A review of electronic portal imaging devices (EPIDs)
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On-line electronic portal imaging devices are beginning to come into clinical service in support of
radiotherapy. A variety of technologies are being explored to provide real-time or near real-time
images of patient anatomy within x-ray fields during treatment on linear accelerators. The
availability of these devices makes it feasible to verify treatment portals with much greater
frequency and clarity than with film. This article reviews the physics of high-energy imaging and
describes the operation principles of the electronic portal imaging devices that are under

development or are beginning to be used clinically.
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I. INTRODUCTION

The importance of the placement of treatment portals to
achieve local tumor control is intuitively obvious and objec-
tively documented. ' Uncertainty in the localization of field
margins in general practice is difficult to estimate,>* but
random positioning precision has been measured with one
standard deviation in the neighborhood of 10 to 20 mm. It
has been estimated that systematic discrepancies between
actual radiation field edge positions and intended or planned
positions should in general be less than about 5 mm.” The
day to day variation in field edge position should occur with
a standard deviation below about 2 mm. The principal tech-
nical advance in the last 2 decades to improve portal local-
ization was the development of specialized film emulsions
whose sensitivities were appropriate for radiotherapy.®
Methods to enhance these films by image processing were a
logical but time-consuming adjuvant for this technique.®"!
However, during the last few years rather intensive efforts
have led to the development of techniques that produce im-
ages using high-energy x rays directly.'>'* As a result, elec-
tronic portal imaging devices (EPIDs) are becoming avail-
able to cancer radiotherapy. In some systems, a small
fraction of the radiation dose delivered on a given day can be
used to produce a digital on-line image that is displayed in
real time or near real time. These imaging systems enable
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treatment beam alignment to be visualized with respect to
patient anatomy before a full radiation dose is administered.
If developed sufficiently, such systems may provide a practi-
cal means to control field margin placement to within the 5-
mm goal.

This review has two major purposes: First, to examine
some of the limitations of imaging with high-energy radi-
ation beams, and second, to review the EPIDs that are cur-
rently being developed for clinical use. A wide variety of
radiation detection and optoelectronic techniques have been
used to produce EPIDs. Here, we review several optical sys-
tems that direct x-ray-induced fluorescence onto a video
camera, and several scanning techniques that employ liquid
ionization chambers, photodiodes, or other solid-state de-
vices. We seek to provide a simple description of each device
in terms of the theory of imaging and the underlying physical
processes at work.

It is important for medical physicists and other personnel

_providing technical support for radiotherapy to understand

this emerging technology. As these devices become available
commercially, EPIDs must be specified, tested, accepted,
and commissioned. One will need to select specific devices
that meet specific clinical goals and to devise practical tests
to determine whether the desired specifications have been
met. Thus it is important to identify system performance
parameters and their relevance to image quality. Although

© 1992 Am. Assoc. Phys. Med. 1



2 Review Article: Boyer ef al.: Review of electronic portal imaging devices 2

typical achievable ranges of performance parameters will be
described here, this paper will not attempt to compare the
performance parameters of the EPID technologies. Indeed,
EPIDs are stiil maturing too rapidly for meaningful com-
parisons to be made. Instead, the ground work for such com-
parisons will be laid so that future workers can make com-
parisons under the appropriate circumstances.

Il. RADIOGRAPHIC IMAGING PERFORMANCE
A. Theoretical performance

The limitations of imaging with high-energy radiation
beams can be established, at least partially, using the formal-
ism developed by Motz and Danos' for their analysis of
diagnostic imaging systems. In their approach, the detect-
ability of a small anatomic structure embedded within a ho-
mogeneous body is determined. The analysis is restricted so
that only subject contrast, statistical noise, and x-ray scatter
influence the estimation of the signal-to-noise ratio
(SNR)."

We will consider an idealized imaging situation in which x
rays pass through a homogeneous medium of uniform thick-
ness L having attenuation coefficient . On average, some
photons are attenuated in the medium, some photons exit
the medium without interacting at all, and a number n, scat-
ter in the medium and yet are detected exiting the medium.
On average, n = n; x-ray quanta are detected as an image
background of which a fraction F = ng/n,, known as the
scatter fraction, have been scattered.

Embedded within the homogeneous medium there is an
anatomic structure having attenuation coefficient p, and
thickness L, such that »’ total x-ray quanta are detected
behind the anatomic structure. Subject contrast is defined as
the ratio of the signal difference between the anatomic struc-
ture and the background, to the mean carrier signal. There-
fore, subject contrast in this case can be expressed as

S=2[(n—n"Y/(n+n)]. (n
Equation (1) can be rewritten as'*
2(l —e™ %)

M4+e 2+ QFA/0-P] @
where A = L, (u, — pt) represents the difference in attenu-
ation between the anatomic structure and the background.
Equation (2) shows that subject contrast increases if the
difference in attenuation between the anatomic structure
and the background (A) increases, or if the scatter fraction
(F) decreases.

The most important parameter that determines the image
information content is the signal-to-noise ratio (SNR). The
SNR is given by the ratio of the signal difference between an
anatomic structure and its background to the statistical
noise associated with detection of the x-ray quanta necessary
to form this signal difference. Hence, SNR can be written as

SNR = (n—n')/\n+n, (3)

where n and »’ have the same meaning as defined in Eq, (1).
Motz and Danos'* have shown that the SNR can be rewrit-
ten as
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where 4 is the area of the anatomic structure of interest, ® is
the photon fluence impinging on the patient, 7 is the x-ray
quantum efficiency of the detector, and S is the subject con-
trast defined in Eq. (2). Equation (4) predicts that the SNR
will increase as the size of the structure of interest increases,
the subject contrast S increases, or, the number of x-ray
quanta used to form the image increases.

The above equations can be used to analyze the limitations
of imaging with high-energy radiation beams. The subject
contrast for a 1-cm-thick cortical bone structure embedded
in a 20-cm-thick body of water, as a function of monoener-
getic beam energy, is plotted in Fig. 1. These results have
been calculated using the attenuation coefficients for bone,
air, and water found in Appendix A of Johns and Cun-
ningham'® and by extrapolating the scatter fraction data
measured by Motz and Dick.'® The scatter fractions, which
vary from 0.4 to 0.5, are for a 25-cm-diam beam with no air
gap between the patient and the detector. It is clear from Fig.
1 that one of the major limitations of imaging with high-
energy radiation beams is the low subject contrast. The sub-
ject contrast for the bony object is 18.5% when irradiated by
a 50-keV x-ray beam; however, it drops to 1.8%, 1.4%, and
1.0% when irradiated by 1.25-, 2-, and 6-MeV radiation
beams, respectively. Subject contrast is 10-20 times less at
radiotherapy energies than at diagnostic energies.

Much larger numbers of x-ray quanta interact with the
radiation detector when forming a radiotherapy image,
which partly compensates for the low subject contrast at
higher x-ray energies. There are a number of reasons why
larger numbers of x-ray quanta reach the detector in portal
imaging. Much larger doses are delivered to a patient during
a radiotherapy treatment than is considered acceptable in
diagnostic radiology, resulting in a much larger photon
fluence impinging on the patient. The high-energy radiation
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FiG. 1. Subject contrast as a function of monoenergetic beam energy fora 1-
cm bony structure and a l-cm air cavity embedded in a 20-cm-thick water
medium. The calculations assumed a 25-cm-diam beam and no air gap
between the patient and the detector. Bone is represented by the open sym-
bols and air by the solid symbols.
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F1G. 2. The SNR to be expected for a 1-cm bony object embedded in a 20-
cm-thick water medium when using exposures typical for diagnostic radiol-
ogy (low dose region) and for radiation therapy (high dose region). The
calculations assume the same geometry as in Fig. 1. The calculations as-
sume that the typical dose for a diagnostic radiograph is 0.05 ¢Gy, while the
typical radiation dose for a radiotherapy image is 10 cGy.

is much more penetrating so that a larger fraction of the
radiation exits from the patient. In addition, primary x-ray
quanta are not attenuated in grids, as in diagnostic radiolo-
gy. All of these factors result in a much greater photon
fluence reaching the radiation detector in a radiotherapy
beam and in increased SNR [see Eq. (4)].

