is producing the full video signal (0.7 V) in real-time with the
corresponding camera gain. Flat field images were obtained by integrating frames on the
CCD target, or addition of frames on the frame buffer, or by using both. All the
experiments with light were carried out by cooling the CCD. The random noise and the

SNR were measured as described above using a rectangular ROI.

5.4 Results and discussion

5.4.1 Single pixel SNR for a single frame

Figure 5-1 shows a plot of ]TS(u,O)I2 and [Taf(u)lz. The transfer function of the
screen is the "thick screen" MTF obtained by Wowk!12, and the estimate for transfer
function of the anti-aliasing filter was obtained from the manufacturer. It can be seen that

the assumption |T,(u,v)||T,¢(u)|~|T,(u,v)| used in arriving Eq. (5-8) is well justified.
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Figure 5-1. A plot of ITS(u,O)|2 (dotted line) and |Taf(u)|2 (solid line).
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Integration of these functions as shown in Eqs. (5-11) and (5-12) yield values of x ~ 0.5
and k = 0.046 for the CCD camera.

Table 5-1 shows the SNR, values calculated using Eq. (5-15). The values of
N =1.2x10° (for a 1 mm? pixel) p, =0.046, N, =72240, for the "thick screen" were
obtained in a Monte Carlo study of video based portal imaging systems8. The value of &
is taken as 0.78 to accommodate the decrease in N due to the attenuation in a 15 cm
water phantom. Other parameters used are also given in Table 5-1. The SIT and
Newvicon cameras are of 1" format and the CCD camera is of 2/3" format. A 90%
quantum efficiency for the Newvicon camera is used for the calculation even though
"nearly equal to 1" quantum efficiency and quantum yield of higher than 1 are claimed13.
A 10% quantum efficiency was assumed for the S-20 photocathode used in the SIT
camera at 550 nm14. The quantum efficiency of the CCD camera was taken as 50%. The
effects of camera noise is not included in these calculations, so the values correspond to

the maximum possible SNR, under the stipulated conditions.

Camera dx dy n b, K k \/g N, SNR, SNR,;
(mm) (mm) Eq. Eq.

: (5-15) (5-16)
SIT 086 0.68 0.1 39x10¢ 0.5 0.08 60 81 48
Newvicon 0.83 0.65 0.9 4.0x10°5 0.5 0.073 178 192 73
CCD 0.57 057 05 1.4x105 0.5 0.046 84 110 50

Table 5-1. Predicted SNR, from Eq. (5-15) and (5-16). See text for details.

The calculations show that the Newvicon camera has the highest SNR,, while the

SIT camera has the lowest. Even with it's small target size, the CCD camera performs
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better than SIT, since the difference in target size is more than compensated by the
difference in quantum efficiency. The last column shows the SNR, values calculated
according to Eq. (5-16), where the frequency dependence of the noise propagation is not
taken into account, ie k=1 and k =1. Therefore these values correspond to the zero
frequency SNR . The transfer function of the screen and the anti-aliasing filter makes
the magnitude of the noise at higher frequencies to be lower, leading to the higher SNR
calculated for small pixels. There are significant differences between the SNR,
calculated using the two equations for the Newvicon and CCD camera while the
difference is much smaller for the SIT camera. This is due to the fact that the noise in the
SIT camera is dominated by the optical photon noise8, so the changes in X-ray and non-

poisson noise have less effect on the SNR.

5.4.2 Effects of Peltier cooling the CCD

Figure 5-2a shows the increase in the random noise variance . in the dark
current images as frames are added on the uncooled CCD. The straight line is a fit to the
data according to Eq. (5-20). The fit indicates that the variance of the dark current noise
o; is 66% of the variance of the readout noise. Figure 5-2b shows similar results for the
cooled CCD. Once again the straight line is a fit to the data according to Eq. (5-20), and
indicates that o is only 5% of the readout noise variance ¢’. These results show that
cooling the CCD reduced o, by a factor of 13.2 so that it can be neglected when

compared to o_.

5.4.3 Frame averaging vs. target integration

Figure 5-3a shows the change in the random noise variance ¢’ for both target
integration alone (circles) and for frame addition alone (squares) for the light level
corresponding to the thick screen. A maximum of 7 frames were integrated in this case to

avoid CCD saturation. The straight line is a fit to the target integration data according to
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Figure 5-2. a) The increase in > when dark current images are integrated on the
uncooled CCD. The straight line is a fit to the data according to Eq. (5-20). b) Similar

results when the CCD is cooled to 0° C.
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Figure 5-3. a) The increase in ¢ when target integration alone is used (circles) and when
frame averaging alone is used for the light level corresponding to the thick screen.
b) The increase in SNR values for the two type of acquisition. The frame addition

degrades the SNR by 16% due to the readout noise.

95



Eq (5-21) with n, =1, which indicates that the photon noise variance o}, in a single frame
is 245% of the readout noise variance o>. The dotted line is a fit to the frame addition
data according to Eq. (5-21) with n, =1.

The Figure 5-3b shows the corresponding increase in the SNR values for the two
types of acquisition. The dotted line is a fit to the frame addition data and the curve line
is a fit to the target integration data according to Eq. (5-23). The ratio of 6 /o3, for these
fits was obtained from the target integration results in Fig 5-3a. The fit to the target
integration data indicates that the SNR, is 112, and the frame averaging degrades the
SNR by about 16% due to the camera readout noise. This degradation can be recovered
by integrating 6 frames on the camera target, at which point the increase in SNR becomes
proportional to n,. The theoretical model predicted an SNR value of about 110 which
agrees very well with the experimental measurement.

Figure 5-4a shows the increase in o for the light level corresponding to the thin
screen. The variance o3, due to photon noise in a single frame is 111% of the readout
noise variance according tho the straight line fit to the target integration data using Eq (5-
21). Figure 5-4b shows the corresponding increase in the SNR values for this screen.
Once again the dotted line is a fit tovthe frame addition data and the curve line is a fit to
the target integration data according to Eq. (5-23). The ratio of o> / o, for these fits was
obtained from the target integration results in Fig 5-4a. The fit to the target integration
data indicates that SNR is 76, and frame averaging degrades the SNR by 27 % due to
the camera readout noise.

Figure 5-5a shows the effect of combined use of target integration and frame
addition on o for the thin screen. Six frames were integrated on the target first and n;
such images were then added in the frame buffer. The straight line is a fit to the data
according to Eq (5-21) with n, =6. Figure 5-5b shows the corresponding increase in
SNR. The straight line is a fit to the SNR data according to Eq (5-23) with n, =6 and

o’ /a2 =0.89.
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Figure 5-4. a) The increase in ¢} when target integration alone is used (circles) and when
frame averaging alone is used for the light level corresponding to the thin screen. b) The
increase in SNR values for the two type of acquisition. The frame addition degrades the

SNR by 27% due to the readout noise in this case.
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These tests were carried out for the light levels encountered in portal imaging with
15 cm water phantom, which simulate a head and neck field. But for thicker fields such
as pelvic fields, the light levels encountered would be lower, and therefore the ratio of
o7 /op would be higher by a similar factor. According to Eq. (5-23), higher 2 /c?, ratio
implies greater degradation of SNR due to frame averaging. For example, a decrease in
light level by a factor of 2 would increase the ratio o’ /o7, by factor of two, leading to a
SNR degradation of 25% and 40% for the thick screen and the thin screen respectively.
Consequently, the improvements in SNR by target integration will be higher.

Each component of the rms noise in the images acquired by the CCD camera

having a signal value of 255 gray levels is summarised in Table 5-2.

Type of noise Thick screen Thin screen
Ch 2.0 3.2
o, (without cooling) 1.04 2.4
G, (with cooling) 0.28 0.6
c 1.28 3.0

r

Table 5-2. The rms noise measured in gray levels for the single frame images acquired

with the CCD camera.

5.4.4 SIT and Newvicon cameras

Figure 5-6a shows the increase in the measured SNR , when sequential frames are
added in the frame buffer using the SIT camera. The straight line is a fit to the SNR
data with a slope of 0.5 according to Eq (5-26) with o’ =0, and indicates that the SIT
camera has a quantum efficiency of only 2%. However, the S-20 photocathode used in

the SIT camera has about 10% quantum efficiency at 550 nm14. Usually video cameras
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Figure 5-6. a) The effect of frame averaging on SNR for the SIT camera. b) Results for

the Newvicon camera. See text for details.
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are graded by the sensitivity (quantum efficiency) and defects, and 10% quantum
efficiency is a nominal value for a very sensitive camera. However, some of the cameras
may have low quantum efficiency due to variations in the production quality.
Furthermore, the operation at low KV setting may also have an effect on the sensitivity of
the camera. An independent measurement of the camera quantum efficiency is required
to verify the 2% value obtained from the SNR measurements, but such a measurement
could not be performed in the framework of this thesis.

Figure 5-6b shows the increase in the measured SNR; when sequential frames
are added in the frame buffer using the Newvicon camera. The straight line is a fit to the
SNR, data with a slope of 0.5 according to Eq (5-26) which indicates that the camera
electronic noise variance o’ is 120% of the quantum noise variance c3. Therefore the
electronic noise in the Newvicon camera degrades the SNR by more than +/2. Even with
the electronic noise, Newvicon has the highest SNR for a single frame due to its very
high quantum efficiency. The CCD camera has the second highest SNR and the SIT
camera has the lowest.

The rms noise in the single frame portal images acquired with the SIT and
Newvicon cameras using the thick screen are summarised in Table 5-3. The signal value

in the images is assumed to be 255 gray levels.

Type of noise SIT Newvicon
cp 5.5 0.99
c, - 1.1
c 11.6 1.8

Table 5-3. The rms noise measured in gray levels for single frame images acquired with

SIT and Newvicon cameras.
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5.5 Conclusions

A study carried out to investigate the random noise in a real-time portal imaging
system has been presented. Three video cameras were under investigation: A SIT
camera, a Newvicon camera and a dual field capture CCD camera. Frequency dependent
noise propagation through the system was modelled to predict the single pixel SNR for
the three cameras when real-time imaging is carried out. Measurements have shown that
the images acquired with the Newvicon camera have the highest SNR, while images of
the SIT camera have the lowest SNR. The SNR for the CCD camera was better than that
of the SIT camera in spite of its smaller target size. The theoretical predictions for the
CCD and Newvicon camera are in good agreement with the measurements. The effects of
cooling the CCD on camera noise were also investigated. The noise model was further
extended to account for the dark current and readout noise in the CCD camera. Cooling
the CCD was found to reduce the dark current random noise by a factor of 13 or more so
that its contribution to the output noise negligible. Readout noise in the CCD camera
was found to be of 40% and 90% of the photon noise for the thick and thin screens
respectively. Consequently frame averaging was found to degrade the SNR by 16% and
27% for the thick screen and thin screen respectively. The relative advantages of target
integration versus frame addition were also investigated using the CCD camera. It is
shown that the degradation of the SNR due to readout noise can be recovered by target

integration.
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Chapter 6

Fixed pattern noise

6.1 Introduction

The fixed pattern noise (FPN) always imposes the upper limit on the SNR since it
can not be decreased by signal integration. FPN in video based portal imaging comes
from different sources: defects in the phosphor screen, defects in the camera target, and
from the A/D conversion in the frame grabber. It is the author's experience that most of
the frame grabber boards used to capture and digitize video signals have a FPN at the
level of the least significant bit. The ITI-150 frame grabber in the original prototype
system digitizes the video signal to an 8-bit digital word. Preliminary measurements
have shown that the FPN in this frame grabber amounts to a half of a bit making the
maximum possible SNR achievable with the system only 512. The current prototype
system uses the Oculus 500 imaging system from Coreco Inc. which digitizes the video
signal to 10-bit, and this reduces the effects of FPN from digitization by a factor of four.
The structure of the FPN intrcduced by the two frame grabbers will be discussed in
Chapter 7.

The FPN introduced by the phosphor screens is negligible for properly
manufactured screens, and therefore is not considered in this thesis. This chapter

concentrates on the FPN introduced by the CCD camera.

