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Abstract—X-ray and radionuclide imaging are widely popular
medical imaging modalities. The requirements for each imaging
modality are different, and different detectors are normally used.
For this paper, we demonstrate our new detector capable of
both fluoroscopy and angiography, to be used as an imager for
both single-photon and integral-energy imaging and applied to
the dual modalities of radionuclide imaging and X-ray imaging.
This newly developed micro-angiographic fluoroscope (MAF)
has 1024 x 1024 pixels of 35 pxm effective size and is capable of
real-time imaging at 30 fps. The large variable gain of its light
image intensifier (LII) provides quantum-limited operation with
essentially no additive instrumentation noise. We demonstrate
that the MAF can be operated in single-photon counting (SPC)
mode for X-ray imaging with substantially better resolution than
in energy integration (EI) mode. We may use high LII gain with
very low exposure (less than 1 X-ray photon/pixel) per frame for
SPC mode (with X-ray and radionuclide) and higher exposure
with lower gain for EI mode (transmission imaging with X-rays).
For a demonstration of the operation in both EI and SPC mode,
a heavily K-edge filtered X-ray beam (average energy of 31 keV)
was used to provide a nearly monochromatic spectrum. The
MTF measured using a standard slit method showed a dramatic
improvement for the SPC mode over the EI mode at all spatial
frequencies. Images of a line-pair phantom also showed improved
spatial resolution in SPC mode compared to EI mode. In SPC
mode, images of human distal and middle phalanges showed the
trabecular structures of the bone with far better contrast and
detail. We also show MAF operation in SPC mode for radionu-
clide imaging using a custom-built phantom filled with I-125. A
1-mm-diameter parallel hole, medium-energy gamma camera col-
limator was placed between the phantom, and the MAF and was
moved multiple times at equal intervals in random directions to
eliminate the pattern corresponding to the collimator septa. Data
was acquired at 20 fps, and multiple signal-thresholded frames
were summed in SPC mode to provide an integrated frame. The
sharpness of the emission image is limited by the collimator reso-
lution and could be improved by optimized collimator design. We
demonstrate that the same MAF is capable of operating in both
SPC and EI modes and can be used in both X-ray transmission
imaging and radionuclide emission imaging.

Manuscript received October 06, 2011; revised March 13, 2012; accepted
April 25, 2012. This work was supported by the NIH under Grants RO1
EB002873 and EB008425.

A. Jain, A. Panse, D. R. Bednarek, and S. Rudin are with the Toshiba
Stroke Research Center, University at Buffalo, Buffalo, NY 14214 USA
(e-mail: ajain6@buffalo.edu; apanse@buftalo.edu; bednarek@buffalo.edu;
srudin@buffalo.edu).

R. Yao is with the Department of Nuclear Medicine, University at Buffalo,
Buffalo, NY 14214 USA (e-mail: rutaoyao@buffalo.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TNS.2012.2198493

Index Terms—Digital imaging, micro-angiographic fluoroscope
(MAF), single-photon counting (SPC), X-ray imaging.

I. INTRODUCTION

-RAY and radionuclide imaging are among the most
X powerful imaging techniques in the medical imaging
field. Normally in X-ray imaging, the prevailing mode of
image acquisition is energy integrating (EI) mode, while
single-photon counting (SPC) mode is more important for
radionuclide imaging. In EI mode, the total energy deposited
by photons is integrated to form the image. The digital number
of any pixel in the image represents the amount of energy de-
posited at that particular location. Improvements in spatial and
contrast resolution could be achieved with an alternative mode
of imaging, the SPC mode [1]-[9]. In this mode, although light
from a single event may spread across adjacent pixels, only
one pixel in the cluster is selected as representing the detection
location. Thus, an individual X-ray photon is counted, and the
digital number at any pixel in the image represents the number
of X-ray photons absorbed at that location. In energy inte-
grating mode, detectors can show very high spatial resolution,
but often are limited by the blur of the fluorescent phosphor. In
comparison to EI mode, SPC mode shows better spatial resolu-
tion because the position of the event can be localized, and this
minimizes the blur associated with conversion to secondary
quanta. Others have also shown the improvement of spatial
resolution with SPC mode [2]-[9]. Improved performance with
better spatial and contrast resolution is gaining popularity for
single-photon counting imaging over conventional imaging [2].

The newly developed high-resolution micro-angiographic
fluoroscope (MAF) [10]-[12] has demonstrated superior clin-
ical imaging capabilities. The heart of the MAF is the light
image intensifier (LII) that enables the MAF to exhibit large
variable gain. This large variable gain provides quantum-lim-
ited operation with effectively no additive instrumentation
noise [12], [13]. The MAF is currently being evaluated as an
EI X-ray transmission imager in a local hospital and providing
encouraging results [10]. The dual mode of operation will
make it more versatile. Others [3], [7] have shown SPC mode
operation using an EMCCD that has an amplification stage in
the CCD chip via an additional electron multiplying register.
We will show the unique quality of the MAF detector operating
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Fig. 1. MAF schematic (all components are contiguous).

in both EI and SPC modes and will compare the performance
of the MAF in terms of spatial and contrast resolution in the
two different modes of operation.