Since the dose required to form a portal image can be
measured, the photon fluence associated with these expo-
sures can be calculated using the fluence-to-dose conversion

tables calculated by Rogers.'” In turn, the photon fluence’

can be used [see Eq. (4)] to calculate the SNR for a 1-cm
bony object as a function of monoenergetic beam energy. In
Fig. 2 are plotted the SNRs expected when forming images
with the typical doses used in diagnostic radiology (0.05
¢Gy) and radiation therapy (10 cGy). The surprising result
is that the SNR does not drop precipitously as the energy of
the radiation beam increases from diagnostic to radiothera-
py energies. According to the simple model of Motz and
Danos, the increased number of x-ray quanta used to form
the radiotherapy image compensates for any loss in subject
contrast as the energy of the radiation beam increases. The
model predicts that the 1-cm bony object should be equally
detectable when irradiated by 50-keV or 1.25-MeV radiation
beams, as long as sufficient number of x-ray quanta are used
at the higher energy to compensate for the loss in subject
contrast.

Unfortunately, the model of Motz and Danos does not
account for loss of spatial resolution or system noise. The
only way to determine what effect these quantities have on
the image performance is to quantitatively evaluate the spa-
tial resolution, noise, and signal-to-noise properties of portal
imaging systems.

B. Spatial resolution

Spatial resolution or the signal transfer properties of a
radiation detector can be characterized by the detector’s
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FIG. 3. Line spread functions (LSFs) measured using tungsten blocks that
formed slits that were: (a) 25 and (b) 105 mm deep. The figure illustrates
the effect of backscatter on the LSF measurements, which were done using
film. LSFs produced under conditions that maximize scatter (large field
size, blocks close to a wall) are indicated by dotted lines, while those pro-
duced under conditions that minimize scatter are indicated by solid lines.
The tails of the solid curve in(b) are close to base plus fog optical densities,
indicating that little radiation penetrates the thick tungsten blocks.

modulation transfer function MTF (f).'® The technique
used to measure the MTF(f) of x-ray detectors irradiated by
radiotherapy beams has been described by Droege et al."®
and Munro et al.?**! and is based on the techniques de-
scribed by Doi ez al.'® In brief, the experimental approach is
to produce a very narrow radiation beam using large colli-
mators that form a small (25- to 50-um) gap. The response
of the radiation detectors to the narrow radiation beam,
which is known as the line spread function (LSF), is deter-
mined by the spread of the signal in the detector. The modu-
lus of the Fourier transform of the detector’s normalized
LSF gives the MTF (/).

One major difference between measuring MTF (f)’s using
radiotherapy x-ray beams compared with diagnostic x-ray
beams is that scattered radiation from the collimators form-
ing the slit is a much larger problem. Care must be taken to
ensure that the signal recorded by the detector is due to radi-
ation passing through the slit and not radiation scattered out
of the side of the collimators and then backscattered from
the walls, ceiling, or floor.?° Figure 3 shows how this scatter
can influence the measured LSFs. Some typical LSFs for a
tungsten plate irradiated by °Co and 18-MV radiation
beams are shown in Fig. 4.%° The LSFs show that the spread
in the tungsten plate is due to (i) lateral migration of elec-
trons, which leads to the large peak close to the slit; and (ii)
photons scattered in the detector, which create the long tails
in the LSFs. These results are similar to these for copper and
lead plates and thus are representative of the spatial resolu-
tion that could be expected for portal films. '

C. Noise

The noise transfer properties of an x-ray detector can be
characterized by the detector’s noise power spectrum, or
NPS(/). The mean-square departure of signal from its aver-
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FiG. 4. Line spread function (LSFs) for a 1.5-mm-thick tungsten plate
irradiated by “’Co and 18-MV radiotherapy beams.

age value is the variance, and the analysis of these fluctuation
into spatial frequency components gives the noise power
spectrum.'® In diagnostic x-ray imaging, the total noise pow-
er is considered to be due to components which are statisti-
cally independent of each other: such as (i) quantum noise,
caused by statistical fluctuations in the number of x-ray
quanta interacting with the detector; and (ii) system (e.g.,
film) noise. Munro e a/.?*° have shown that film noise in
portal films accounts for 50%—-90% of the total noise power.
Therefore, one reason why the predictions of the Motz and
Danos model do not correlate with the commonly accepted
wisdom about the image quality of portal films, is because
the model does not take into account the large amount of
film noise. The model of Motz and Danos and the NPS(/f)
results of Munro er al.**** suggest that portal images of
much higher quality than current portal films can be ob-
tained.

D. Detective quantum efficiency

The most important physical quantity that must be deter-
mined is the signal-to-noise property of the imaging systems.
The detective quantum efficiency, or DQE(f), gives the
SNR? transfer characteristics of an imaging system as a
function of spatial frequency. Consider a system for which
SNR,, (/) is the input SNR and SNR_, (/) is the output
SNR. Then the DQE produced by the imaging system is
defined as'®*

DQE(/) = [SNR,,, (/)/SNR,, (N ]*. (5
The DQE(/) gives a measure of how efficient the imaging

system is at transferring SNR (i.e., information) contained
in the radiation beam. Equation (5) can be rewritten'®***

DQE(f) = (K)> MTF2(f)/® NPS(/), (6)

where K is a constant that takes into account the response
(i.e., gain) of the imaging system to radiation exposure. For
a digital imaging system, where the response of the system is
directly proportional to exposure, K = unity. The DQE(/),
which gives a measure of how efficiently the imaging system
makes use of the radiation (i.e., image information), is re-
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duced if the imaging system causes a loss of spatial resolution
[reduces the MTF(f)], adds system noise [increases
NPS(f) ], or does not efficiently detect all of the x-ray quan-
ta impinging on it.

In diagnostic radiology, the aim is to maximize the
DQE(f) of an imaging system so that a high-quality image
can be acquired while minimizing patient exposure. A simi-
lar aim is important in radiation therapy. Since the treat-
ment beam is used to form the image, the patient exposure
must be kept small in case field-placement errors occur. Fur-
thermore, as treatment techniques such as conformal radio-
therapy and hyperfractionation (which reduce the dose per
treatment field) become more common, there will be in-
creasing demands on the portal imaging systems to form
high-quality images with small (e.g., 1 ¢Gy) exposures.
Therefore, as in diagnostic radiology, imaging systems with
high DQE(/) will be required for portal imaging.

Figure 5 shows the DQE(/) for a 400 mg/cm"” layer of
gadolinium oxysulfide (Gd,0,S) phosphor bonded to a cop-
per plate, when irradiated by *’Co, 6- and 18-MV radiation
beams.?’ For an ideal detector, with no secondary quantum
statistical contributions, the DQE(/) at zero spatial frequen-
cy is equal to the x-ray quantum efficiency of the radiation
detector. For these radiation beams and the metal plate radi-
ation detectors the x-ray quantum efficiency is less than 2%.
The x-ray quantum efficiency of the metal plate/phosphor
screen combination is low, since only 5% to 7% of the radi-
ation impinging on the detector is attenuated, and since only
a fraction of the x-ray interactions results in electrons that
cause scintillation in the phosphor.

The low x-ray quantum efficiency of the detector shown in
Fig. 5 has implications for almost all of the portal imaging
systems described in this review. All but one of the portal
imaging systems (the exception is the “crystal array” being
developed by Swindell and his colleagues) employ a metal
plate as their x-ray detector. These imaging systems differ
only in the type of recording device (e.g., scintillating phos-
phors, liquid ionization chambers, diode arrays) used to in-
teract with the high-energy electrons emitted by the metal
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F1G. 5. The detective quantum efficiency DQE(/) for a copper plate com-
bined with a 400-mg/cm’ phosphor screen when irradiated by “’Co, 6- and
18-MYV radiation. (a) The DQE(/) for the metal plate/phosphor detector
alone. (b) The DQE(Y) of the entire detector system consisting of the plate/
phosphor, the optical lens, and the vidicon TV camera, measured when
irradiated by a 6-MV beam. The DQE(f) of XTL-5 radiographic film in
contact with a tungsten plate 1.5 mm thick (3.0 g/cm?) ' is also plotted in
(b).
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plate. Therefore, the maximum DQE() for all of the portal
imaging systems is determined by the metal plate, which at
low spatial frequencies should be similar to that shown in
Fig. 5. The results shown in Fig. 5 also suggest that there is
much more information in the radiotherapy beam than is
detected by the metal plate detectors. This fact holds prom-
ise for future portal imaging systems that may far outper-
form those described in this review.