6.2 Theory

CCD dark current generates a significant amount of FPN. This is due to the
spatially uneven generation of thermal electrons in CCD pixels. Since the rms value of

the FPN increases linearly with the number of frames integrated, FPN imposes the
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ultimate limit on SNR if not removed by a correction. FPN is usually removed by
subtracting off a dark current image.

As before, the target integration time n, can be expressed in units of frame
readout time (1/30 s), and then the total spatial noise variance o% in the dark current

images including the FPN can be given as
o1 =n,g’[n,c; +o} | +nig’nloy, (6-1)

where G?p" is the noise variance due to FPN. Other terms are defined in Chapter 5 (page
86). When the dark current is integrated either on the CCD target, or on the frame buffer,
the FPN starts to dominate the total noise. If the dark current is integrated on the CCD

target, ie. n, =1, the total noise can be given as

2 2 2 2 2.2
G:=¢g [n‘cb +GC, + n, 0y, ] (6'2)

6.3 Materials and methods

Experiments were performed using the custom designed CCD camera based on
the TC-217 dual field capture CCD. The details of the experimental set-up were
described in Chapter 5. Dark current images were acquired by integrating thermally
generated charge on the CCD target with and without cooling the CCD. The target
integration time is measured in units of frame readout time (1/30 s) for convenience. The
total noise o which contains the FPN was obtained by measuring the variance in a

40x40 central ROI in these images.

6.4 Results

Figure 6-1 shows two vertical intensity profiles of dark current images, obtained

by integrating 10 frames on the CCD target. Figure 6-1a is the result without cooling the
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Figure 6-1. Vertical intensity profiles of dark current images obtained by integrating
charge for 0.33 s on the CCD target. a) The result without cooling the CCD. b) The result

with cooling the CCD.
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CCD, and Fig. 6-1b is the result with cooling the CCD to 0° C. It can be seen that there
are no gradients in the profiles indicating that the variance in a 40x40 ROI represent the
total noise.

Figure 6-2a shows the increase in the total noise o in the dark current images
when frames are integrated on the CCD target without cooling. The FPN G, dominates
the total noise in this case. For low number of frames, o, increases linearly with the
number of frames integrated and starts to roll off due to the saturation of pixels
contributing to the FPN at this temperature. The straight line section of the data indicates
that the contribution from oy, to o is 6 * 2 gray levels, limiting the spatial SNR to
about 170 if FPN is not removed by dark image subtraction. Figure 6-2b shows the
similar increase in o, when the CCD is cooled to 0° C. The curve is a fit to the data
according to Eq. (6-2), and indicates that contribution from &, to o is reduced to 0.470
+ 0.007 gray levels. This makes the maximum possible SNR due to the FPN in the

camera about 2000.

6.5 Conclusions
The FPN in the dual field capture CCD camera has been investigated, in
particular, the effect of cooling on the FPN. It was found that cooling the CCD reduced

the rms FPN by a factor of about 13, making its magnitude about half a gray level.

108



(@) 125

100

75

© g

25
CCD uncooled

() 20

15

CCD cooled

0 1 | 1 ] 1 | 1 |
0 10 20 30 40

Integration time n, (frames)

Figure 6-2. a) The increase in the total noise variance o2 including the fixed pattern noise
(FPN) when the dark current is integrated on the uncooled CCD. b) Similar results for
the cooled CCD. The curve line is a fit to the data according to Eq. (6-2), and indicates

that the contribution from the FPN to & is only 0.47 gray levels.
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Chapter 7

Noise power spectra

7.1 Introduction

The theoretical and experimental analysis of the noise variances due to different
sources in the real-time portal imaging chain were presented in chapters 3 - 6. However,
a detailed analysis of system noise must always involve the determination of Noise
Power Spectrum (NPS). Based on Fourier analysis of noise variance, the NPS describes
the frequency distribution of the image noise variance, and provides information
additional to the noise variance!l. In this chapter the application of this Fourier method of
noise analysis to the real-time portal imaging system is presented.

Investigation of image noise based on Fourier methods were first developed in
photographic science for analysing photographic granularity. Elias et. al.2, Elias3, and
Fellgett* have pointed out the relevance of Fourier analysis of noise developed in
communication theory to optics, but R. Clark Jonesl pioneered in describing and using
this method for analysing film granularity. The generic name "Wiener Spectrum" instead
of power spectrum was also proposed by J ones! to honour the person who developed the
mathematical concepts. The ambiguity in the use of the term "power" in optics had been
pointed out previously3. Furthermore, the technique of scanning a film with a long
narrow slit to obtain a section of the noise spectrum was also proposed by Jones!, and
later verified theoretically and experimentally by Doi2.

The finished product in film based imaging is a developed film and the spatial
variation of transmittance or the optical density of the film is required to obtain the
Wiener spectrum. Both analog1>4a6a7 and digital® techniques have been used to measure
the NPS of the developed film. Show? has given an excellent review on the historical

development of the subject. The advent of Fast Fourier Transform (FFT) and the
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availability of faster computers have made the digital technique popular, and most of the
NPS measurements with radiographic film screen systems have been carried out using the
digital technique.

It has been shown that special precautions have to be used in scanning a portion of
the film for NPS measurements’. Furthermore, corrections due to the finite size of the
scanning aperture are necessary for film NPS measurements since scanning with a
microphotometer is required to obtain the data. However, the NPS of film are circularly
symmetric due to the isotropic nature of the film, and therefore the central slice of the 2-
D NPS provides the complete picture of the spectrum. Consequently the central slice of
the 2-D NPS has been mainly used in film studies.

NPS measurement techniques were also used for analysing noise in film based
radiographic imagingl0-13. It has been customary in the past to simply adopt the
techniques used for film NPS measurements to digital systemsl4-18. Most of this work
was lead by the NPS measurements performed on a film based digital radiographic
system!9, where a virtual scan of the digital data was performed using a digitally
synthesized long narrow slit to simulate the film measurement technique. This method is
known as the synthesized slit method.

However, in the case of digital imaging, the sampling is an inherent property of
the imaging process1? and the finite pixel size is a part of the digital imaging system.
The final product in digital imaging is a set of digital data representing an image in
contrast to the developed film in film based imaging. Although necessary for
performance analysis in analog fluoroscopic systems20:21, and analysing "pre-sampled”
data in digital systems, pixel size correction in the NPS measurement is not necessary if
one is interested in the analysis of the digital system. Moreover, video based digital
imaging systems are not always isotropic and sometimes are not spatially invariant either,

as shown later in this chapter. Consequently the central slice of the NPS may not provide
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the complete picture of the spectrum21, and the two dimensional structure of the spatial

NPS is necessary to identify any off-axis spectral components.

7.2 Theory
Although the image data representing a physical process can have more than 3
dimensions2, data from real-time monochrome video imaging can be restricted to three

21, However, the

dimensions, consisting of two spatial and one temporal dimension20;
temporal and spatial dimensions are separated for simplicity, and only the two
dimensional spatial noise power spectrum is considered here. A two dimensional noise
data sequence in an image (either digital or analog) with a zero mean can be denoted by

n(x,y) where x and y are the two spatial coordinates.

For an analog noise data set, the 2-D NPS is defined as22

Y

limit 1 1%
NPS(u,v)=X,Y —> oo —— n(x,y) exp [-2mi(ux + vy)] dx d
(1,v) X3y j J (x,y) exp [-2mi(ux +vy)] dx dy

(7-1)
where X and Y are the limits of the analog image dimensions. Here # and v are the
analog frequency variables corresponding to x and y directions respectively. The double
integral represents the 2-D analog Fourier transform and the < ) symbol represents the
process of taking an ensemble average.

Similarly for a two dimensional digital noise data set n(x,y), we can define the

two dimensional NPS by

dx.dy [% & .
N N Z Z n(x,y) exp[-2ni(ux /N, +vy/N )]

x*"Vy|x=0 y=0

NPS(u,v) =

(7-2)
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where dx, dy are the pixel sizes in two spatial directions, Nx and Ny are the number of
pixels in each spatial direction. Here u and v are the digital frequency variables
corresponding to horizontal and vertical directions respectively. The double summation
represents the 2-D discrete Fourier transform.

Once a two-dimensional spectrum is calculated according to Eq. (7-2), the central
slices of the spectrum can be extracted simply by using NPS(u,0) and NPS(0,v). On the
other hand, an average value of the noise power spectrum in one direction can be

obtained by averaging along the other direction. ie.,

N,
NPS(u) = ?\IL > NPS(u,v) (7-3)
v v=0
and
1 N -1
NPS(v)=N—Z NPS(u,v) (7-4)
x u=0

These one-dimensional spectra can also be calculated by performing a one-

dimensional Fourier transform. The exact central slice along the u axis can be obtained

by
dx.dy % . )
NPS(u,0) = > n,(x) exp[-2mi(ux/N,)] (7-5)
x y | x=0
where
N -1
n (x)= Z n(x,y). (7-6)
y=0

This follows directly from Eq. (7-2) when v = 0. This method is known as scanning
synthesized slit method to obtain the central slice of the NPS19,20
Similarly, a statistical realization of the average value along the u axis can be

obtained using
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N ~1
NPS(u) = dx.dy D n,(x,0) exp[-2mi(ux/N_)] ). (7-7)
X x=0

7.3 Materials and methods

The prototype portal imaging system used this study was described in Chapter 3.
Three types of video cameras were used for image acquisition: a SIT , a Newvicon, and a
dual field capture (DF) CCD camera. The Newvicon camera had no manual gain control,
so automatic gain-control was used. The pixel size at the metal/phosphor screen for the
three cameras were 0.863 x 0.682 mm?, 0.827 x 0.645 mm?2, and 0.64 x 0.64 mm?2
respectively. Both ITI-151 and OC-500 frame grabbers were used for image acquisition.
ITI-151 was used for acquiring images from the SIT and Newvicon cameras, and the OC-
500 was used to acquire images from the CCD camera. Dark current images of the SIT
camera were also acquired by OC-500 for comparison.

A 6 MV X-ray beam at a dose rate of 300 cGy/min at isocenter was used to
acquire portal images. A 15 cm thick water phantom was used to simulate X-ray
intensities encountered in the clinical settings. Images were also acquired using the SIT
and CCD cameras with a light box. The light level falling on the cameras was adjusted to
that encountered in portal imaging. Dark current images of all the three cameras were
also acquired.

The two dimensional noise power spectra were calculated using Eq. (7-2). The
central slices were directly extracted from the two dimensional spectra, and the average
values along the two directions were calculated using Eq.(7-3) and (7-4). The central
slices and the averages were also calculated using Eq. (7-5) and (7-7) for comparing the

one- and two- dimensional calculation methods.
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The middle 256x256 section of 512x480 or 640x480 pixel images were used to
evaluate the NPS. The 2-D image data were Fourier Transformed using a general n-
dimensional discrete Fast Fourier Transform (FFT) algorithm23. The noise power was
obtained by scaling the squared modulus of the Fourier transformed data by the pixel size
(dx-dy) and the number of pixels (N =256, N =256) used in the transform. NPS of
25-100 image pairs were averaged to reduce the variance in the spectra. No data
smoothing window is applied before the FFT, as it did not make significant changes to
the NPS in the preliminary NPS calculations. A previous study20 has also reported that
data windowing had little effect on the NPS of video based X-ray images.

No pixel size correction is made in the spectra since we are interested in the noise
performance of the entire system. The spectra were normalized by the square of the mean
signal value of the 256x256 region used for the NPS calculations. The spectral values
shown, therefore, correspond to the central 256x256 region of the images only. This is
due to the fact that lens vignetting and any non uniform response of the camera leads to
different gray values at the edge of the images!8. The program used to calculate 2-D
NPS was written for a PC-486 using Microsoft C-7 compiler to run under Microsoft
Windows 3.1.