II. METHOD AND MATERIALS

A. Micro-Angiographic Fluoroscope

The MAF detector schematically shown in Fig. 1 and de-
scribed extensively elsewhere [12] was used for this study. The
MAF is a region of interest X-ray imaging detector capable
of real-time imaging (30 fps) for both fluoroscopy and angio-
graphic applications. The effective pixel size of the MAF of
35 pm provides very high spatial resolution.

As shown in Fig. 1, there is a CCD camera (DALSA 1M30,
DALSA Corporation, Waterloo, ON, Canada) [14] coupled to a
generation-2 dual micro-channel plate (MCP) light image inten-
sifier (Model PP0410K, Delft Electronic Products B.V., Roden,
The Netherlands) [15] through a 2.88-ratio fiber optic taper.
The LII is coupled to a 300-zm-thick CsI(Tl) scintillator [16]
through a fiber optic plate. A photograph of the MAF is shown
in Fig. 2, and its specifications are given in Table I.

B. X-Ray Spectrum

For the transmission imaging SPC mode, we used an approx-
imately monochromatic X-ray spectrum to improve the thresh-
olding effectiveness. This spectrum was generated by adding
15 mm of iodine contrast media (density 350 mg/ml) as addi-
tional filtration to a 50-kVp X-ray beam from a clinical c-arm
system (Infinix, Toshiba Medical Systems Corporation, Tustin,
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Fig. 2. Microangiographic fluoroscope.

0.8

0.6

0.4

Fluence (Arb. Unit)

0.2

10 15 20 25 30 35 40 45 50
x-Ray Energy (keV)

0
0 5

Fig. 3. Spectrum used for X-ray imaging in SPC mode.

TABLE I

MAF SPECIFICATIONS
Scintillator CsI(TI)
Csl Thickness 300 micron
Field of view (FOV) 3.6 cm X 3.6 cm
FOT Ratio 2.88:1
Pixel Width 35 micron
Image Matrix 1024 X 1024
Light Image Intensifier GEN 2 Dual MCP
Frame rate 30 fps
CCD Sensitivity 40 DN/(nJ/cm?)
LIT Gain SPC mode ~9000 ph/ph
LII Gain EI mode (fig. 17) ~500 ph/ph

CA). The shape of the spectrum is shown in Fig. 3 as calculated
using the SRS-78 X-ray spectrum generation software [17].

C. Spatial Resolution and Contrast Studies

For a spatial resolution comparison of the SPC and EI modes
used with X-ray transmission imaging, the MTF was determined
using the standard slit method [18] and a mammographic line-
pair phantom (line-pair range: from 5 to 20 Ip/mm) was imaged
for both modes. Additionally, a qualitative comparison of con-
trast between the two modes was made by imaging human distal
and middle phalanges bones of the pinky finger from a hand
skeleton embedded in plastic (not shown), which is illustrated
diagrammatically in the right side of Fig. 4.

D. Phantom and Collimator for Radionuclide Imaging

The phantom used for the evaluation of the SPC emission
imaging mode was a hot-rod phantom as shown in Fig. 5, where
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Fig. 4. Mammographic line-pair phantom and human phalanges bones used for
spatial resolution and contrast evaluation.
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Fig. 5. Custom phantom designed for the SPC radionuclide imaging
experiment.

the white circles represent cylindrical cavities in a plastic insert
shown as solid color. This insert is placed in a cylindrical con-
tainer that is filled with a solution containing 1 mCi of 12°1. The
diameter of the phantom is about 3.5 cm. The depth of the hot
rods is about 2 cm.

We used a medium-energy parallel-hole gamma camera colli-
mator with lead septa and holes of 1 mm diameter and 24.5 mm
height that was available to us. The Csl in the MAF was about
10 mm from the outer surface of the collimator, so the estimated
collimator resolution was 1.24 mm for an object at its surface.

X-Ray Tube n

Phantom i

= Colimator
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Fig. 6. Experimental set up diagram for (left) X-ray and (right) radionuclide
imaging.

Fig. 7. Demonstration of simple thresholding technique. (7ef?) Single frame slit
image before thresholding. (right) Image after thresholding.

E. Setup for Experiments

For X-ray imaging in both modes, no gamma-camera col-
limator was used, and the phantoms were placed near the de-
tector as shown in Fig. 6. The emission images were acquired
by placing the collimator between the phantom and the MAF
as shown in Fig. 6. The collimator was moved randomly during
the acquisition to blur the collimator pattern.