E. Contrast-resolution evaluation

A less complete but operationally simpler way to charac-
terize the performance of an imaging system is by means of a
contrast-resolution phantom. A test phantom has been de-
veloped for portal film evaluation® and is available commer-
cially. Munro has described a contrast-resolution phantom?!
consisting of ten rows and ten columns of holes drilled into a
1.3-cm-thick aluminum block. The holes down each row
vary in diameter from 12.8 to 1.19 mm and the holes along
each column range in depth from 4.57 to 0.29 mm. This
phantom provides a rapid means to evaluate and compare
portal imaging systems, when the phantom is used under
identical geometric and exposure conditions. This phantom
is also available commercially. (Constrast Detail Phantom,
Radiation Measurements Inc., Middleton, Wisconsin. )

F. Other considerations

Almost all of the EPIDs manipulate the raw image pixels
before they are displayed. Typically, if p¥; represents the raw
pixel array, then there are at least two additional arrays that
are used to process the image. First, there is usually a back-
ground array b;; that is collected from the detector in the
absence of radiation. Second, there is a flood-field image f;;
that contains radiation beam unflatness and variations in
detector efficiency (e.g., nonuniformities in the light output
of the phosphor screen) across the field of view. A corrected
image p,; is typically obtained by the operation,

piy = (Pl — b))/ iy — by 7

Additional system-dependent algorithms are required by the
various imaging technologies. Both the background array
(b;;) and the flood field image (f;;) will contain noise, since
they are both images obtained from the portal imaging sys-
tem. Thus the corrected image (p,;) will have more noise
than the raw image (p¥,), although structural nonuniformi-
ties (often call “structural noise”) will be eliminated.

G. Summary

Conventionally, portal films have been considered to ex-
hibit poor image quality. We have attempted to show that
the poor image quality may be due to poor characteristics of
the systems (i.e., metal plates and films) forming the images
rather than any fundamental limitation in information con-
tent of high-energy radiation beams. We believe that much
more information is contained in the radiation beams than is
currently being extracted. The imaging systems described in
the following sections are early attempts to extract more in-
formation from these high-energy beams.
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lil. IMAGING TECHNOLOGIES
A. Mirror-based video systems

The most common portal imaging systems are video-
based systems that consist of a metal plate coated with a
fluorescent phosphor screen viewed by a video camera with
the aid of a front-surface 45° mirror as depicted in Fig. 6.
X-ray interactions in the metal plate create high-energy elec-
trons that in turn produce fluorescence in the phosphor
screen. Only a small fraction of the light (0.01%) is collect-
ed by the lens,?® so care must be taken in selecting compo-
nents of the imaging system in order to maximize light col-
lection efficiency of the optical chain. The video system has a
number of advantages including: (i) the x-ray detector sub-
tends the entire treatment field so that all of the x-ray quanta
exiting from the patient can contribute to the image; (ii) the
spatial resolution of the system can be high, depending upon
the thickness of the phosphor screen; and (iii) the system
can generate images quickly (at or close to 30 frames/s). A
disadvantage of mirror video-based systems is that they
must isolate a large optical path, making the devices bulky.
Therefore, they can hamper patient setup and they cannot be
used on treatment machines with beam stoppers. Neverthe-
less, the mirror systems, which are gantry mounted, use var-
ious designs to make the mirror and detector assembly de-
mountable or collapsible to minimize interference with
patient setup.

Because of their general availability, video cameras were
used as early as 1958 to image therapy fields.?’~*® The first
fluoroscopic imaging system specifically designed for mega-
voltage imaging that used what could be considered “mod-
ern” technology was reported by Baily and his colleagues in
1980.'? Since then, many other investigators*'>* have de-
scribed systems that use a variety of metal plates, different
thicknesses of phosphor screens, different types of video
cameras, and video processing boards with different display
and storage capabilities. For example, Leong used a silicon-
intensified target (SIT) camera,®’ Shalev et al. used both
intensified CCD and SIT cameras,*? Visser et al. used a CCD
camera with slow scan readout capabilities,** and Munro et
al. used a lead oxide tube camera specially adapted to accu-
mulate the video signal on the lead oxide target of the tube
for lengthy periods.”*** The target accumulation described
by Munro not only improved image quality by reducing vid-
€0 noise, but it also greatly simplified synchronization of
image acquisition with patient irradiation.

FIG. 6. Schematic of a video-based EPID consisting of a fluorescent phos-
phor attached to a metal plate, viewed by a video camera (fitted with an
appropriate lens) using a 45° mirror.



F1G. 7. An image produced by a mirror system (Munro and Fenster). Note
the resolution of the trachea, lungs, and bony anatomy. The image was
formed using a 6-MV irradiation of approximately 1.5 cGy at the isocenter.

Image quality has generally been good, and recent ad-
vances have demonstrated that high-quality images can be
acquired using irradiations as short as 1-2 monitor units. An
unpublished contrast-detail study (Las Vegas contrast-de-
tail phantom study) comparing a number of mirror systems
has shown that structures as small as 1 mm in diameter (5%
primary subject contrast) and structures as low as 0.6% pri-
mary subject contrast (15 mm in diameter) can be detected.
Thus mirror systems have demonstrated high spatial and
contrast resolution. An example of an image produced by a
mirror system is given in Fig. 7. Future improvements also
appear likely. Munro ez al.?! have recently published some
measurements quantitatively evaluating the performance of
their video-based imaging system. Because of spatial resolu-
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tion losses caused by the lens and additional noise added by
the video camera and secondary light quanta, the DQE(f) of
their system [Fig. 5(b)] is still lower than that for the metal
plate/phosphor screen detector alone [Fig. 5(a)]. There-
fore, improvements in video cameras and geometric optics
should result in even higher image quality in the future.

One area for improvement is in the efficiency of the mirror
systems’ optics. The expression for €, the efficiency of a
lens, is

€rens = k [TM?/(1 4+ M)*f?], (8)

where 7 is the lens transmission factor (generally 7=0.9); M
is the lens magnification factor, which is defined as size of the
virtual image on the TV camera divided by the size of the
image on the x-ray detector (M <1); k is a factor equal to
1/16 when assuming each point on the phosphor screen is an
isotropic point source irradiating into 4+ steradians; and, fis
the £number (focal length/diameter) of the lens. With all
other factors equal, the efficiency increases as the inverse
square of the f/number, as one would expect. Increasing the
size of the TV camera or light sensor will increase M, im-
prove the efficiency of the mirror systems’ optics, and should
improve the DQE(f) of mirror systems. Thus plans to use
TV cameras with larger format tubes, or large area charge-
coupled devices (CCDs) should improve image quality
further.

B. Fiber-optic video systems

Although excellent portal images can be acquired with
mirror-based EPIDs, the presence of the large mirror intro-
duces implementation problems, as mentioned previously,
in many treatment geometries. Replacing the mirror with a
two-dimensional array of fiber-optic image reducers has
been demonstrated.>>>® Several prototype fiber-optic sys-
tems have been constructed to operate as depicted in Fig. 8.
X rays produce light by fluorescence at the input of the de-
vice. A 1.5-mm copper metal sheet provides electron build-
up. Fluorescence occurs in a layer of gadolinium oxysulfide
phosphor 250-500 mg/cm? thick. The fiber-optic channels

FI1G. 8. Schematic of a fiber-optic EPID con-
sisting of a fluorescent phosphor on a metal

T W W-——zso% Gadolinium

1616 Oxysulfide

Fibxem —_ Screen Vidicon plate, a fiber-optic light channel device to
S camera direct light to a video camera.
Reducer
Bundle 77

Glass
Fiber-optic
Faceplate

16 x 16 Reducer Bundle —————— l
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consist of clear polystyrene columns 1.6 X 1.6 mm encased
by a thin acrylic cladding. The difference in the refractive
indices between the two plastics allow for “light piping,”
providing that the angle of the incident light satisfies the
condition of total internal reflection at the cladding inter-
face.