A 4x4 frequency bin average of the 256x256 NPS array was used for plotting the
2-D NPS as the plotting routine could not handle the full data set. The central slices of
the 2-D spectra ( NPS(u,0) and NPS(0,v) ) were extracted from the 2-D results, and the
averages of the spectra taken along the two directions ( (NPS(u) and NPS(v) ) were
also obtained as shown in Eq. (7-3) and (7-4). The conventional 1-D calculation of the
central slices using the "synthesized slit" method and the calculation of the average value
along the two directions were also performed according to Egs. (7-5) and (7-7). This 1-D
calculation was carried out only for the single frame images of the water phantom

acquired by the SIT camera, for both horizontal and vertical directions.
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7.4 Results and discussion

7.4.1 SIT and Newvicon cameras

The two dimensional noise power spectrum of single frame portal images of the
water phantom acquired with the SIT camera is shown in Fig. 7-1. The high value (peak)
of the NPS at the Nyquist frequency in the v axis is due to the interlace artifact (different
intensities in the two interlaced fields). The increase in the spectral values along the v
axis is due to the banding artifact. The banding artifact changes from image to image and
this leads to a randomly distributed noise power along the v axis. Both these artifacts
influence the noise power only along the v axis. The use of the central slice NPS(0,v) of
this spectrum as a representation of the noise power in the v direction will lead to an
over-estimate the magnitude of the 2-D spectrum due to the increase in the spectral values
along the v axis. This emphasizes the fact that 2-D spectral calculation is necessary to
properly estimate the spatial noise spectrum in video based digital imaging.

Figure 7-2 shows the 2-D spectrum of the images obtained with the SIT camera
using a light box. The central spike is due to excess variability in the mean brightness of
the images. There are no extra spectral components along the v axis due to pulsation
artifacts since the intensity of the light box is very stable. However, a small increase in
the spectral values along the v axis can be seen in this spectrum. The video noise
spectrum published by Tapiovaara also exhibits a similar behaviour2!, but no explanation
was given for the increase. The author believes that this is due to the clamping error; the
error in detecting the black level in each horizontal video line in the RS-170 video signal.
The clamping error is a systematic error for each individual video line, and will not affect
the noise power in the horizontal direction. However, the random nature of the clamping
error makes the noise power along v axis higher than the average.

Figure 7-3 shows the comparison of 1-D slices obtained by 2-D calculation using
Egs. (7-2) - (7-4), and 1-D calculation using Egs. (7-5) - (7-7) for the images used in

calculating the NPS shown in Figure 7-1. Figure 7-3a shows the horizontal slices
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Figure 7-1. Two dimensional noise power spectrum of single frame water phantom

images acquired with the SIT camera. The increase in the spectral values along the v axis

is due to the pulsation artifacts.

117



G,
%&\.ﬂ.}s\\s S
G

S50
5

45
i
<)

2
%

\ <t
TN >
uvov.‘ﬁamw.&cg nﬂ

2%

==
.
S
W gs:
-
SRR

0.005

0.004

images acquired with the SIT camera when

Figure 7-2. Noise power spectrum of

illuminated with a light box.

118



Spectral value (mm?)

Spectral value (mm?)

Horizontal
100 central (Eq. 7-2)
central (Eq. 7-5)
A average (Eq. 7-3)
10 average (Eq. 7-7)
10_2 =
107 k&
107
10°° | ;
1
1 O 1 I 1 I i I ]
o Vertical
100 [ A
5 o central (Eq. 7-2) ?"
S central (Eq. 7-5) ™
107" &:mq -------- average (Eq. 7-3) |
8 average (Eq. 7-7) 5
@ ]
1072 -
R & &
o
o %WWm% WOM%“’Q“QQP
107
10°°
0.0 0.2 04 0.6 0.8

Spatial frequency (Ip/mm)

Figure 7-3. a) Comparison of the central slices and the averages of the 2-D NPS in the u
direction obtained by the 2-D calculation (using Egs. (7-2) - (7-4)) and by the 1-D
calculation (using Egs. (7-5) - (7-7)) . b) Similar comparison in the v direction. These

results show that the two methods give almost identical results.
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NPS(u,0) and NPS(u), and Figure 7-3b shows the vertical slices NPS(0,v) and m(v).
It can be seen that the slices calculated by the two methods agree very well. The relative
effect of the anti aliasing filter obtained from the data shown in Fig. 5-1 is also shown in
Fig. 7-3a. The data were scaled down by a factor of 100 for easy comparison.

NPS of the SIT camera images must be "white" (uniformly distributed), as the
noise in the SIT camera images are dominated by the optical photon noise. However, a
decrease in the spectral values in the u direction at higher frequencies is clearly seen.
This roll-off in the NPS in u direction is consistent with the shape of the anti aliasing
filter characteristics indicating that this roll-off is due to the anti-aliasing filter.

Figure 7-4 shows the 2-D NPS of single frame dark current images from the SIT
camera acquired by the ITI-151. The spectrum in the horizontal direction increases
initially at low frequencies, and then starts to decrease at higher frequencies due to the
anti-aliasing filter. The increase in the camera noise power in the horizontal direction is
typical of vacuum tube cameras24. The differences between the magnitude and the shape
of this spectrum and that of the Fig. 7-2a confirm that the camera noise in the images
acquired with the SIT camera is negligible.

Figure 7-5 shows the 2-D NPS of single frame dark current images from the SIT
camera acquired by the OC-500. The spectral peaks that were present in Fig. 7.4 are
absent in this spectrum indicating that this feature is introduced by the ITI-151 frame
grabber. However, there is an increase in spectral values at u = 0.219, 0.326, 0.45, and
0.568 mm-! due to the fixed pattern noise introduced by the OC-500 system. These
differences in the spectra acquired by the two frame grabbers clearly indicate that frame
grabbers can introduce spatial fixed pattern noise.

Two dimensional noise power spectrum of single frame images of the water
phantom acquired with the Newvicon camera are shown in the Fig. 7-6. Although the
dose delivered to the phantom during a video frame is only 0.167 cGy, the lag in the

Newvicon makes the effective dose used in producing the images somewhat higher. The
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increase in the spectral values along the v axis due to the two pulsation artifacts can be
seen. The roll-off in the NPS in u direction due to the anti-aliasing filter can also be
seen.

Figure 7-7 shows the 2-D NPS of single frame dark current images of the
Newvicon camera acquired by the ITI-151. The similarity of the shape of this spectrum
to that of the Fig. 7-6 confirms that the noise in the images acquired with the Newvicon
camera is dominated by the camera electronic noise. The spatial fixed pattern noise
introduced by the frame grabber is not visible in this spectrum since the camera noise is

much higher in the Newvicon camera.

7.4.2 The effect of second quantization

Noise power spectra of the phantom images acquired with the Newvicon camera
by averaging 256 video frames are shown in the Fig. 7-8. Figure 7-8a is the spectrum of
the images obtained by floating point frame averaging, and Fig. 7-8b is the spectrum of
the images obtained by integer (digital) frame averaging. It was shown in Chapter 3 that
the integer frame averaging used in the portal imaging system introduces quantization
noise. The increase in the NPS due to the second quantization (integer frame averaging
is quite significant in these 256 frame averaged images. It can be seen that the effect of
quantization noise is almost white (equally distributed within the whole spectrum). The
three small spikes in the horizontal frequency axis and the small spike in the vertical
frequency axis are due to the temporal variation in the spatial fixed pattern noise in the
Newvicon camera. It was shown earlier that time jitter converts some of the spatial fixed

pattern noise into random noise25,
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Similarity in this spectrum and that
of Fig 7-6 indicates that the noise in portal images acquired by the Newvicon camera is

dominated by the camera electronic noise

125



fo—

AR
m/w,f@/x ,..«soopo&o.“mwuwv‘&&
S .
00 .,,GA.HM\M.WWV.o, -
RS
{ KRR Wwﬂ.@hh\% %

©
o
o
X
<
<

Figure 7-8. a) 2-D noise power spectra of water phantom images acquired with the

Newvicon camera by averaging 256 frames in floating point (or digital addition).

126



4.0x106
T
€ 6
— 2.0x10 ’x*
(1:25 &5 D 'E%' 5‘_ '{«%‘% \/‘g‘ w al‘,&‘*‘fﬁ‘ M&
% GRS < @"Q‘Xﬁr/ i *ﬁ‘{i)ﬂ"w '\.' 0 M‘;\f‘v\y{ "& ‘3‘ ’,‘VQ‘
B Y /0,*" v* v&-
0 «\, /
& 06 L Gl o “‘“&. o 0.6
n ) V X ‘9’? v 0‘4

"0 4 /o \

/S' \§\/ 02
D, 0.2 00 o
@9(,@/) 0.2 04 é\cﬁ
Yy, , 04 -0.6 %@&
/P >
/}7,)7} 0.6 AQ&O

Figure 7-8. b) 2-D noise power spectra of water phantom images acquired with the

o 3 i
Newvicon camera by digitally averaging 256 frames. The increase in the noise power is
due to the second quantization

127



7.4.3 Results of the CCD camera

Figure 7-9 shows the 2-D NPS of single frame water phantom images of the CCD
camera. The fixed pattern noise from the OC-500 frame grabber can be clearly seen in
this spectrum. The extra noise due to pulsation artifacts is absent, but an increase in the
spectral values along the central slice of the vertical direction due to the clamping noise is
seen. It is clearly seen that the two dimensional nature of this spectrum can not be
represented by the two central slices. Figure 7-10 shows the similar spectrum obtained
by using the light box, which also exhibits similar clamping noise. Comparison of the
two spectra indicates that the spectra of the portal images have higher spectral values at
low frequencies due to the X-ray quantum noise.

The differences in the noise power at low frequencies between portal images and
that of the light box images can not be observed properly along the u direction due to the
effects of the anti aliasing filter. Furthermore, the central slice along the vertical direction
can not be used either due to the effects of clamping noise. Therefore the average of the
two vertical slices NPS(0.00609,v) and NPS(0.01219,v) are shown in Fig. 7-11 for water
phantom images and for light box images. Comparison of the results between water
phantom images and the light box images clearly show the increase in spectral value in

the portal images due to X-ray quantum noise at low frequencies.

7.5 Conclusions

A novel method has been used to measure the 2-D NPS of real-time portal
images. Comparison of the NPS of the images obtained with different cameras and
different frame grabbers have been used to identify the sources of noise which contribute
to the NPS. It has been shown that pulsation artifacts introduce extra noise along the
vertical frequency axis in real-time portal images. It has also been shown that the 1-D
and 2-D calculations of the central slices of the 2-D NPS and the averages of the 2-D

spectra taken over one direction, give the same results. However, it has been shown that
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the central slice along the v axis can give an over-estimate of the spectra due to the extra
clamping error and pulsation artifacts which contribute only to the noise power along the
v axis. Noise in the portal images acquired by the SIT camera is shown to be dominated
by the optical photon noise, whereas the noise in the images acquired by the Newvicon
camera is dominated by the camera noise. X-ray quantum noise is significant in the
portal images acquired by the CCD camera at low spatial frequencies. It is also shown
that frame grabbers can introduce temporally variable, but spatially fixed noise, and the
noise power due to the second quantization is "white". It is shown that 2-D noise power
spectra calculations are necessary for real-time video based imaging since NPS in these

situations can have 2-D structure.
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Chapter 8

Quality control for VEPIDs

8.1 Introduction

Verification of field placement is an essential part of a comprehensive quality
assurance program for radiation oncology, and a recent AAPM Task Group Report1
recommends acquiring portal images at least once a week. With the development of
electronic portal imaging devices? (EPIDs), verification is now much simpler and can be
carried out on a more frequent basis, with the expectation of reducing gross field
placement errors and increasing overall treatment accuracy. However, the efficacy of an
EPID depends on the image quality3, and so it is essential to devise quality control (QC)
tests for the devices themselves. Such tests are required by the manufacturer at
installation, and by the user throughout the lifetime of the equipment. In particular, when
the optimized portal imaging system described in this thesis is clinically implemented, it
is very important that the users can verify that it is operating at the optimal level

Unfortunately the qualitv assurance of EPIDs is not mentioned in the recently
published AAPM code of practice for radiotherapy accelerators?. However, as these
systems become part of regular clinical practice, it will be necessary to ensure their
correct and reliable operation at all times. Even if the image quality is optimal at
installation, a number of factors can lead to deterioration over time. Specially, video-
based electronic portal imaging devices (VEPIDs) may suffer from shifting or
deformation of the detector housing, dust or dirt on lenses and mirrors, loose or
unfocused optical components, improper frame grabber or computer control settings, or
malfunctioning electronic equipment.  Qualitative visual QC checks have been
suggested” using the Lutz07 and the Las VegasS9 phantoms, but a less subjective

approach is necessary for routine daily quality control. A recent proposal involves the



construction of contrast-detail curves using the spectral properties of the radiation beam
to compute the contrast of the test objects10, but its implementation with EPIDs has yet
to be evaluated.