F. Image Processing for Single-Photon Counting

For the image formation in SPC mode, the main task was to
identify the events. For this preliminary study, basic threshold
technique was applied. Photon absorption events were identi-
fied by using a threshold so that only those events above the se-
lected threshold were registered. This effectively truncated the
tails of the phosphor blur function. Afterward, the final image
was formed by adding all events above the threshold from all
the frames. In the thresholding technique, all the digital num-
bers below a threshold were considered zero, and all the digital
numbers above that threshold were considered one (indicating a
single event). Fig. 7 shows a demonstration of a simple thresh-
olding technique on a simulated image.

For this technique, a threshold for the SPC mode was chosen
so that the average fluence rate for accepted events corre-
sponded to the estimated theoretical fluence rate determined
using exposure measurements, the calculated X-ray spectrum,
and absorption characteristics of the converting phosphor.
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Fig. 8. Slit images for (a) energy integrating mode and (b) single-photon
counting mode.

TABLE II

X-RAY PHOTON CALCULATIONS
No. of incident x-ray photons /mm?/uR = 137
No. of incident x-ray photons /pixel /uR = 0.17
Exposure per frame (1LR) = 137
No. of incident x-ray photons/pixel per frame =023
Absorption efficiency of Csl = 0.67
No. of absorbed x-ray photons/pixel per frame = 0.15
Slit Length (pixels) = 244
Slit Width (pixel) =1/3
Slit Width (um) =12
No. of photons per frame for slit area = 10.98
No. of frames used for slit image = 1200
Frame rate (per second) =20
SPC acquisition time (s) = 60
Expected total counts = 13176

This threshold level then provides an average of one count
per X-ray photon absorbed. After getting a large number of
thresholded images, we stacked them together to get a final
composite image. All the images for the SPC mode for this
study were processed similarly. For comparison, images were
also obtained in EI mode using an exposure per frame equal
to the total exposure for all SPC frames. In this way, we com-
pared images from the two modes with the same total detector
entrance exposure.

III. RESULTS

A. X-Ray Imaging in EI and SPC Mode

Table II shows some of the calculations used to determine
the number of absorbed X-ray photons and the total counts ex-
pected. It shows that for the spectrum, the scintillator absorption
efficiency, and the exposure (1.37 uR/frame) used, we expected
to get an average of 0.15 absorbed X-ray photons per pixel per
frame. We also have an example calculation for the slit image.
Knowing the slit area, we calculated the number of X-ray pho-
tons per frame for the slit image. Once we knew that number, we
applied the appropriate threshold to get the approximate count
number to be close to the calculated one, and then we summed
the frames and formed the SPC mode image.

Fig. 8 shows the comparison of the slit images taken in energy
integrating and single-photon counting modes, respectively.

These slit images were used to calculate the modula-
tion transfer function (MTF) using the standard slanted slit
method [18]. Fig. 9 shows a comparison of the MTF for both
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Fig. 9. Comparison of MTFs for both the EI and the SPC modes.

Fig. 10. Mammographic line-pair phantom images obtained with EI mode.

Fig. 11. Mammographic line-pair phantom images obtained with SPC mode.

modes and clearly demonstrates a substantial improvement
with the SPC mode.

The threshold selected for the slit images was applied to
form the SPC image of the line-pair phantom and the human
phalanges bones. The images of a mammographic line-pair
phantom (Figs. 10 and 11) give a visual demonstration of the
improvement in spatial resolution for the SPC mode over EI
mode.

Figs. 12 and 13 show images of the human phalanges bone
taken with EI and SPC modes. These images gave a visual
demonstration of the contrast improvement with SPC mode over
EI mode.

Fig. 14 shows normalized line profiles taken over the same
selected region for the two different modes [indicated by the
dotted arrows shown in the bone images (Fig. 14)]. For these
phalanges bone images, 2000 frames were used for the image
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Fig. 12. Human phalanges bone images taken with EI mode.

Fig. 13. Human phalanges bone images taken with SPC mode.
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Fig. 14. Comparison of contrast details in human phalanges bone images. Nor-
malized line profiles over the same selected region for the two different modes
indicating the superior performance of the SPC mode.

formation in both the modes (EI and SPC) with the same expo-
sure per frame used for the slit images (1.37 uR/frame).

B. Radionuclide Imaging

The average energy of the X-ray spectrum and the emis-
sion from I-125 was close, and we were able to use the same
threshold for the image formation in SPC mode with I-125. The
image shown in Fig. 15 was generated by processing frames
acquired in SPC mode for the radionuclide phantom keeping
the collimator stationary. The hexagonal pattern corresponds
to the collimator pattern. In Fig. 15, the collimator septa look
brighter than the collimator hole. In our experimental setup,
there is a nonzero distance between collimator and the detector,

Fig. 15. Image of the radionuclide phantom generated in SPC mode from
frames acquired with a stationary collimator.