The next larger subunit is a “multi-fiber” reducer consist-
ing of 16X 16 individual columns which each reduce to a
0.1X0.1-mm cross-sectional area. A 90° bend is placed just
beyond the end of the reduction transition as shown in Fig. 8.
An array of 16X 16 of the “multi-fiber” reducers are assem-
bled within a light-tight housing to form the complete image
reducer. Using this approach an imager assembly can be
made to be 15 cm thick. The composite device consists of
256 X 256 fibers viewing an area 40 X 40 cm. The output im-
age area is 3 X 3 cm. Instead of a lens, the output end of the
fiber-optic imager is coupled directly onto a low light-level
(Newvicon) video camera equipped with a glass optical fi-
ber faceplate, via one additional array of high-resolution
glass-fiber reducers. The video camera has a 1.2 1.2-cm
diagonal sensor that views about 36X 36 cm of the input
image. As with the mirror systems, the camera is interfaced
to a microcomputer via a frame grabber for digitizing the
output image.

In order for light to be transmitted down a fiber, it must be
incident on the face of the fiber at an angle smaller than the
acceptance angle. The acceptance angle must be such that
rays that enter the fiber strike the walls at an angle smaller
than the critical angle 8, for total internal reflection. The
fiber acceptance angle is determined by the indices of refrac-
tion of the polystyrene n, ~ 1.5 and acrylic n, ~ 1.4 and the
critical angle of reflection within the fiber

cos(8.) =1,/1,, (9

which is about 21°. For a tapered fiber with large input diam-
eter d, and small output diameter d,, a ray having angle 8,
with respect to the fiber axis at the input will approach the
exit face of the fiber at an angle 6, with respect to the output
axis where

d, sin 6, = d, sin 6,. (10)

Since the maximum output angle is 6., Eq. (10) can be used
to calculate the maximum acceptance angle 6, at the input
surface

sin(6,) = (d,/d,)sin(8,). (11)

The resulting acceptance angle incident on the reduced fiber
is on the order of 2°. The cumulative solid angle of all the
individual fibers is a measure of the light gathering efficiency
of the fiber-optic reducer. This efficiency €;,.,, can be ex-
pressed as

€fiber = [(dZ/dl)(nlz; — n‘ZJ)l/Z]Z.Tﬁbe” (12)

where 75, is the transmission through a fiber and the cou-
pling loss at the interfaces and the squared quantity is the
numerical aperture of each single fiber. The efficiency in
light collection also appears to be sensitive to other design
details such as the taper length in the reducers and the type
of optical glue that is employed between elements which ef-
fect insertion losses at each end of the fiber bundle. The effi-
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ciency of a fiber coupler is about the same as that of an effi-
cient lens system.

Several characteristics of fiber-optic reducers have been
studied. Resistance to radiation damage was investigated by
irradiating a single fiber bundle to 10 kGy with a high dose
rate animal irradiator. This dose produced less than 5% loss
in the light transmission through a fiber bundle.

The line spread function of the system was measured to
determine its resolving power. The approach was similar to
that used by Munro et al.?! As the resolution was limited by
the input fiber area, a 1-mm slit beam, collimated by two
highly polished 12-cm tall copper blocks, was used. The
blocks were placed directly on the surface of the metal pho-
ton-to-electron converter. The slit beam was aligned paraliel
with one axis of the fiber-optic imager. Slit images were ac-
quired as the slit beam was moved across individual fibers
with the aid of a micrometer attachment to determine the
line spread function. The results show that the first proto-
type was capable of resolving 0.3 line-pair per mm at the
detector plane.

Although the bundle-to-bundle packing at the input is
within a tolerance of 0.05 mm, minor irregularities in the
alignment of the fiber bundles at the output, even as small as
0.1 mm, distort the image because of the small-fiber output
dimensions. The problem is further compounded by the mi-
nor irregularities of the bundle shapes. Distortion of the out-
put image has been corrected with a geometric map that
relates the position of each fiber to a corresponding set of
pixels on the display. The mapping is achieved by mechani-
cally scanning a single small light source across the input
fiber array. Because of variations in screen thickness, video
camera phosphor, light transmission in the bundles, and oth-
er sources, the output image is inherently nonuniform in
light transmission. Therefore, in addition to the geometric
mapping correction, portal images are corrected, or normal-
ized, for the nonuniformity by dividing the imaging data
with those of a flood field as described in Eq. (8).

In clinical use, images are acquired and digitized at the
1/30-s video rate. The gain and the background offset setting
of the camera are preadjusted so that the normalized image
would present the information most relevant for different
anatomical regions. An automatic beam-on detection mode
initiates data acquisition 1/30's after the beam is detected for
improving data statistics, the 8-bit data frames are averaged
in 16-bits and at frame rate with the on-board utility function
of the frame grabber to produce a final image. Typically, 8 to
128 frames are averaged, equivalent to 1/4 to 4 s of beam
exposure for image formation, depending on the application.
For example, the shorter time may be used for studying pa-
tient motion or for imaging an unblocked, or “open,” beam.
Open-beam patient images are very useful for superposition-
ing with small treatment beam images to mimic the double
exposure technique of port films. An example image is given
in Fig. 9.

C. Liquid ionization chamber systems

A special class of electronic portal imagers is made up of
the scanning liquid ionization chambers or SLIC-EPIDs.
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FIG. 9. A 6-MV image produced by a fiber-optic EPID by summing a portal
image with a Cerrobend block in place with a full-field image. The portal
image was obtained with approximately 5-cGy dose at isocenter and the
full-field image was obtained with approximately 2 cGy at isocenter.

Liquid ionization chambers are compact, efficient high-en-
ergy x-ray detectors. Ions are created efficiently in a liquid in
the volume between high-voltage electrodes. The efficiency
of x-ray detection in a liquid is increased over the efficiency
of x-ray detection in air in proportion to the density of the
liquid relative to the density of air. Organic fluids have been

Accelerator

used as the ionized medium in these devices. The two most
important factors that influence the choice of the liquid in a
SLIC-EPID are (1) charge integration in the liquid and (2)
charge collection from the liquid. Both of these processes are
influenced by the mobility of the charge carriers. One may
place all organic fluid ionization chambers in one of two
categories: those relying on ion transport and those relying
on electron transport.

1. Matrix ion chamber EPIDs

An imaging system that employs ion transport in a liquid
has been developed at The Nederlands Kanker Instituut
(NKI). The NKI portal imaging system consists of a
256X 256 matrix ionization chamber and a microcomputer
system for control and image processing.’’~*’ Figure 10
shows a schematic diagram of the imaging system with: (1)
the “camera” cassette and (2) the control unit. The camera
cassette is quite small having outer dimensions of
52552540 mm and a weight of 7 kg. It contains the fol-
lowing parts: a 256-channel electrometer system, a 256-
channel high-voltage switch system, and control electronics.
The ionization chamber matrix consists of two double-sided
printed circuit boards (standard glass fiber, 0.5-mm-thick
front board and 1.5-mm-thick rear board) with etched elec-
trode strips inside the chamber and guarding plates outside
the chamber.