The development of an objective, quantitative QC test for VEPIDs which is
simple to perform and which requires no observer skills or subjective decisions is
presented. It is designed to test for acceptable performance in high contrast spatial
resolution and contrast-to-noise ratio (CNR). Daily measurements have been made over
a period of several months, and the test is shown to be sensitive to variations in the
measured parameters when preventative maintenance procedures are carried out or when

system parameters are adjusted.

8.2 Experimental method

A QC phantom was designed for use in the test, which consists of five sets of
high-contrast rectangular bars with spatial frequencies of 0.1, 0.2, 0.25, 0.4, and 0.75
Ip/mm. A schematic diagram of the QC phantom is shown in Fig. 8-1. The frame of the
phantom is made of aluminum, and the five test sections are made of lead and Delrin
(Acetal) plastic (density : 1.42 g cm™3). The phantom is 15 mm thick and has 3 mm
Acrylic and 2 mm aluminum cover plates on the top and the bottom respectively. With
the VEPID located under the patient (0° in the Siemens gantry coordinate system), the
phantom is placed on the top of the VEPID detector housing in order to acquire test
images. This location preferred rather than the isocenter in order to minimize blurring
due to the beam penumbra, since the test is intended to monitor the performance of the
VEPID and should be independent of the linac source size. The phantom is rotated to 45°
relative to the video scan lines to prevent aliasing in the images of the bar patterns. A
simple frame to attach the phantom on the detector housing was also designed in order to

be able to acquire images at all gantry angles.
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Figure 8-1. A schematic diagram of the QC phantom. See text for details.
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The QC phantom has been used on two different VEPIDs. The first was the
prototype BEAMVIEW system which used a PC-386 computer for image acquisition,
processing, display and storage. Only spatial resolution tests were made with this system.
The second VEPID was the BEAMVIEW'-YS system™* based on a Sun workstation, from
which images were downloaded via PC-NFS to a PC-386 for analysis of both spatial
resolution and CNR. The experimental technique consists of four steps: first, the
phantom is placed on the VEPID housing, the radiation beam is switched on, and the
digital gain and offset (threshold) are adjusted to achieve maximum contrast without
saturating the video signal. Second, two video images are acquired, each the average of
16 video frames (0.54 s or about 2 MU). Third, the images are ported to the analysis
program, and the position of the phantom is delineated on the monitor by the operator.
The fourth step is the totally automatic analysis of the images without operator
interaction.

The analysis program places a region of interest (ROI) over each set of bars as
shown in Fig. 8-2. The frequency dependent Square Wave Modulation Transfer Function
(SWMTF) is determined by the method proposed by Droegell and the frequency for
50% modulation (f5¢) is compared with the predetermined critical frequency f. as a test of
system performance. In addition, values of the CNR are calculated and compared with

the predetermined critical value CNR..

8.2.1 Determining the SWMTF

The SWMTF of an imaging system is defined asl?

SWMTE(f) = A—fé@ (8-1)
]

* Siemens Medical Systems Inc., Concord, CA.
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Figure 8-2. A portal image of the QC phantom at diagonal orientation obtained with the

BEAMVIEW portal imaging system. The ROI's used for the QC test are marked on the

image.
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where AE, and AE(f)are the modulations of input to and output from the system. Since
an absolute measure of the SWMTF is not necessary in determining day-to-day variations
in the system resolution, a relative measure (RMTF) of the SWMTF can be used by

calculating;

RMTE(f) = ﬁ—g((% _ (8-2)

where AE(f)) is the output modulation for the lowest frequency. Usually the output
modulation AE(f) is difficult to obtain from a noisy image, and therefore Droege and
Morinl3 suggested using the relationship between a signal amplitude and its variance.
For a sinusoidal output, (AE)* is proportional to the variance (M)*> within an ROI
containing the bar pattern, and the above relation can be rewritten as

M(f)

RMTF(f) = M) (8-3)

In the presence of random image noise, M(f) can be obtained by

M?(f) =’ (f) - a’(f) (8-4)

where o7 () and o*(f) are the measured total variance and the variance due to random
noise, respectively. The total variance o’ (f) is obtained by measuring the variance of
the pixels in the ROI corresponding to frequency f. In order to measure the random noise
in an image, a pair of similar images are subtracted and the standard deviation obtained
from the difference, thus avoiding contributions from fixed pattern noise. In this case, the

variance of the subtracted ROI (2, ) will be

142



2 2 2
csub = 0-17 + G, (8'5)

2 2 . . . .
where o} and c; are the random noise variances of the ROI's for each image. Assuming

that these two variances are equal we get;

G, =c= "%5 (8-6)

The variance ¢”(f) is calculated once using Eq. 8-6, for the set of bars with the
highest frequency (0.75 lp/mm) on the assumption that random noise is same for all

ROTI's.

8.2.2 The extraction of f,

Three methods were tested for obtaining the critical frequency f, for which the
response is 50% of the maximum from the RMTF(f) data. In the first method, f;, was
obtained by interpolating between the two data points immediately below and above the
50% response. A check is carried out before evaluating the RMTF(f) to verify o’(f)
decreases as the frequency inc.eases. The second method used a second order least
squares polynomial fit to the RMTF(f) data, and the third method incorporated a least
squares fit to the logit function. Figure 8-3 shows the RMTF data for the test image pair
with the three different fits to extract fs,.

A series of tests was carried out using a pair of test images as well as four
additional image pairs intended to simulate the degradation of imaging performancel4.
These additional images were obtained from the original pair of test images by (a):
adding Gaussian noise with ¢ = 5, (b): adding Gaussian noise with ¢ = 10, (¢):
performing a 3x3 blur, and (d): performing a Gaussian blur with ¢ = 5. Figure 8-4 shows

the results of the three different fits to extract fy, from the image pair obtained by
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Figure 8-3. The RMTF curve for the test image pair showing the three types of fitting

used to obtain the value of f,.
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Figure 8-4. The results of the three different fits to extract fy, from the image pair

obtained by performing a 3x3 blur.
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performing a 3x3 blur. Figures 8-3 and 8-4 clearly indicate that linear interpolation is the
most reliable criterion for determining f5,, and therefore was adopted for use in the

routine QC test.

8.2.3 Determining the CNR
The CNR for the QC test was calculated by
Il — Iz

CNR =12 (8-7)
(¢}

where I, and I, are the average gray values of the brightest and darkest ROI's as shown in

Fig. 8-2. The calculation of random image noise, ¢, was described in section 8.2.1.

8.2.4 Phantom alignment

The BEAMVIEW and BEAMVIEWPLUS portal imaging systems utilize non-
square pixels giving rise to different MTF's in horizontal and vertical directions. By
using the diagonal phantom orientation, as shown in Fig. 8-2, a combined measure of
resolution in both directions could be obtained, as well as a reduction in errors due to
possible changes in ROI size and positioning! 1. The robustness of the algorithm for the
determination of RMTEF(f) was tested against the ROI size and positioning for this
phantom orientation using the 0.2 Ip/mm section of a test image. The result was found to
vary with an rms deviation less than 0.7% for a change in ROI dimensions and position
by + 5 pixels. The robustness of the complete QC procedure was tested by repeating the
test 10 times, and the rms deviation of the results was less than 0.6%. Changes in field
size and increasing the image acquisition times did not have a significant impact on the

measured results.
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8.3 Results

Measurements were made daily on the BEAMVIEW imaging system mounted on
a KD-2 dual energy linear accelerator. System performance was monitored during a
calibration period of 18 days, and these data were used to determine the mean and
standard deviation of f;,. Subsequently the value of f, was arbitrarily set to be three
standard deviations below the mean value. Any subsequent measurement in which the f;,
< f, would be deemed a failure of the test, and a warning message displayed to the
operator.

Figure 8-5 shows the daily plot of 5, for the BEAMVIEW portal imaging system
during the calibration period and a later test period, for two treatment energies. Since the
VEPID was mounted on a dual energy linac, it was possible to perform the QC test at
both 6 and 23 MV. The dotted and dashed lines represent the + 3 standard deviations
determined during the calibration period and extrapolated to the test period for 6 and 23
MV respectively. It is seen that system resolution at 6 MV is superior to that at 23 MV,
an effect which has been observed previously and is a result of the larger physical beam
penumbra at higher energies! 5,16, There is a close correlation between the fso values for
the two energies, since changes in resolution are due to problems in the detector system.
A trend in worsening resolution is seen from test day 29, and even though a number of
tests failed, no action was taken to service the system. The BEAMVIEW imaging system
was replaced by a BEAMVIEWPLUS gystem at this time.

Figure 8-6 shows a plot of f;, recorded on a daily basis for the BEAMVIEWPLUS
system which includes the first 25 day calibration period and the subsequent test period.
The dotted and dashed lines once again represent the + 3 standard deviations determined
during the calibration period and extrapolated over the test period. It is seen that f50
values at both 6 and 23 MV lie around 0.18 lp/mm for the BEAMVIEWPLUS whereas
values for the BEAMVIEW system are 0.29 and 0.23 lp/mm respectively. The superior

resolution of the prototype VEPID is attributed to the Silicone Intensified Target camera
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Figure 8-5. Plot of fj, recorded on a daily basis for the BEAMVIEW portal imaging
system at gantry angle 0° at 6 and 23 MV. The two dotted and dashed lines indicate + 3
standard deviations from the mean which were calculated from data taken during the first

18 test days.
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Figure 8-6. The plot of fy; for the BEAMVIEWPLUS portal imaging system at gantry

angle 0°. PM1 and PM2 indicate the days when preventative maintenance was performed

on the system. The F/stop of the lens was changed from F/1.1 to F/1.4 during PM1.
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tube used in the earlier system, which was replaced by a lower resolution Newvicon tube
in the later model.

Preventative maintenance (PM) was performed on the imaging system after test
day number 128 at which time the optical components were cleaned and the lens was
refocused. The maximum lens shutter opening of F/1.1 had been used up to this point.
Video lenses do not have the best Modulation Transfer Function (MTF) at the maximum
shutter opening (i.e. lowest F/stop), and therefore it was decided to close down the F/stop
to F /1.4 in an attempt to obtain improved spatial resolution. The f, values for both 6
and 23 MV increased significantly after this PM, but for some unknown reason the fj,
values fell back to the previously recorded values over a period of several weeks.
Another preventative maintenance was performed on test day 187 where once again the
lens was refocused, and fs returned to the previous high values. These results suggest
that regular preventative maintenance and routine QC tests are beneficial for VEPIDs.

Figure 8-7 shows a plot of CNR values recorded on a daily basis for the
BEAMVIEWPLUS  portal imaging system. The dotted and dashed lines represent + 3
standard deviations determined during the calibration period of 25 days. It is seen that
CNR for 23 MV is higher than that for 6 MV, which is due to the higher dose rate (300
¢Gy/min) at 23 MV compared to that at 6 MV (200 cGy/min). Since the QC images were
acquired by averaging 16 video frames (0.53 sec), the dose utilized in acquiring the
images was 2.67 cGy and 1.78 ¢Gy at 23 and 6 MV respectively. Although the primary
subject contrast is higher at 6 MV, the decrease in image noise at the higher dose rate
results in higher CNR values at 23 MV than at 6 MV.