Fig. 16. Image of the radionuclide phantom generated in SPC mode from
frames acquired with a randomly moving collimator.

and because of this nonzero distance, the event profiles from
the adjacent collimator holes overlap and give a higher count in
the septal region. If the collimator and detector were in contact,
we would get a defined shadow of the septa with no overlap
or enhanced brightness present. To eliminate this pattern, the
collimator was moved in random directions, and the corre-
sponding image is shown in Fig. 16. An X-ray transmission
image of the same phantom is also shown in Fig. 17. The X-ray
transmission image looks blotchy because the phantom was
enclosed in layers of plastic and absorbent paper and sealed
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Fig. 17. Transmission X-ray image of the radionuclide phantom acquired by
the MAF.

with fiberglass-reinforced sealing tape to contain any potential
leak.

IV. SUMMARY AND DISCUSSION

The slit image taken with SPC mode shown in Fig. 8 is vi-
sually sharper than the image taken in EI mode, while the ex-
perimentally derived MTF shows a dramatic improvement for
the SPC mode over the EI mode at all frequencies as seen in
Fig. 9. The improvement in MTF occurs because of the im-
proved localization of events enabled by reducing the effect of
light spreading and limiting detection to a single pixel. Images
of the line-pair phantom shown in Figs. 10 and 11 also clearly
demonstrate the resolution improvement by enabling visualiza-
tion of groups at and above 10 Ip/mm in SPC mode as well as
improved contrast signal at all line-pair frequencies, even for
the lower ones.

Another demonstration was related to qualitative contrast im-
provement. Figs. 12 and 13 showed images of the distal and in-
termediate human phalanges bones for both modes taken at an
equivalent exposure. Bone details such as fine trabeculae were
better visualized. For a quantitative contrast comparison, we
took a line profile of the same region in both images and nor-
malized it to the background levels. In this comparison of the
line profiles in Fig. 14, we observed higher contrast for the finer
details with SPC mode.

Successful performance of the MAF was demonstrated in
both SPC and EI modes for X-rays. The same SPC mode was
used to image a radionuclide phantom using the MAF. We were
able to identify each hot rod in the phantom for both modes
(Figs. 16 and 17) of imaging. The collimator pattern was re-
moved by randomly moving the collimator during acquisition.
As in scintillation camera imaging, emission imaging perfor-
mance is currently limited by the collimator resolution, which
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is larger than 1.24 mm. This paper provides the proof of con-
cept that the MAF can be used for both emission and transmis-
sion imaging. An improved collimator design should be able to
greatly improve the spatial resolution for the MAF in radionu-
clide imaging.

In this study, we used quasi-monochromatic spectra because
we were using a simple threshold technique to detect events.
Better and more complex techniques (such as centroid detec-
tion) can be used to detect the event more accurately while re-
taining the energy information [3]-[5]. With those techniques,
polychromatic spectra can be used. Nevertheless, at this stage
the simple thresholding technique prevents the spectral analysis
needed to discriminate against scattered photons, and hence the
demonstration was limited to small subjects. Extrapolation to
large animals and even humans would require such improved
scatter elimination techniques to be developed.

Another issue of concern may be acquisition time. For
this study, we used only 20 fps for acquisition, and hence
this demonstration was aimed at static imaging applications
where low count rates might be acceptable. However, the time
required for acquisition can be made shorter if we were to use
a higher fluence rate enabled by the use of a higher frame rate
and/or smaller pixels with high speed CCDs.

Currently, this application is limited to low-energy isotopes
such as I-125. If we replace the 300-um-thick Csl with a
1000-pm-thick Csl, we would be able to achieve better ab-
sorption efficiency for higher-energy isotopes like Tc-99 m.
The drawback of replacing the scintillator with a thicker one
is of course loss in the X-ray imaging resolution performance.
For applications where the resolution requirement for X-ray
imaging is not critical and absorption efficiency for emission
imaging is important, this thicker phosphor may be merited.
For the radionuclide imaging, the height of the phantom will
play an important role.

V. CONCLUSION

The work presented here clearly demonstrated the unique
imaging capability of the MAF in both EI and SPC modes. It
has been shown that the operation of the MAF in SPC mode
provides both higher spatial resolution and better contrast that
can be advantageous for demanding applications.

Successful operation of the MAF in both SPC and EI modes
may also provide a potentially attractive detector for dual
imaging applications such as combined nuclear medicine emis-
sion and X-ray transmission imaging with a single detector.
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