A 1-mm liquid film (Iso-octane, spectroscopical pure,
Merck) serves as the ionization medium. In addition to the
printed circuit boards and the liquid, there is a 1.0-mm-thick
stainless steel front screen that acts as the main radiation
buildup material. The chamber and metal screen are packed
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FiG. 10. Schematic of the liquid ionization imaging system. Two sets of perpendicularly oriented electrodes are separated by a 1-mm fluid-filled gap. The strip
electrodes are effectively scanned by sequentially activating the perpendicular high-voltage electrodes.
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between two carbon fiber reinforced foam boards of low den-
sity that form part of the cassette housing. There are 256
strip-formed electrodes on the rear plate that serve as signal
electrodes. Each strip is connected to a sensitive electrom-
eter. At right angles to the signal electrodes on the opposite
plate are 256 high-voltage electrodes. Each high-voltage
strip is connected to a high-voltage switch. The signal and
high-voltage electrodes cross each other perpendicularly.
Each crosspoint acts as a small ionization chamber. The res-
olution of the system is determined by the 1.27-mm spacing
of the electrode strips. The entire matrix thus consists of
256 X 256 ionization chambers giving a total field of view of
325325 mm. To obtain one image, the ionization matrix is
scanned row by row, by successively switching high voltage
to different voltage electrodes and measuring the currents in
all 256 column electrodes. The ionization chambers operate
at a polarizing voltage of 300 V, which is well below satura-
tion for the liquid. This voltage is limited by technical con-
straints of the switching circuits. A typical current produced
by each ionization chamber in an 8-MV x-ray beam is 50 pA
when exposed to an air kerma rate of 200 cGy/min. The
outputs of the 256 electrometers are multiplexed to a single
amplifier and digitized in the control unit. The electrometers
can measure signals up to 4 nA with a noise level of about 0.5
pA. To improve the SNR, sequential electrometer output
values are averaged digitally. Each electrometer contains a
presampling filter with a time constant adapted to the mea-
suring speed.

The 256 high-voltage electrodes are controlled by a circuit
that switches each high-voltage electrode separately. The
setting of all the high-voltage switches can be changed once
each 1.3 ms, which is the time needed for the serial transfer of
the switch-setting data. The camera cassette furthermore
contains electronics for the following functions: (1) time
demultiplexing of control signals which allows the unit to be
controlled by only two lines, (2) power supply stabilizers for
minimal supply noise, and (3) the signal amplifier for the
multiplexer output.

The cassette subsystem is operated by a data acquisition
and control subsystem. The control unit consists of a 16-bit
microprocessor (80286, Intel) with 2 Mb of RAM, and disk
storage. The microprocessor programs control the image ac-
quisition. A 200-kHz 12-bit A/D converter uses an input
amplifier with software-selectable gain. A control circuit
time multiplexes the control lines and a display processor
provides a 512 X 512 pixel, 8-bit grey scale image. The mi-
croprocessor can sample an external synchronization line,
which can be connected to the accelerator “‘scope trigger”
signal. All imaging parameters such as scanning speed, high
voltage, etc. can be changed with simple commands to opti-
mize system performance. A standard image is made and
displayed in 5.9 s. In this time the current of each ionization
chamber is measured ten times, and the values can be aver-
aged. To reduce the time required for switching the high-
voltage electrodes, the image matrix is scanned only once, so
that the measurement cycle is 256 times “switch to next
high-voltage electrode,” and 6 times “measure 256 signal
electrodes.” As the ionization chamber readout is rather fast
(20 ms for one row of 256 ionization chambers averaged six
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times ), all operations can be synchronized to the accelerator
pulse frequency (typical 200400 Hz), to avoid interference
between accelerator pulses and image scanning. Recent re-
sults show that due to the long ion lifetime in the liquid, the
unsynchronized read-out can be used with hardly any loss in
image quality. As a result of the high-voltage switching, a
transient pulse is induced in the electrometer amplifiers.
After this it takes about 5 ms before the electrometers can be
used again. This time is used for corrections and display.

In the same 5.9 s, the electrometer offsets have been deter-
mined accurately. This is necessary because the electrometer
offsets are influenced by stray radiation and temperature.
This measurement also corrects for the signal that is pro-
duced by the ionization chambers without polarizing vol-
tage. In addition to the slow normal scanning mode de-
scribed above, the following modes have been developed.

(1) Slow smooth mode: Three neighboring voltage elec-
trodes are at high voltage at the same time. This triplet tra-
verses the matrix in steps of one voltage electrode, with 20
ms between the consecutive 256 steps. The image is acquired
in 5.9 s. Averaging over three electrodes has the effect of
reducing the noise at the expense of a lower spatial resolution
in one direction. An example of the application of this mode
would be the imaging of pelvic fields where contrast resolu-
tion is of major importance.

(2) Fast smooth mode: Like the slow smooth mode, but
with 10 ms between switching high voltages instead of 20 ms.
The image is acquired in 2.9 s. The noise level is slightly
higher.

(3) Ultra half mode: Two neighboring voltage electrodes
are at high voltage at the same time. This doublet traverses
the matrix in steps of two voltage electrodes with 10 ms be-
tween the consecutive 128 steps. The image is acquired in 1.5
s. The spatial resolution is reduced in one direction. This
mode is typically needed for the double exposure technique.
Important specifications like the scan time, spatial resolu-
tion and noise are given in Table I for these clinically rel-
evant acquisition modes.

The image is constructed within the microprocessor from
the digitized ionization currents. The following corrections
are performed on the raw image data: (1) Electrometer off-
set and/or leakage corrections are always performed during
the imaging process. The magnitude of this correction is
about 10%. The correction values are measured automati-

TABLE I Scan time, spatial resolution, and noise for four acquisition modes
with the liquid ionization EPID. The spatial resolution is given by the full
width half-maximum (FWHM) of the line spread function (LSF). Note
that the FWHM varies only in one direction for the various modes.

Scan Spatial Noise

time resolution level
Mode name (s) (mm) %
Slow normal 59 2.3%29 0.28
Slow smooth 5.9 2.3x4.3 0.13
Fast smooth 2.9 2.3x4.5 0.19
Ultra half 1.5 2.3x3.1 0.25
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cally by the imaging software. (2) During calibration, which
is typically performed once a week to once a month, individ-
ual ionization chamber offset values are measured, by ac-
quiring an image without radiation. The application of this
correction copes with artifacts caused by the fast switching
of the high-voltage electrodes. Leakage currents in the liquid
were negligible. The magnitude of this correction is about
1%. (3) At the same calibration session, the sensitivity of
each ionization chamber is determined by acquiring a flood
field image. Calibration data is stored separately for all three
acquisition modes. The total magnitude of this correction
can be up to 40%. Sources of sensitivity variations among
individual ionization chamber cells are electrode shape dif-
ferences and of electrode surface inhomogeneities. The ioni-
zation chamber sensitivities also depend on the local thick-
ness of the liquid layer. Corrections (2) and (3) are
described in Eq. (8).

The image correction and display operations are per-
formed during the imaging process itself. In this way an im-
age is built up on the screen at the same time that the ioniza-
tion chambers are scanned. The reconstruction and display
operations are then performed in the time just after the
switching of the high-voltage electrodes, which otherwise
would have been spent waiting. An example of an image
produced by the liquid ionization EPID is given in Fig. 11.

2. Electron transport SLIC-EPIDs

An important feature of the organic liquids suitable for
use in room-temperature liquid ionization chambers is that
the mobility of the molecular ions is up to ~ 10° times less
than that of the excess electrons**** and is of the order of
5% 10~ *cm? V~! s~ !, However, in all known room-tem-
perature liquids suitable for use, the ionization electrons are
trapped in nanoseconds or less forming slow-moving ions.
This is due to the presence of electronegative impurities in
the liquid.**>*"** In order to measure the ionization electrons
created in room-temperature fluids, the electron-trapping
impurities (C1,0,0H,H,0,etc.) must be reduced to levels of

F1G. 11. An image produced by the liquid ionization imaging system. The
image shows a thoracic vertebra imaged by 8-MV x rays by averaging four
images during a dose of 100 cGy at isocenter.
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parts-per-billion.*' Failing to do so means that the signals
measured from chambers using such fluids are derived en-
tirely from the drift of ions in the electric field. A potential
improvement in the performance of SLIC-EPIDs may be
achievable through the use of part-per-billion clean liquid
dielectric for the ionization medium. While the NKI imager
is a successful example of the use of an ion transport liquid,
the development of an “electron transport” imager would
result in a device with completely different parameters
which might offer significant potential advantages.