The sharp drop in CNR after the first PM is due to the change in F/stop, which
reduces the amount of light reaching the camera, and increases the noise. No such change
is seen at the second PM, since the lens aperture was not changed at that time.

Figures 8-8a and 8-8b show the plot of f;; values recorded daily for four gantry

angles; 0°, 90°, 180°, and 270°. Figure 8-8a shows the results at 6 MV, and F ig. 8-8b
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Figure 8-7. The plot of contrast-to-noise ratio (CNR) for the BEAMVIEWPLUS portal

imaging system.
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Figure 8-8. a) Plot of fy, for the BEAMVIEWPLUS portal imaging system obtained at

four gantry angles, at 6 MV.
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shows the results at 23 MV. Significant differences are seen between the fy, values
obtained at some gantry angles, showing that the test is very sensitive to changes in
imaging performance of the system at both 6 and 23 MV. On average, the highest values
of {5, are obtained at gantry angle 270°, since it is at this gantry angle that the lens is
focused during preventative maintenance. The reduced performance at other gantry
angles is suspected to be due to flexing of the detector housing and possible changes in

the camera-screen distance.

8.4 Spurious results due to image artifacts

Figure 8-9 shows the RMTF curves for three test days for the BEAMVIEW?PLUS
portal imaging system: test day 26 which gave an average f;, value, test day 45 which
gave a f;, value above the * 3 standard deviation range, and test day 52 which gave a fy,
value below the + 3 standard deviation range. When the QC images for test day 45 were
investigated, it was found that the images were saturated in the region containing the
lowest frequency bar pattern. Since the RMTF is defined with respect to that set of bars,
the RMTF values at other frequencies increased giving a spurious high value for fi, on
that day.

When the QC images obtained on test day 52 were investigated, it was found that
one image contained significantly high pulsation artifacts. Since random image noise is
obtained by subtracting the image pair, the noise due to the pulsation artifact was also
included in the random noise estimation. Figure 8-10 shows the comparison of vertical
intensity profiles across the center of the image obtained by subtracting one QC image
from the other for the test day 26 (a) and for the test day 52 (b). This result clearly shows
the increase in noise in the center of the images on test day 52. The higher value of
random noise made the RMTF to fall below zero at higher frequencies as seen in Figure
8-9. This led to a 5% decrease in f;, value on day 52 as well as on test days 97 and 102.

It must be noted here that the influence of these artifacts are maximum when they appear
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Figure 8-9. The RMTF curves for three test days. Test day 26 gave an average fy, value,
test day 45 gave fy; value above the + 3 standard deviation range, and test day 52 gave

f5p value below the + 3 standard deviation range.
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Figure 8-10. The vertical intensity profiles of the image obtained by subtracting two 16
frame QC images acquired on the same day. a) Profile from the QC images acquired on

test day 26. b) Profile obtained from the QC images acquired on test day number 52.
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at the ROI corresponding to the highest spatial frequency which has the lowest variance
(ie. at the centre of the phantom), and therefore the influence of these artifacts on the {5
value will not be higher than 5% when appear at other places of the QC images.

Other artifacts due to the electrical interferences have also been observed in the
images acquired by the BEAMVIEWPLUS portal imaging system. The presence of these
artifacts in the QC images can lead to spurious failures of the test, and therefore the test

must be repeated by physics personnel if it failed at the first attempt.

8.5 Conclusions

The development of a Quality Control (QC) test for video based on-line portal
imaging systems suitable for routine daily use which tests the system for acceptable
performance in high contrast spatial resolution and contrast-to-noise ratio has been
presented. A QC phantom consisting of five sets of high-contrast rectangular bars was
designed for use in the test. A series of QC measurements has shown that this method
provides an automatic, objective, and sensitive measure of the system's imaging
performance and is a useful tool for routine daily quality control as well as for

commissioning new installations.
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Chapter 9

On-line imaging of electron treatments

9.1 Introduction

Verification of X-ray treatment fields by portal imaging is a standard procedure in
most centers. Conventionally, portal films are used during the first treatment and on a
weekly basis thereafter, although the advent of electronic portal imaging devices (EPIDs)
provides the capability of verifying every treatment field on a daily basis. Verification of
electron treatment fields is much less common, although the need to do so is well
established. With electron applicators in place it is difficult to ensure accurate setup, and
often the target volume is not located directly underneath the surgical scar for cosmetic
reasons. For example, Regine et al. found that 12 out of 17 patients given electron boost
fields for breast irradiation suffered from geographical misses when set up clinicallyl.
They recommended the inclusion of surgical clips to mark the target volume, and 3-D
planning following a CT scan to ensure delivery of an adequate treatment volume to the
tumor bed, but did not address verification of the electron fields during treatment.

Keller2 was probably the first to demonstrate portal imaging with electron beams,
using a lead foil cassette and Kodak XRP-1 film. Clinical experience with film
verification was reported by Grimm et al. for 10 MeV electrons3, and by Gur et al. for a
wide range of electron energies#. Storage phosphor technology has also been shown to be
effective?-8 in acquiring portal images of electron treatments, although Weiser et al.
correctly pointed out that for superficial treatments the portal image will be more
sensitive than the target volume to changes in beam angle9. The goal of the present study
was to evaluate the possibility of using EPIDs for on-line verification of electron
treatments, thus avoiding the difficulties and delays inherent in film and storage phosphor

techniques.
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Electrons are useful for superficial and local boost radiation treatments on account
of their low range in tissue, so that structures underlying the target volume are spared
high dose levels. However, portal imaging using radiation transversing the total patient
thickness is still possible during electron treatments due to the contaminant
bremsstrahlung, which contributes 4-5% of the maximum electron doselO in a typical
clinical linear accelerator. These high energy X-rays are generated in the scattering foil
of the treatment head, and their intensity has been shown to vary with the photon
collimator settings“. This X-ray contamination of an 18 MeV electron beam was used
to demonstrate the acquisition of on-line electronic portal images of a Rando

anthropomorphic head phantom.

9.2 Materials and methods

The optimized version of the prototype video-based electronic portal imaging
system was used to acquire on-line portal images of the Rando head phantom. The
system uses a metal/phosphor screen consisting of a 500 mg/cm? GdyO,S:Tb (P-43)
phosphor layer on a 2.25 mm copper plate which was placed at a source-detector distance
of 140 cm. Optical coupling between the metal phosphor screen and the video camera
was achieved with a F/0.85, 25 mm c-mount lens and two 45° front surface glass mirrors.
The video camera was the custom designed dual field capture CCD camera. The camera
was Peltier cooled to 0° C to reduce dark current, and was shielded with 5 cm of lead to
avoid noise due to direct detection of X-rays by the CCD. A PC-486 equipped with a
Oculus 500 (OC500) processing board® was used to acquire images.

The KD-2 linear accelerator™ used in this study was operated in the 18 MeV
electron mode at a dose rate of 300 ¢Gy/min with a 15x15 cm? accessory cone. The dose

rate at the detector surface due to the X-ray contamination after passing through 15 cm

* Coreco Inc. Quebec, Canada.
** Siemens Medical Systems Inc. Concord, CA
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water was measured with a Capintec F/type #64564 ionization chamber and a CNMC
K616 electrometer. Measurements were taken with 2.8 ¢m build-up and 9 cm of
backscatter material (Acrylic).

The Rando head phantom was irradiated at 110 cm source-to-surface distance
(SSD). Exposures of one second were used (30 frames integrated on the CCD target),
and eight similar images were averaged after applying a 3x3 median filter to remove
noise due to direct detection of X-rays by the CCD. The final verification image thus
corresponds to a 40 cGy dose to the phantom. A “open field” image of a 15 cm water
phantom was also obtained for off-line image correction. The verification image was
enhanced using contrast limited adaptive histogram equalization!2 (CLAHE), and
corrections were made for the beam non-uniformity and detector response by dividing the
portal image by the open field image.

Clinical linear accelerators are designed to provide p11iform fields of high energy
X-rays during photon treatments, but the X-ray contaminant in electron beams is far from
uniform!l. The uncorrected open field image is not a reliable measure of the spatial
distribution of the contaminant X-rays due to non-uniform detector response and
vignetting in the optical system. These effects can be reduced by using an image
acquired with a uniform photon beam of any energy. Consequently the water phantom
image of the 15x15 cm? electron beam was corrected by division with an open field
image of a 40x40 cm? 6 MV photon beam. The 6 MV photon beam was used for
convenience. Horizontal and vertical central profiles of the corrected image were
obtained by averaging 20 pixels in the direction perpendicular to the profile direction.
Similar profiles were also obtained from an image of a 15 cm water phantom acquired

with a 6 MV photon beam using a 15x15 cm? field.
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9.3 Results

The dose rate at the detector due the contaminant X-rays after passing through a
15 cm water phantom was found to be 7.31 cGy/min. This corresponds to 2.5% of the
electron dose at the D ..

Figure 9-1a shows the original verification image of the Rando head phantom.
This image was acquired with 0.975 c¢Gy dose to the metal/phosphor screen which
corresponds to 40 cGy electron dose to the phantom. The triangular object in the lower
left corner of the image is a lead block used to stop direct irradiation of the detector in the
region where there was no phantom. The contrast enhanced image without open field
correction is shown in Fig. 9-1b. The four support struts and the inside edge of the 15x15
cm? accessory cone are clearly visible in this image. The contrast enhanced image after
open field correction is shown in Fig. 9-1c. Comparison of Fig. 9-1b and 9-1c¢ shows the
suppression of the subject contrast due to the extreme non-uniformity of the
bremsstrahlung beam profile. The quality of the fully corrected and enhanced image
(Fig. 9-1c) is comparable to on-line portal images acquired with photon beams with an
equally small dose to the detector. Portal images such as this can be used for the
verification of electron beam shaping applicatorsl3 to ensure that they are correctly
installed during every treatment session.

Figures 9-2a and 9-2b show the horizontal and vertical profiles of the corrected
open field images respectively. The straight line corresponds to the contaminant X-rays
in a 15x15 cm? 18 MeV electron beam and the dashed line is the profile for the 15x15
cm? 6 MV photon beam. These figures show that both horizontal and vertical profiles of
the contaminant beam open field image are cone-shaped and decrease in a linear fashion
to about 50% of the center value at the physical edge of the beam. This linear decrease
of dose from the central value to 50% at 7.5 cm from the central axis is consistent with

the earlier result obtained by Rutsgi and Rodgersll. The cone shape of the contaminant

164



Figure 9-1. a) Original Image of the Rando head phantom acquired with an 18 MeV

electron beam with a 15x15¢m? accessory cone.
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Figure 9-1. ¢) contrast enhanced image with an open field correction.
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Figure 9-2. Intensity profiles of the bremsstrahlung component of the 15x15 cm? 18 MeV
electron beam (straight line) and a 15x15 cm? 6 MV photon beam (dashed line) from a
KD-2 linear accelerator after transmission through a 15 cm water phantom. a) horizontal

profiles, b) vertical profiles.
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X-ray dose profiles is to be expected since there are no flattening filters in the electron
beam path. It is important to note that measurements of the dose due to the X-ray
contamination in electron beams are usually performed at the central axis, and therefore

any corrections applied using such estimates will over-estimate the dose to the patient.

9.4 Conclusions

This study shows that the optimized prototype portal imaging system is capable of
acquiring verification portal images during 18 MeV electron treatments. It was also
shown that portal images should be corrected by the open field in order to improve image
quality. The fact that high quality transmission portal images can be obtained indicates
that a major part of the contaminant X-rays in the electron beam is generated with an

effective small focal spot.
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Chapter 10

Output stability of a linear accelerator

during the first three seconds

10.1 Introduction

High stability of a linear accelerator output during first few seconds of operation
is of importance for a number of reasons. Some commercial electronic portal imaging
devices (EPIDs) adjust image acquisition parameters automatically at the beginning of a
treatment assuming the linac produces a stable output instantaneously. However, the
acquisition parameters may not be optimized properly if the linac output is unstable
during the time of these adjustments and may have a serious impact on portal image
quality. Furthermore, a highly stable output is necessary for dynamic therapy such as arc
therapy, dynamic intensity modulation, dynamic wedge, etc.