The advantage of relying on ion transport (low mobility)
is that the ion lifetime is very long, resulting in an inherent
charge integration in the liquid. The inherent “effective inte-
gration time” for an ion transport chamber has been shown
to be inversely proportional to the square root of the ioniza-
tion rate times the ion mobility.**** Under “normal” radio-
therapy conditions the ion lifetime in the NKI imager is re-
ported to be about 0.5 s. This means that, even though an
image is scanned in about 5 s by switching the voltage be-
tween rows of electrodes over the whole chamber, the infor-
mation that is obtained is due to 0.5 s of exposure. This corre-
sponds to a “sampling efficiency” of about 10%. This is
much better than the sampling efficiency of a nonintegrating
system which, for 256 rows, would have an efficiency of
1/256 or 0.4%. While such integration is not feasible for an
“electron-transport” SLIC imager since the maximum elec-
tron lifetimes are currently only approaching the millisec-
ond range, the far higher mobility of electrons offers a direct
method of greatly increasing the charge collection efficiency
resulting in a decrease in the irradiation time needed to form
an image. To quantify this advantage imagine two chambers
of identical design—one of which uses electron transport,
the other of which uses ion transport. For concreteness, let
the geometry of the chambers be essentially that of the exist-
ing NKI chamber with a 1-mm gap between the two planes
of electrodes. '

The radiation from a therapy machine is typically deliv-
eredin 2 to 5 usbursts every 12.5 to 5 ms. In the NK1imager,
300 V applied across the 1-mm gap gives rise to an ion drift
velocity of 2.4 mm s ', using the published mobility*>** of
8% 1077 em* V~'s~ ! Thus the time for an ion to drift
across the 1-mm gap would be ~400 ms. During actual op-
eration, the voltage is applied for only ~20 ms, and thus the
fraction of available ion charge that is collected is about 5%.
This poses a limitation on the read-out speed of the NKI
imager. A lower collection fraction, for example when sam-
pling an electrode for only 10 ms, would increase the relative
noise contributions of the amplifiers. In comparison, the
very high mobilities offered by an electron transport imager
would result in much faster and more complete signal collec-
tion at lower voltages. For example, a 50-V bias across a 1-
mm gap allows electrons to traverse a fluid in the gap in less
than 7 us. Under such conditions, virtually all of the avail-
able electron signal could be extracted for a large fraction,
and possibly all, of the imager’s chambers between succes-
sive bursts of radiation. Following each burst of radiation,
voltage would be applied to successive voltage electrodes,
one electrode at a time. Seven microseconds would be suffi-
cient to allow simultaneous collection of ~100% of the



11 Review Article: Boyer et a/.: Review of electronic portal imaging devices 11

charge from the signal electrons in all chambers along a se-
lected row using parallel amplifiers. This process would be
repeated row-by-row until the entire imager is read out or
until the electrons have decayed away. The sequence would
be continued following each radiation burst averaging the
signals until an acceptable image is formed.

The advantages of this approach are that (i) any desired
amount up to ~ 100% of the electron signal may be sampled
per electrode and (ii) a very large fraction of the chamber
could be scanned burst-by-burst. For instance, with a burst
repetition rate of 200 Hz (1 burst every 4 ms) there would be
sufficient time to read out each 256-electrode chamber with-
in the ~ 1.8 ms (256 rows X 7 us) needed for actual signal
collection. As the number of high-energy quanta sampled
would be only those from the preceding burst, the entire
chamber would have to be repeatedly sampled over a suffi-
ciently large number of bursts and the data summed in order
to acquired a suitable image. Consequently, providing that
the electron lifetime is of the order of 2 ms, an electron trans-
port imager should be capable of producing images of com-
parable quality to that of an ion transport imager in an irra-
diation time comparable to the reported ion-integration time
of the NKI imager (~0.5s).

Recent progress in the development of detectors for parti-
cle physics applications support the feasibility of attaining
suitable long electron lifetimes for an electron transport
SLIC imager. Following the discovery*® of highly mobile
electrons in ultrapure hydrocarbons in 1977, a number of
groups have been pursuing the development of ionization
chambers using tetramethylsilane®® (TMS) [(CH,),Si],
and tetramethylpentane** (TMP) (CyH,,). A particle
physics collaboration at CERN has constructed 20 000
TMP-filled detectors***” and fluid cleaning procedures have
been refined to the extent that electron lifetimes of 300 to 400
ps have now been achieved. Furthermore, free electron life-
times of 77 and 450 us with TMP and TMS, respectively,
have been independently reported.*®* An important unre-
solved question concerning the possibility of maintaining
such long lifetimes in a radiotherapy imager revolves around
the concern that, due to the high dose rate and scanning
operation of an SLIC imager, the free electron lifetime could
be severely limited by recombination.

The disadvantages of the electron transport approach are
as follows. First, as integration of information is no longer
taking place in the chamber, it is necessary to process the
analog and digital information for all, or a fraction of, the
entire chamber on a burst-by-burst basis and integrate this
information digitally in a buffer. This is not as convenient as
allowing the chamber to integrate the information itself, and
would require handling data rates of ~ 13 MHz in the case of
a 256 X256 element imager operated at 200 pulses-per-sec-
ond. However, such data rates can be accommodated using
existing analog and digital signal processing hardware and
techniques. Second, the fast ( ~ 1 us) switching of even mod-
est voltages ( ~ 50 V) will introduce transients whose signal
size will be comparable to the measured signals. However,
various schemes may be possible to effectively deal with this
problem involving changes to the electrode structure of the
chamber and/or signal processing techniques. The feasibil-
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ity of developing an electron transport imager is currently
under examination by a group at the Department of Radi-
ation Oncology at the University of Michigan.

3. CT reconstruction liquid ion chamber EPID

An alternate way of using liquid filled ionization cham-
bers for portal imaging is being pursued by Bova.*>* This
system would consist of 256 long, thin ionization chambers,
each of dimension 2 X 2 X220 mm. The chambers would be
positioned so as to form a detection plane. In each chamber a
2-mm gap filled with liquid ionization medium is bounded
by a pair of long parallel electrodes. A constant high voltage
(2 kV) is applied to the voltage electrode, and a signal is
extracted from the collecting electrode. A guard electrode in
the design helps shape the applied electric field. Thus each
chamber would sample the radiation along a narrow (~2
mm) strip. During operation, the entire plane of chambers
rotates about an axis perpendicular to the plane of the detec-
tors, and spatial information is encoded by registering the
collected currents from all 256 chambers as a function of
angular position. The image is then reconstructed by means
of a filtered back-projection technique.

Using a single prototype chamber, Bova has demonstrat-
ed the feasibility of this concept by suitable rotation and
translation of the chamber. A spatial resolution of 4.12 mm
in the reconstructed image was achieved requiring 0.025
cGy per angular sample to form the image. A total of 180
angular samples were required per image and the total beam
accumulation time was 4.5 s.

The thin-box construction and wider gap allow these
chambers to operate at a significantly higher voltage than
the NKI imager. Also, as there is no need to switch the vol-
tage on and off in this scheme, the proposed system would
not need to contend with the switching transients suffered by
both the NKI and proposed electron transport imager. This
ought to greatly simplify the electronics for the rotating sys-
tem. However, long-lived ions in the medium could limit the
speed at which this system could be rotated.

D. Solid-state systems

A nonoptical approach involving a scanning linear array
of silicon diodes has been pursued by a group at Johns
Hopkins.>'~** This approach employed high-voltage rectifier
diodes.**** As depicted in Fig. 12, a linear array of 255 di-
odes is arranged with a center-to-center spacing of 2 mm
between the diodes. A 1.1-mm-thick Pb strip covers the di-
ode array, and the array is placed 150 ¢cm from the source.
During image acquisition, the linear array is scanned, in 2-
mm increments, across the field of interest by means of a
stepping motor operated by computer. For each radiation
burst, signals from all 255 diodes are amplified, multiplexed,
and digitized to 12-bits. Data are acquired at each stepping
position for a significant number of bursts in order to create a
single line in the image.

For a 4-MV beam the group reports being able to resolve
objects of 0.8% primary subject contrast using a dose of 0.27
cGy for each line of the image. As this system only utilizes a
small fraction of the radiation field, large doses are required
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Translation

F1G. 12. A diode array EPID consisting of a linear array of discrete radi-
ation diodes that are mechanically translated across the x-ray beam to form
the image. The diodes are spaced 2 mm apart. The lead layer acts as the x-
ray detector.

to form an image with this contrast. For example, imaging a
20- to 45-cm-long radiation field requires a total dose of 27 to
60 cGy. A second limitation is the comparatively large inter-
diode spacing, leading invariably to coarser spatial resolu-
tion than is possible with finer detail systems such as the
fluoroscopy camera devices. Finally, prospects of creating a
two-dimensional array of such diodes are dim given the
enormous complexity and expense which the assembly and
wiring of such a scheme would entail.