Although a study has been carried out to analyze the cumulative beam
characteristics for different numbers of monitor unitsl, the author is unaware of any
published reports on measuring beam characteristics in real time. Therefore the output
stability of a KD-2 linear accelerator” during the first three seconds of operation was
measured with a real-time portal imaging system having a time resolution of 0.33 s. The
output was measured for X-ray energies of 23 MV and 6 MV as well as for electron

energies of 6,9, 12,15 and 18 MeV.

10.2 Materials and methods
Figure 10-1 show the operating sequence of the KD-2 linac. When the "RAD
ON" switch is pressed, all the parts except the electron gun start operating under the

control of pre-set (soft-pot) parameters. These parameters, which may be different for

* Siemens Medical Systems, Concord, CA.
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a: Rad on switch pressed: All parts except the electron gun start operating under
the preset (soft-pot) parameters.

b: Electron gun starts operating : Delivers radiation beam under control of the
soft-pot parameters.

c: Dosimetry servo system starts operating : Feedback controls the radiation output.

Figure 10-1. Operating sequence of the Siemens KD-2 linear accelerator.
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each mode of operation, are set at the time of tuning the accelerator during installation
and when maintenance is performed. After about 6 s, the electron gun starts operating
and radiation is produced. After an additional 1 s the dosimetry servo system takes over
control of the dose rate by modifying the pulse repetition rate through a feed-back loop.
Consequently the output is initially controlled by the soft-pot parameters for a period of
about Is. If these parameters are not set correctly, there will be a step change in output
when control is passed to the servo system.

The optimized prototype portal imaging system used for this study was described
in Chapter 9. For this study, the § MB of frame buffer memory in the OC-500 frame
grabber was configured to capture 128 consecutive frames each of 256x256 pixels,
permitting the recording of 4.26 s of real-time digital video data. An input look up table
(LUT) was used to scale the 10-bit digital data to the 8-bit frame memory.

Open field images of 15x15 ¢cm? radiation beams were acquired with the portal
imaging system. Two 40x40 pixel regions of interest (ROIs) were used to measure the
average intensity of a section of the open field and the black level. The measured open
field intensities were corrected for black level by subtraction, and then normalized by the
average value of the signal while the beam was on. Effects due to optical glare are
reduced by the black level subtraction. Therefore, any change in measured relative
intensities will represent a change in output dose rate. The measurements were repeated
four times in each mode of linac operation, and the results showed similar behaviour in
all the four measurements.

Clinical linear accelerators deliver radiation in pulses, with a pulsation frequency
in the range 30-200 Hz depending on the mode of operation. In one mode of operation
(23 MV @ 300 cGy/min), the pulsation frequency of the KD-2 linac is about 135 Hz.
When imaging is performed at the real-time video rate (ie. 30 Hz), each video frame will
capture on the average about 4); radiation pulses. Therefore, some video frames may

capture 4 radiation pulses and other frames will capture 5 pulses as shown in Fig. 9-2.
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Figure 10-2. Schematic diagram showing the effect of monitoring 135 Hz linac pulsation

with 30 Hz video imaging. Consecutive video frames may detect different numbers of

radiation pulses because video scanning is not synchronised with accelerator pulsation.
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Consequently, the output dose rate as measured by the real-time portal imaging system
will vary due to this aliasing artifact. The effect is reduced by averaging 6 video frames,

with a consequent reduction in temporal resolution to 200 ms.

10.3 Results

Figure 10-3a shows the output of the linac in the 23 MV x-ray mode as measured
by the portal imaging system. The nominal dose rate in this mode is 300 cGy/min (5
cGy/s). The variation in the measured output due to the aliasing artifact is clearly seen.
While the output reached the required dose rate instantaneously, it became unstable when
the servo feed-back took control after 1 s. Figure 10-3b shows the linac output measured
by frame averaging. It indicates that after the initial instability the machine delivered a
relatively stable output.

Figure 10-4a shows the output of the linac in the 6 MV x-ray mode as measured
by the portal imaging system. The nominal dose rate in this mode is 200 cGy/ min (3.33
¢Gy/s). The variation of the measured output due to the aliasing artifact can also be seen
in this case. Figure 10-4b shows the output with reduced temporal resolution. The linac
was properly tuned in this mode, and delivered a stable output after the initial build-up
over a period of about 0.25 s.

Figure 10-5a shows the output of the linac in the 15 MeV electron mode as
measured by the portal imaging system. The nominal dose rate in this mode is 300 cGy/
min (5 ¢Gy/s). The change in the output after 1 s is clearly visible in this figure, even
with the aliasing artifact present. Figure 10-5b shows the measured output with reduced
temporal resolution. The linac was not tuned properly in this case so the output during
the first second was lower by more than 10 % of the cumulative average during the first
four seconds. The measured output for the other electron energies showed a similar

behaviour, with various step changes in output after 1s.
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Figure 10-3. Output of the linac in the 23 MV X-ray mode as measured by the portal
imaging system. a) 33.3 ms temporal resolution. b) 200 ms temporal resolution. The
variation of the measured output due to aliasing artifact is seen in a). The linac achieved

its required dose rate almost instantaneously in this mode.
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linac required 0.25 seconds to achieve the required dose rate in this case.
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Figure 10-5. Output of the linac in the 15 MeV electron mode as measured by the portal
imaging system. a) 33.3 ms temporal resolution. b) 200 ms temporal resolution. The
linac was not properly tuned in this mode and a change in output of more than 10% is

seen.
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Clearly a dose rate instability can occur during the first second of operation, and
particularly at the time when the servo feed-back takes control of the pulse repetition
frequency. It is possible that there may also be a change in the spatial dose distribution
during this time, and therefore an experiment to investigate this possibility was also
designed. The soft-pot parameters were deliberately changed to set the initial dose rate
20% too high, so that a significant step change in dose rate would occur at 1s. Figure 10-
6 shows two horizontal intensity profiles of open field images at 23 MV acquired by
averaging six frames under these conditions. The two profiles are extracted from the
images during the first 0.2 s (before feed-back control) and during the period 2.0-2.2 s
(after feed-back control). No significant differences between the two profiles can be

secn.

10.4 Conclusions

The dose rate stability of a linear accelerator during the first three seconds of
operation has been measured with a real-time portal imaging system. Measurements have
shown that a change in dose rate of more than 10% can occur after about 1s of operation,
when the dosimetry servo system takes over control of the machine output. The
magnitude of this effect can be reduced by properly setting the soft-pot parameters.
These initial instabilities may have serious implications for electronic portal imaging
devices which adjust image acquisition parameters automatically according to the
measured signal. Furthermore, these instabilities must be taken into account in any
dynamic therapy application.

It was shown that the optimized real-time portal imaging system has the capability

to monitor the accelerator output, and can be used to assist in maintenance procedures.
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Figure 10-6. Two horizontal intensity profiles of 23 MV open field images acquired by
averaging 6 frames with the soft-pot parameters set 20 % too high. The two profiles are
taken from the very first 0.2 sec (before feed-back control) and the period 2.0-2.2 s (after

feed-back control).
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Chapter 11

Portal dosimetry

11.1 Introduction

The use of electronic portal imaging devices (EPIDs) for verification of radiation
treatments is increasing rapidlyl, and a number of centres are evaluating these tools in the
clinical setting2-8. So far the emphasis has been on the relatively straightforward
problem of geometric verification, in which the size, shape and position of the treatment
field is compared to prescribed values. A more difficult problem is dosimetric
verification, in which a quantitative measure of the dose distribution at the detector is
compared to calculations of the predicted exit dose. While some progress has been made
using film, TLD dosimeters, diodes, and ionization chambers?-15, much less effort has
been devoted to dosimetric verification using EPIDs. Since the pioneering efforts of
Leong16 and Wong and colleaguesl”, a number of preliminary studies have
demonstrated the possibility of quantitative dose measurements using fluoroscopic portal
imaging systems18-21,

Video based portal imaging systems use metal/phosphor screens for converting
the transmitted X-rays to light. It is generally known that the light output from a
phosphor screen when irradiated with X-rays is proportional to the energy deposited in
the phosphor screen?2. If the detection of the optical photons in the video camera and the
rest of the elect_ronic circuitry is linear, a measure of the exit (or transit) dose can be
obtained by a portal imager as an intensity (gray) level. This chapter examines the ability
of the optimized portal imaging system in measuring exit dose.

The relative accuracy of an exit dose measured with the VEPID is determined by
the uncertainty in measuring the gray level value in the portal image. The primary

limitation is imposed by the noise in the portal image. Although sub-millimeter
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resolutions are required and available for qualitative geometric verification imaging and
image alignment using anatomical features, such high spatial resolution is not required
for dosimetric measurements. Ultimately one has to compare the measured dose with the
estimated exit dose obtained from a treatment planning computer. Treatment planning
systems do not calculate doses at resolutions higher than 1-2 mm, and 2 mm resolution
(at the isocenter) would be adequate for dose measurements with an EPID. The
optimized VEPID has a pixel size of about 0.4 mm at the isocenter. Therefore one can
reduce the spatial resolution by a factor of 4 by averaging data in a 4x4 pixel area, and by
doing so, improve the SNR. For such large pixel values, a conservative estimate of the
single frame SNR is 200 which is obtained from the low frequency SNR of 50 given in
Chapter 5. For a 0.25 s exposure (about 1 ¢cGy delivered to the patient) this will result in
an SNR value of more than 500, which is adequate for achieving quantitative accuracy of
1%. Consequently, the noise in the optimized system imposes no practical limitation on
the ability of the system to measure exit dose.

Further limitations to the quantitative accuracy of video based portal imaging are
imposed by issues such as distortions introduced by the frame grabber and the effects of
lens vignetting, veiling glare, black level clamping, and the linearity of the system in
detecting optical light. The effects of these artifacts on the accuracy of quantitative portal

imaging are also investigated in this chapter.

11.2 Calibrations
11.2.1 Artifacts from the frame grabber

Investigation of the uniformity of a CCD dark current image indicated that the
pixel intensities (gray values) get smaller and smaller towards the right side of the image.
Observation of the video signal with a oscilloscope did not show any measurable
nonuniformity in the signal. Therefore it was concluded that the frame grabber

introduced this artifact. In order to investigate this artifact, an image was acquired with
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the CCD camera by saturating the CCD. The uniform video signal generated by the
saturated CCD was then captured by the frame grabber for analysis. Five horizontal and
vertical intensity profiles were extracted from the images by averaging 8 pixels and are
shown in Fig. 11-1. Figure 11-1a shows the horizontal profiles extracted at y = 80, 160,
240, 320, and 400. All five of the profiles are identical, but have a gradient of 0.065 gray
levels per horizontal pixel giving a maximum error of about 5%. Figure 11-1b shows the
vertical profiles extracted at x = 125, 225, 325, 425, and 525. The average value of
profiles are different due to the gradient in the horizontal direction, but no significant
gradient is seen in the vertical direction.

Further tests carried out without saturating the CCD indicated that the magnitude
of this gradient in a given horizontal video line depends not only on the maximum gray
value of the line, but also on the extent of the illuminated section in a complex manner.

The field of view of the camera always contains two dark vertical strips of about
20 pixels wide at the left and right hand edges. These regions correspond to the wood
structure holding the phosphor screen. Since the sections are painted black, the
corresponding pixel values denote the video black level. The difference between the
leftmost and the rightmost dark regions (which are referred to as the left dark region and
the right dark region in the following) can therefore be used to estimate the magnitude of
the gradient in each video line, and an individual correction can be made to each video

line according to the equation

I(X]’Y)—I(XZ’Y). (11-1)

L{xy)=I(xy)+x-
X, — X

. X +7 Xy+7
Here I(x,,y) = Z I(x,y) and I(x,,y)= Z I(x,y) are the average gray values of the left

x3—7 xy=7
and right dark regions in the video line y, estimated by averaging 15 pixels horizontally,

and x, and x, are the central x coordinates of the left and right dark regions. I,(x,y) and
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Figure 11-1. Five intensity profiles extracted from an image acquired by saturating the

CCD camera. a) Horizontal profiles extracted at y = 80, 160, 240, 320, and 400. b)

Vertical profiles extracted at x = 125, 225, 325, 425, and 525. See text for details.
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I(x,y) are corrected and uncorrected gray values at (x,y). Of course, for this correction to
be applied, gray values of the left and right dark regions in all the images should be

greater than zero.