Another approach involving the scanning of a linear array
of detectors across the field has been pursued by Morton and
Swindell at the Royal Marsden Hospital.*® The arrangement
isshown in Fig. 13. The array consists of a double row of zinc
tungstate (ZnWO,) scintillating crystals. Each crystal is
5% 5% 25 mm. The crystals are arranged in a double row, 64
crystals per row, with the rows offset by half a crystal width,
and, during image acquisition, the array is scanned in steps
of half a crystal width. This geometry and scanning protocol
exactly satisfies the Nyquist sampling interval for this detec-
tor. While both ZnWO, and bismuth germanate (BGO)
were considered, the former was chosen because of measure-
ments that indicated superior (2.3x) light output for this
particular detector geometry and electronics. In order to
maximize the detected light signal, the faces of each crystal
were carefully polished and coated with a diffuse reflective
material with the exception of a single output face to which a
photodiode was optically coupled. Diode noise was mini-
mized by operating the diodes at zero bias. The diodes were
operated at zero bias is order to (1) eliminate leakage cur-
rent and its associated noise; (2) allow temporal integration
in the electronics with no build-up of dark signal which
would otherwise dominate the x-ray induced signal; and (3)
assure linear diode response with signal intensity.

During image acquisition high-energy photons that inter-
act and create high-energy electrons that pass through the
volume of these crystals result in the creation of a visible
light signal that is detected by the photodiodes. As the crys-
tal is optically transparent a relatively long detector is possi-
ble (25 mm) and this results in a very high efficiency for the
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FI1G. 13. A solid state EPID consisting of a linear array of discrete ZnWO,
crystals. The x-ray induced scintillation of each crystal is detected by a
photo diode. To increase the linear resolution, every other crystal/diode
detector is offset one half crystal width.

detection of the high-energy photon quanta (~50% at 6
MYV). At each stepping position, signals from the diodes are
processed using analog filtering so as to allow signal integra-
tion over ~0.1 s. The integrated signals are multiplexed and
digitized to 12 bits.

The high quantum-efficiency of the system allows images
to be produced with ~20 cGy for a 17 X 17-cm radiation
field with objects of 0.5% primary subject contrast detect-
able. This group has employed the same general detection
principle to create a computed tomography (CT) scanner
for radiotherapy beams.

The many constraints and demands posed by real-time
megavoltage radiotherapy imaging make a large-surface-
area, radiation-resistant, solid-state imager a very attractive
goal for this application.’” Recent developments in the mate-
rials science and technology of hydrogenated amorphous si-
licon made such an imager feasible.”®** Hydrogenated
amorphous silicon (a-Si:H) is a relatively new silicon alloy
exhibiting some of the desirable properties of crystalline sol-
id-state materials. Various a-Si:H devices such as diodes and
thin-film transistors are routinely fabricated on a substrate
(such as glass or quartz) by gas deposition in a reaction
vessel.

Since the preparation method is from gases, arrays of a-
Si:H devices can be very large compared with crystalline
silicon wafers. For example, solar cell arrays are commonly
fabricated on 50 X 50-cm substrates or on continuous rolls of
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stainless steel. In particular, large arrays of a-Si:H transis-
tors are under intense development in conjunction with the
flat-panel display industry and 14-in. diagonal displays con-
taining ~ 1.5 million field effect transistors (FETs) have
already been demonstrated.®! The imager’s sensors are pho-
todiodes consisting of a bottom metal contact, an rn-doped
layer, an intrinsic i-layer, and a p-doped layer, with a final
transparent metal contact on top. A reverse bias is applied to
this diode in order to fully deplete the i-layer. These photo-
diodes would be arranged in a regular Cartesian grid in a
two-dimensional array as shown in Fig. 14. Attached to each
photodiode is a single thin-film FET. All gates for the FETs
for a given row of photodiodes are connected to a common
FET line. The source of each FET is connected to its asso-
ciated photodiode, and all the drains for the FETs in a single
column are attached to a common DATA line.

This a-Si:H array would be positioned immediately below
a metal plate and phosphor screen combination; both the
plate and the screen have functions identical to those in the
fluoroscopy camera systems. In fact, the a-Si:H array serves
as a direct substitute for the mirror, the light box, and the
camera or for the fiber-optic lines and the camera in the
other “optical” systems. During image acquisition, all the
FET lines are kept at a negative voltage so as to make the
entire array of FETs nonconducting. Light emitted by the
phosphor is converted with high efficiency into electron-
hole pairs in the i-layer of the photodiodes and collected and
stored in the capacitance of the photodiodes. When suffi-
cient signal has been collected for an image, the stored sig-
nals are read out, one row at a time. This is accomplished by
changing the voltage on the corresponding FET line so as to
make all the FETs along that line conducting. This allows
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FIG. 14. Top schematic view of a section of an amorphous silicon imaging
array consisting of photodiode sensors and field effect transistors (FETs).
Sensors in each column are connected to a common DATA line by the
FETs. The gates for each row of FETs are connected to a common FET
control line. During imaging, FETs are kept nonconducting to allow charge
to accumulate in the sensors. To sample this charge, the FETs are rendered
conducting, one row at a time, allowing the sensors’ charge to propagate
onto the DATA lines and thereafter to external readout electronics.
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the signals stored in the photodiodes to propagate through
the FETs onto the DATA lines. These signals are then pro-
cessed and digitized by external electronics. The voltage on
the FET line is returned to its initial state and the process is
repeated for the next row until the entire array has been read
out. This may be repeated each time a new image frame is
desired.

Compared with the other optical systems, an advantage of
using an array of photodiodes placed in close proximity to
the phosphor is that a very high percentage of the emitted
light may be intercepted and converted to signal. While this
percentage easily exceeds 50% in the a-Si:H imager configu-
ration, it is considerably less than 1% in the fluoroscopy
camera and fiber-optic systems. In addition, such an a-Si:H
would be very compact, with a total thickness about that of a
film cassette.

While such a photodiode array could conceivably be con-
structed from crystalline silicon materials, several factors
make a-Si:H a superior choice. First, the very nature of the
technology lends itself to large surface areas devices. As
crystalline silicon devices are ultimately limited by the size
of commercially available wafers, large arrays of such de-
vices for medical imaging would have to be made up of many
smaller tiles. This would be a very difficult and demanding
engineering task. Second, as the commercial interest in flat
panel displays is spurring the development of larger and
larger arrays, the heavy investments in research and devel-
opment and production facilities will be born by the display
industry and not by the considerably smaller medical imag-
ing industry. Finally, amorphous materials are particularly
well suited to megavoltage imaging because of their inherent
radiation resistance.>*¢?

IV. APPLICATIONS

The definitions of localization and verification portal im-
ages in this paper are in line with the definitions recommend-
ed by the AAPM.®* A portal image for purpose of localiza-
tion is produced by an exposure that is short compared with
the treatment time. These portal images can be used in an
interactive manner to adjust the patient setup and field
boundaries prior to the administration of the major portion,
for instance 80% to 90%, of the daily dose. For a typical
single-field dose of ~ 100 cGy at dose maximum, a portal
image should be acquired during the delivery of less than 1 to
20 cGy, which corresponds to an acquisition time of about
0.25 to 5 s for a dose rate of 2.5 Gy min ~ ..

For evaluation of a setup where a high accuracy is re-
quired, usually a priori knowledge is available about the po-
sition of the field edges relative to anatomical structures. The
intended setup is documentated either (1) on a simulator
image obtained for an identical set up at the simulator or (2)
on a digitally reconstructed radiograph (DRR ), which has
been reconstructed for a chosen treatment beam setup from
aseries of CT images.®*** In case no reference image is avail-
able, the adequacy of the setup must be determined from an
initial portal image.

In addition to the necessity of a fast on-line EPID, it is



14 Review Article: Boyer et al.: Review of electronic portal imaging devices 14

obvious that for clinical application of portal localization
images this device must be provided with a number of fast
image processing utilities. These utilities are crucial for a
quick setup evaluation, i.e., an evaluation within 1 to 2 min.
The following utility functions are needed: (1) display of the
portal image, (2) display of a reference image, (3) field edge
position quantification, (4) autolevel and window setting,
(5) image enhancement, and (6) automatic or semiautoma-
tic setup evaluation. An image displayed near the therapy
machine operator’s console within a few seconds of the x-ray
exposure is also mandatory for routine clinical practice. In
this time period some image processing must be performed
before the portal images can be analyzed by the physician or
the technologist.

For a completely automatic evaluation, even faster algor-
ithms are needed that can evaluate a patient setup within a
few seconds after the acquisition of the portal image. The
results of this evaluation could then be used to interrupt the
irradiation automatically in case tolerance levels are exceed-
ed.

The reference image, corresponding to the intended treat-
ment field, should be displayed prior to starting the irradia-
tion. If simulator film images are used, they must have been
previously digitized for that purpose. In case DRRs are uti-
lized, it must be possible to transfer these digital images,
which are usually generated by a treatment planning system
(TPS), from the TPS to the EPID. Because the simulator
images and DRRs are available quite some time before the
irradiation starts, time constraints are not present for pre-
processing of these reference images. Utilities should be pro-
vided to mark relevant information for the evaluation in
these images, such as the position of the central axis, the
major axes, the field edges and anatomical structures.

The position of the field edge is of great importance for
evaluating the setup. Further image processing, such as that
done to improve image quality, may cause this position to
deteriorate. It is therefore necessary to start with the detec-
tion of the field edge first, preferentially in an automatic
way.®® Once the coordinates of the edge pixels are stored,
these pixels can be highlighted in enhanced images and
further be used for image analysis.

A number of digital methods have been investigated for
improving the discernability of anatomical landmarks in
portal images. Various histogram modification techniques
are quite efficient for contrast enhancement.'"*’° The same
number of image pixels are assigned to each display level,
i.e., the display level histogram is equalized. It has also been
demonstrated that, for contrast enhancement and improved
sharpness, an inverse frequency filter technique, combined
with a low-frequency cutoff filter, significantly improve the
image quality.”" The inverse filter corrects for the blurring
phenomena of the complete imaging chain, including the
focal spot size, while the cutoff filter eliminates gross vari-
ation in pixel value over the portal image, which is due to
gross variations in intensity over the radiation beam. This
filter method resembles the unsharp masking technique.’” In
addition, simple convolution filters such as Laplacian and
smoothing filters and combinations of these filters can be
applied successfully.**
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The distribution of the values of pixels that are inside the
image of the port depends on many factors like beam intensi-
ty, use of a wedge filter, patient thickness, patient outline,
patient-to-detector-distance, and detector parameter set-
tings. This distribution is important for a proper level and
window setting for image display and can only be deter-
mined after acquisition of the image data. Prior to the irra-
diation, estimated level and window values can be set. Once
the data acquisition has been completed, proper settings can
be determined, for instance, from data already available for
auto edge detection or image enhancement.®®

The goal of the field verification is to evaluate the locus of
the field edge contour relative to the observable patient ana-
tomy. The task can be considered to be the determination of
two types of positions: (1) the position of the field edge con-
tour with respect to the axis of rotation of the accelerator
collimator, and (2) the position of identifiable anatomical
contours with respect to the axis of rotation of the accelera-
tor collimator. Three different approaches for setup analysis
can be considered which depend on the EPID operating con-
ditions: (1) The EPID is rigidly mounted (with less than 0.5
pixel position shift for all gantry angles), (2) a reference
graticule, mounted at the head of the accelerator, is imaged
simultaneously, or (3) the only a priori information is that
the imaging plane of the EPID is perpendicular to the cen-
tral axis of the beam.

A rigid mounting arrangement provides the most oppor-
tunity for field verification. The reference image matrix can
easily be matched to the portal image matrix by aligning the
major field axes and by correcting for the differences in mag-
nification. The actual outline of the radiation field and the
intended outline can be directly compared visually or by ap-
plication of distance and angle measuring features. How-
ever, a high positional accuracy of the EPID for all gantry
angles relative to the accelerator is a challenging engineering
problem. The EPID and its mounting structure should inter-
fere as little as possible with the patient setup activities of the
technicians. In particular, the arrangement shouid not inter-
fere with the use of a laser alignment system. For a quantita-
tive analysis of the position of anatomical structures inside
the beam, these structures may still have to be delineated
first in the portal image.”

A graticule mounted near the head of the irradiation ma-
chine can project mutally perpendicular arrays of equi-
spaced dots on the EPID, similar to those projected by a
graticule on a simulator.” The transfer of the reference im-
age to the portal image can be found by matching the grati-
cule points in both images. A number of difficulties must be
overcome in order to use a graticule. Unless special software
automatically identifies the graticule points, they must be
identified manually. In addition, the graticule must be re-
moved from the beam before the rest of the dose is adminis-
tered. The removal requires a technician to reenter the treat-
ment room adding time and effort back to the localization
process.

On the other hand, if the EPID is less rigidly mounted on
the linear accelerator [option (3) above], the imaging plane
of the EPID may still be considered to be perpendicular to
the central axis of the beam. In addition the focus-to-detec-
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tor distance might be known. However, no further informa-
tion on the position of the EPID would be available. Match-
ing of the portal image to the reference image must be done
by either: (a) matching of field edges (b) matching of anato-
mical structures.”

Matching of anatomical structures can be time consuming
when a large number of these structures have to be delineat-
ed manually in the portal image matrix after this image has
been displayed.’ In addition, this delineation has to be done
accurately in order to obtain a match with sufficient accura-
cy.” To facilitate this procedure, corresponding relevant
structures that have already been delineated in the reference
image can be applied. In this way the procedure may be re-
duced to the adjustment (magnification, rotation, and trans-
lation in two directions) of stored structures, which might be
less time consuming. After this interactive delineation pro-
cedure, the information of the position of the various struc-
tures in the reference and in the portal image can be used for
a fast match of both field images. However, with all manual
procedures, a subjective element is introduced into the eval-
uation.

To fully integrate an EPID in routine clinical practice, in
particular for fast evaluation purposes, new methods for
automatic setup evaluation are mandatory. It is essential
that techniques for automatic extraction of anatomical
structures from portal images, which are inherently of poor
quality, will become available. Various image filtering pro-
cedures (e.g., edge enhancement filters and morphologic
filters) might be useful for this purpose. These techniques
still have to be developed and evaluated.

A more sophisticated method for field placement analysis
should also take into account the three-dimensional aspect
of the setup. Matching of anatomical structures in the corre-
sponding reference image and portal image of a single field is
sometimes inaccurate.

This occurs because only rotation around the central axis
and two orthogonal translations perpendicular to the central
axis are usually taken into account. In fact, six degrees of
freedom are involved: three rotations around the central axis
and around the two orthogonal axes perpendicular to this
central axis, and three translations along these three orthog-
onal axes. For multiple field setups the results for the various
fields should be combined because they are correlated. For
instance, a misalignment in the longitudinal direction of a
patient will be observed in the anterior—posterior as well as in
both lateral portal images of a three-field pelvic irradiation.
It is then assumed, however, that the patient does not move
between the setup of consecutive fields and the administra-
tion of the dose.”

V. SUMMARY

Electronic portal imaging, although still in its infancy, is
well under development. Commercial devices are available
for purchase that can be used clinically. These devices al-
ready provide images that are comparable to radiographic
film but have the advantage that the images are viewable
within seconds of the exposure and are stored and trans-
ferred electronically. Concepts of the physics of fluence con-
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version, image formation, optics, and principles of data ma-
nipulation have been borrowed from other fields. This body
of knowledge has been extended and integrated to form the
fundamentals upon which EPIDs have been constructed.
This review has demonstrated the potential for development
of advanced imaging devices, image enhancement and evalu-
ation software, and clinical applications for EPID technolo-

gy.
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