11.2.2 Clamping error

The importance of the proper clamping of the RS-170 video signal in quantitative
video imaging has been emphasized by Baily22. Any error in clamping the video black
level in each video line to 0 V will lead to an error in the digitized pixel values in the
corresponding video line. The ideal way to remove the clamping error is to digitize the
video data before the RS-170 synchronization signals are added, ie. by using a digital
camera. However, the CCD camera used in the current system uses RS-170 video, and
consequently clamping errors must be corrected in the portal images before any
quantitative measurements can be made.

The clamping circuitry in the OC-500 frame grabber is found to be very unstable,
affected by the peak video signal as well as the horizontal extent of the illuminated
region. This makes it necessary to correct for the clamping error in each video line.
Figure 11-2 shows examples of the clamping errors introduced by the OC-500. Figure
11-2a shows vertical intensity profiles extracted at the left dark region ( ie. I(x,,y) ) of
three images: a dark current image, an image containing a 5 cm diameter circular bright
region, and an image containing a 25 c¢m diameter circular bright region. Since the left
dark region represents the video black level, the three profiles should be of similar
magnitude and shape with ideal clamping. Figure 11-2b shows similar profiles of the
dark current image and two images of a rectangular bright region having average signal
values of about 50 and 750 gray levels. The deviation of the profiles of the images
containing bright regions from that of the dark current image indicate the extent of the

clamping error.
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Figure 11-2. a) Vertical intensity profiles extracted at the left dark region from a dark

current image, and images containing 5 and 25 cm diameter circular bright regions. b)

Similar profiles of the dark current image and two images of a rectangular bright region

having average signal values of about 50 and 750 gray levels.
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Figure 11-3a shows the change in black level due to clamping error as a function
of the extent of the illuminated region while the intensity of the illuminated region was
kept constant. Figure 11-3b shows the change in black level due to the clamping error as
a function of intensity of the illuminated region, while the extent of the illuminated region
was kept constant. Clearly, the change in the black level in each video line depends on
the extent of the illuminated section in the video line as well as the average intensity of
the illuminated section in a non-linear fashion. It is also seen that unless corrected,
inaccurate clamping can introduce errors of up to 55 gray levels which amounts to about
5.5 % error for a maximum signal of 1000 gray levels.

The clamping error can simply be corrected by subtraction of I(x,,y), the
average gray value of the left black region, as long as the gray values of the left dark

region are greater than zero. Eq. (11-1) can be extended to obtain I, (x,y), the gray

value corrected for both gradient effect and clamping error as

1(x, )~ 1(%,,y) (11-2)

Ig,c(xa Y> = I(X:y)_ I(Xlay) +X-
X, =X

11.2.3 The cosine? law and lens vignetting

The Eq. (5-4) in Chapter 5 which describes the lens coupling efficiency between
the phosphor screen and the camera target is derived under the assumption that both
image and object subtend small angles at the lens. However, in a real case, even with an
ideal thin lens, the illumination in the image plane (ie. on the camera target) is found to
decrease away from the optical axis at least as the fourth power of the cosine of the
angle23. Furthermore, with thick lenses used in practice, the illumination will fall off
even more rapidly due to vignetting. Vignetting is caused due to the fact that some light

entering the entrance pupil of the lens fails to emerge from the exit pupil. Vignetting
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Figure 11-3. a) The change in black level due to clamping error as a function of the

extent of the illuminated region while the intensity of the illuminated region was kept

constant. b) The change in black level due to clamping error as a function of intensity of

the illuminated region, while the extent of the illuminated region was kept constant.
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usually depends on the F/stop setting of the lens, generally disappearing at small
openings (large F/stops)23.

In order to quantify the magnitude of these non-linear effects, the metal/phosphor
screen was replaced by a translucent screen used in a light box, and the screen was
illuminated with a circular (1 c¢m radius) light source placed at 2.6 m from the screen.
The spatial variation in the illumination of the screen due to inverse square effects is less
than 0.6 %. The light intensity at the screen surface is measured with a radiometer, and
the maximum measured change within the field of view was 2% which is close to the
accuracy of the radiometer.

Images of the uniformly illuminated translucent screen were acquired at 8
possible F/stop settings (0.85, 1.4, 2.0, 2.4, 4.0, 5.6, 8.0, and 11) of the Fujinon 25 mm
focal length lens used in the system. Figure 11-4 shows a contour map of the image
obtained with F/0.85 opening which clearly shows the effects of vignetting and cos# law
variations. [t can be seen that this non-linearity is symmetric as one expects, but the point
of symmetry does not coincide with the centre of the image. This may be due to
mechanical misalignment of the lens axis with the centre of the CCD target. The
displacement in the two centres are about 35 and 65 pixels in horizontal and vertical
directions respectively, which amounts to about 0.5 mm and 0.9 mm at the camera target.

Figure 11-5 shows the horizontal intensity profiles extracted from the images
acquired with an F/stop setting of 0.85, 1.4, 2.0, and 2.8. The profiles were obtained by
averaging 24 pixels vertically. Note that the profiles were extracted from the images after
corrections were applied for horizontal gradient error and clamping error as described
above. The effect due to cos# law is also shown for comparison. It can be seen that the
effect of lens vignetting is severe at the lowest setting of F/0.85. The difference between
the other three F/stop settings are less than 3%. The profiles of the images acquired at
other F/stop settings are also very similar. This result clearly shows that F/1.4 is the

optimal opening of the lens.
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Figure 11-4. A contour map of an image acquired by imaging a flat light field with the
F/0.85 opening of the lens showing the effects of vignetting and cos# law variations. The

difference between each contour line is about 10 gray levels.
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Figure 11-5. The horizontal intensity profiles extracted from the images of the flat light

field acquired with F/stop settings of 0.85, 1.4, 2.0, and 2.8.
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The correction for these nonlinearities can be expressed as

I (%Y)
Lpew (X, y) === 11-3
2,6,V ( Y) Izien (X, Y) ( 3)

pen
,C

where I, (X,y) is the corrected gray level , I.%"(x,y) is the normalized (between O to 1)

g.cv

gray value of the flat light field image acquired at the same F/stop.

11.3 Other errors
11.3.1 Veiling glare and electronic instabilities

Veiling glare is caused by the scattering of visible radiation within the optical
detection system. If the detection of optical photons by the system is linear, it is
reasonable to assume that the magnitude of veiling glare is proportional to the
illumination. Furthermore, it is assumed that the effect of the glare is uniform, which
may not be true alway524.

In order to estimate the relative magnitude of the veiling glare, images were
acquired with the translucent screen by illuminating circular regions having diameters of
2,3,4,5,10, 15, 20, and 25 cm, by keeping the intensity of the illuminated regions
constant. Figure 11-6a shows the average gray value in an 8x8 ROI measured at the
centre of the circular region. It can be seen that the intensity at the centre decreases with
increasing diameter of the illuminated region, and then increases. The initial decrease in
the intensity with increasing diameter is due to the instabilities in the camera and frame
grabber electronics. The increase in the intensity with increasing diameter for diameters
larger that 5 cm is due to the veiling glare. The curved line is a rough estimate of the
change in intensity due to veiling glare, obtained by a second order polynomial fit to the

last four data points. Roehrig and Fu24 have reportaed a similar behaviour for the effect
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function of the diameter of the illuminated region. b) The effect of electronic "over-

shoot" on the measured gray level. See text for details.
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of veiling glare in video based X-ray imaging. The fit indicates that the intensity for zero
diameter is 636 x 7 gray levels.

Figure 11-6b shows the corrected intensity profiles of the images acquired with 2,
3, 4, and 5 cm diameter regions, extracted at the centre of the illuminated regions. An
electronic "over-shoot" effect due to the sharp gradient at the edges is seen. It is seen that
the intensities in the central part are overestimated due to this effect.

Figure 11-7 show the relative error introduced by the electronic over-shoot and
veiling glare. It is seen that errors in the order of 10% can be introduced by the over-
shoot, whereas the veiling glare can introduce errors up to 7%. The error introduced by
the veiling glare can be completely eliminated for any field size by calibrating the portal
dose for a given field size. One should be able to eliminate the effect of electronic over-

shoot by using a good digital CCD camera.

11.4 Linearity

The portal imaging system uses a CCD camera for detecting optical photons
created by the phosphor screens. Response of CCD cameras are known to be highly
linear, but the linearity of the associated electronic circuits in the camera and the frame
grabber can make the optical detection process non-linear. Therefore the linearity of the
optical photon detection process of the portal imager was tested by integrating different
numbers of frames on the CCD target by properly adjusting the light falling on the CCD
with the light box described in Chapter 5. Figure 11-8 shows the response of the camera.

The straight line is a linear fit to data with a maximum deviation of only 3.2%.
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Figure 11-8. Linearity of the optical photon detection process of the portal imaging
system. The straight line is a linear fit to the data. The maximum deviation of the data
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11.5 Experimental measurements

11.5.1 Central axis dose

Portal images were acquired with a 10x10 cm?2 60Co beam by irradiating acrylic
phantoms of varying thicknesses. The optimized portal imaging system incorporating the
CCD camera was used to acquire the images by integrating 8 frames (0.267 s) on the
CCD target. Images were also acquired with the prototype system incorporating a
Newvicon camera by summing 8 sequential frames on the frame buffer. The experimental
geometry used for measurements is shown in Fig. 11-9. The gray level intensity in a
central 10x10 pixel ROI was measured after the three corrections were applied to the
images. The exit dose at the detector surface was also measured with a Capintec F/type
#64564 ionization chamber and a CNMC K616 electrometer for comparison. Both portal
dose and ion chamber measurements were normalized by the corresponding open field
dose (zero phahtom thickness).

In order to find the effect of the air gap and the effect of the phantom material,
similar measurements were carried out with a 1 cm thick lead phantom and a 10 cm
acrylic phantom. Measurements with the lead phantom were carried out with 26.5 cm
and 56.5 cm air gaps, and the measurements with the acrylic phantom were carried out at

26.5 cm and 52 cm air gaps.

11.5.2 Profiles

A 15x15 cm? field was used to obtain portal images of an open field, 15°, 30° and
45° wedges using a 90Co beam. Images were acquired by integrating 8 frames on the
CCD target using the optimized portal imaging system. The three corrections were
applied to the images and profiles of the images at the centre of the images along the
wedged direction were extracted by averaging 24 pixels in the non-wedged direction. A

24 pixel average was selected to simulate the scanning performed by the ion chamber
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which has a chamber length of about 1.5 cm. The corresponding dose profiles were also
scanned with a Therascan scanning ion chamber with a 0.5 cm build-up cap.

Similar portal dose profiles of 6 and 23 MV photons beams from a KD-2 linear
accelerator were also obtained using a 15x15 cm?2 open field and 15°, 30°, 45°, and 60°
wedged fields. Profiles of these images were extracted along the wedged direction as
described above. The corresponding dose profile of each field was also scanned in water
with a Multidata scanning ion chamber system at the detector level (140 cm from the
source) with 1.5 and 3.5 cm build-up. In air dose measurements with build-up caps were

not practical in this case due to the physical constraints of the scanning ion chamber.

11.6 Results and discussion

Figure 11-10 shows central axis portal dose plotted against the corresponding
dose measured with the ion chamber, both normalized to the values of the zero phantom
thickness. It is seen that the portal dose measured with the optimized system
incorporating the CCD camera is highly linear, whereas the dose measured with the
prototype system incorporating the Newvicon camera is somewhat non-linear. This
clearly shows that the CCD camera is the best choice for quantitative portal imaging. It
can be seen that the dose measured by the optimized portal imager is smaller than that of
the ion chamber. This difference could be due to the difference in the energy response of
the two detectors, but the two measurements agree well within the 5% limit.

Figure 11-1la shows a plot of the wedged dose profiles of the ©0Co beam
obtained from the portal dose images and from the scanning ion chamber with a build-up
cap. Both portal and ion chamber dose profiles were normalized to the corresponding
central axis dose of the open field. It is seen that the un-wedged beam profiles agree very
well while the wedged profiles obtained with portal dose images were significantly lower.
The difference between the ion chamber dose and the portal dose at the central axis for

the 45° wedge is about 15%. Since the dose measurements carried out with the acrylic
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phantom agreed within 5% with the dose measured with the ion chamber, the discrepancy
in the wedged dose profile suggests a significant change in the spectral distribution in the
beam due to the heavy metals used in the wedges.

Figure 11-11b shows the same data, but the individual portal dose profiles were
re-scaled to match the corresponding dose measured with the ion chamber at the central
axis. It can be seen that except for the small discrepancy at the peak dose region, there is
an excellent agreement between the two dose profiles after re-scaling. The discrepancy at
the peak dose region is found to be due to the electronic over-shoot effect, since this
discrepancy is reduced significantly when the wedges were rotated by 180°. One should
be able to completely eliminate this discrepancy due to over-shoot effect by using a good
digital CCD camera. For 60Co beam, one can reasonably assume that for a given wedge,
the spectral distribution within the field after passing the wedge is somewhat constant.
Therefore the re-scaling of the portal dose profile to match the dose profile obtained with
the ion chamber at the central axis would remove the effect of differential energy
response of the two detectors for a given beam.

Figure 11-12 shows the comparison of open and wedged beam profiles of the
linear accelerator. Figure 11-12a shows the profiles of the 6 MV photon beam, and Fig.
11-12b shows the profiles of the 23 MV photon beam. Both portal and ion chamber dose
profiles were normalized to the corresponding central axis dose of the open field. There
is a difference in the magnitude of the portal dose profiles and the profiles measured with
the ion chamber at 6 MV, whereas the profiles of the 23 MV beam agree very well.
However the discrepancy in the 6 MV profiles are smaller than that of the 60Co beam. It
is seen that the open field profiles of the 6MV beam show a significant discrepancy close
to the field edge, indicating a change in spectral distribution in the radial direction. This
clearly indicates that the energy response of the detector must be accounted for when

portal dose measurements are compared with dose measured with an ion chamber.
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Figure 11-13 shows a plot of portal dose at the central axis against the
corresponding ion chamber dose for all the profiles shown in Fig. 11-11 and 11-12. Also
plotted are the relative exit doses measured with 10 cm acrylic and 1 cm lead phantoms
using different air gaps. It is seen that the wedge dose measurements performed at 23
MV with the portal imager and with ion chamber agree very well. Measurements
performed at 6 MV show a small but significant difference between the two types of exit
dose measures, whereas the measurements from 90Co have the greatest discrepancy.

It can be seen that irrespective of the air gap, the 1 cm lead phantom also produces
a discrepancy between the portal and ion chamber doses which is consistent with that of
the 30° and 45° wedges of the ©0Co beam. Irrespective of the air gap, the differences are
smaller for the exit doses measured with the acrylic phantom. This leads to the
conclusion that the phantom material can make a significant change in the spectral
distribution of the exit fluence. The 15° wedge used with 90Co is made of brass and all
the other wedges are made mainly of lead. The discrepancy between the portal and ion
chamber doses of the 15° wedge is smaller than the other two wedges indicating a smaller
change in the spectral distribution for the 15° wedge.

The change in the spectral distribution of the exit fluence due to an insertion of a
wedge made of metal into the beam path is not surprising. A Monte Carlo study carried
out by Jaffray et. al.23 has shown that the energy response of a metal/phosphor screen is
relatively constant in the energy range of 5-25 MeV, but the response decreases with
decreasing energy below 5 MeV with the minimum response around 0.5 MeV. Therefore
the change in spectrum at 23 MV will have the least effect on the energy deposited in the
screen whereas the change in the ©0Co beam will have the greatest effect on the deposited
energy which is consistent with the results shown in Fig. 11-13. This effect of change in
spectrum due to absorbing/scattering material in the beam path, and the resulting change

in the portal dose due to the energy response of the portal detector must be explored in
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greater detail before one can safely use absolute values of exit dose measured with a

portal imaging system in clinical practice.

11.7 Conclusions

The suitability of the optimized portal imaging system utilizing the CCD camera
for exit dosimetry has been examined. The frame grabber used in the imaging chain
introduces a "gradient" error with a magnitude of up to 5%, while the video clamping
error is found to be as high as 5.5%. Lens vignetting introduces errors up to 30%
depending on the lens aperture. Proper calibrations have been established to eliminate
these sources of error. The response of the imager in detecting optical light is linear
within 3% error. Veiling glare introduces a maximum of 7% error in the measured gray
value whereas the over-shoot effects of the electronic circuitry can introduce errors up to
10%, which are the most significant errors introduced by the imager in detecting optical
photons.

By far the most significant source of error in comparing portal dose with that
measured with an ion chamber is due to the differences in the energy response of the two
detectors. Therefore it is concluded that the comparison of portal dose measurements
must be carried out against the exit dose calculations carried out either by Monte Carlo

methods, or by analytical models, instead of ion chamber measurements.
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Chapter 12

Summary

The outcome of radiation therapy in treating cancerous tumour relies mainly on
the ability to destroy the tumour with minimal damage to the surrounding normal tissues.
Systematic and random errors occur during a course of therapy and will lead to under-
treatment of the tumour or over-irradiation of adjacent healthy tissues. Accuracy and
reproducibility in the radiation dose delivered to the target volume on a daily basis over a
period of several weeks are important factors in improving overall precision of the
treatment process. With the ever increasing use of oblique and even non-coplanar beams
and the use of dynamic conformal therapy, this issue has become even more significant.
Conventionally, treatment accuracy was verified using portal films on a very sparse
sample, but their quality is often poor and the procedures involved in making and
evaluating them are time consuming. Their use in each portal of every treatment is
prevented by the cost in money and effort involved in the film method.

Several techniques have been proposed to overcome the difficulties encountered
in the portal film method. The most important of these is the video based electronic
portal imaging devices (VEPIDs). A prototype VEPID was developed in 1989 at the
Manitoba Cancer Foundation for on-line verification of radiotherapy treatments. The
system consisted of a metal/phosphor screen, a Silicon Intensified Target (SIT) camera
and a PC-386 with an Imaging Technology series 151 image processor. The performance
of this original system was far from ideal for both geometric and dosimetric verification.

Imaging performance of video based portal imaging systems is predominantly
determined by the noise properties of the system. The ideal imaging system is a quantum
noise limited system in which contributions from all other noise sources are smaller than

the quantum noise. The major objective of this work was to optimize the noise
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characteristics of the imaging system. In order to achieve this, all the significant noise
sources in the imaging system were identified and the contribution from each source was
quantified either by theoretical modeling or experimental measurements. Both hardware
and software methods have been utilized to optimize the system noise characteristics. In
particular, the optimization of the video camera played a major role in this process. It
was shown that the dual field capture CCD camera is the best camera for real-time portal
imaging, due to the linearity in detecting optical photons and the insensitivity to pulsation
artifacts. |

Figures 12-1 and 12-2 summarize the noise in the portal images acquired with the
three video cameras concerned in this work when the 500 mg cm-2 phosphor screen
("thick screen") is used in a 23 MV photon beam. The figures show the plot of rms noise
in gray levels for images with a maximum signal value of 256 gray levels against the
integration time measured in number of frames (1/30 s). The definition of each noise
source is given in part II, but repeated here for convenience. & is the total variance in
the output pixel values (page 86, Eq. (5-18)). o, is the quantum noise variance (page 84,
Eq. (5-9). o is the noise variance due to pulsation artifacts (page 58, Eq. (3-1). o’ is the
variance in the electronic noise added by amplifier in the Newvicon camera (page 88, Eq.
(5-25). o is the variance in the readout noise of the CCD camera (page 86, Eq. (5-18).
o} is the variance in the dark current of the CCD camera (page 86, Eq. (5-18).

Figure 12-1a shows the change in noise in the images acquired with the SIT
camera when frame averaging is performed. The values of the rms noise were obtained
from Table 5-3 (page 101). The horizontal dotted line indicates the magnitude of second
quantization noise. It is seen that when the integration time is more than 4 frames, the
images acquired by the SIT camera are dominated by the quantum noise. Figure 12-1b
shows the corresponding change in noise in the images acquired with the Newvicon

camera. The values were obtained from Table 5-3 (page 101). Once the pulsation noise
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is reduced by frame averaging, and in the absence of second quantization noise, the
images acquired by the Newvicon camera are dominated by the camera electronic noise.

Figure 12-2 shows the reduction in noise level in the images acquired by the CCD
camera. The rms noise values were obtained from Table 5-2 (page 99). Figure 12-2a
shows the results of frame averaging, and Fig. 12-2b shows the results of target
integration. Although the dark current noise with and without cooling is shown, the dark
current with cooling was used to obtain the total output noise o . It is seen that the use of
target integration instead of frame averaging make the images acquired by the CCD
camera quantum noise dominated.

The magnitude of the second quantization noise is shown in Fig. 12-1 and 12-2,
but the effect of it is not included in o, assuming digital frame addition or floating point
frame averaging is utilized. However, if digital (integer) frame averaging is employed,
the second quantization noise should be included in o,. Under this condition, the second
quantization noise will be dominant the images acquired with the Newvicon camera after
32 frame average, whereas it will not be dominant in the images acquired with the SIT
camera even at 256 frame average. The images acquired with the CCD camera either by
frame averaging or combined use of target integration and frame averaging will be
dominated by the second quantization noise when 64 or more frames are utilized.

Although EPIDs are assuming an ever increasing role in the verification of
radiation treatments in the clinics today, no standard quality assurance procedures have
been established for acceptance, commissioning, and routine quality control. Therefore a
quality control test has been developed to test the resolution and contrast-to-noise
performances of the VEPID. A QC phantom was also designed for use in the QC
procedure. Measurements over a period of two years have shown that the QC test
provides a sensitive indication of imaging performance. Inter-institutional trials are now

underway in Canada, the US, and Europe for standardizing the quality control procedure.

217



So far, the electronic portal imaging systems have only been used for verification
of photon treatments on linear accelerators. However, the general acceptance of the EPID
technology into cancer clinics world wide will be promoted if EPIDs can be used for
other clinical applications. Therefore, using phantom studies, it has been shown that the
VEPID can be used to verify treatments with electron treatments with linear accelerators.
Furthermore, it has been shown that real-time VEPID is capable of monitoring the
stability of linear accelerators during the first few seconds of its operation.

It was shown in Chapter 11 that the noise in the optimized system imposes no
practical limitation on the ability of the system to measure exit dose. In fact the errors
introduced by the use of RS-170 video signal were found to be the most significant
source of error which limits the quantitative accuracy of the portal imager. Therefore
calibration procedures have been established to overcome some of the errors introduced
by the RS-170. The digitization of the video data on the camera head will eliminate the
errors associated in using the RS-170 video data. The effect of veiling glare is shown to
introduce errors of up to 7%, but this error is easily eliminated by calibrating the portal
imager for a given field size.

The preliminary work shown in this thesis clearly indicates that the optimized
VEPID is capable of measuring relative exit doses to an accuracy better than 3%; the
limit imposed by the non-linearity of the system in detecting light. Although one might
calibrate for this non-linearity in order to achieve even better accuracy, aiming for such a
high accuracy can not be justified at this point without an established accuracy in the
calculations of exit dose.

Finally, it was found that the difference between the exit dose measured with the
portal imager and that of an ion chamber can be a as high as 15% due to the energy
dependence of the portal imager. Fortunately this imposes no serious problem in portal
dosimetry as the objective of measuring exit dose with a portal imager is to compare it

with the calculations which can compensate for the energy dependence.
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