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ABSTRACT

This paper describes the development of a novel medical x-ray imaging system adapted to the needs and constraints of low- and middle-
income countries. The developed system is based on an indirect conversion chain: a scintillator plate produces visible light when excited by
the x rays, and then, a calibrated multi-camera architecture converts the visible light from the scintillator into a set of digital images. The partial
images are then unwarped, enhanced, and stitched through parallel field programmable gate array processing units and specialized software.
All the detector components were carefully selected focusing on optimizing the system’s image quality, robustness, cost-effectiveness, and
capability to work in harsh tropical environments. With this aim, different customized and commercial components were characterized. The
resulting detector can generate high quality medical diagnostic images with detective quantum efficiency levels up to 60% (@2.34 yGy), even
under harsh environments, i.e., 60 °C and 98% humidity.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0077985

I. INTRODUCTION

According to the World Health Organization (WHO), more
than two thirds of the world’s population does not have access to
essential x-ray imaging equipment.! This “global radiology gap”
does not attract as much attention as infectious-disease outbreaks or
natural disasters, but it can be as dangerous to the public health and
can affect “the entire global health care system.” Too often in low-

and medium-income countries (LMICs), patients die of trivial prob-
lems, which could not be treated properly, or were left untreated,
due to a lack of access to proper diagnosis. Road accidents, tubercu-
losis, and complications from childhood pneumonia are recurrent
examples of pathologies causing complications that could have been
prevented with functional and efficient x-ray imaging services.” Even
when there are x-ray systems available, a majority are obsolete, based
on technologies from 50 years ago or older, such as film-based
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systems.”" This generates high operating costs and often yields a
poor image quality.’

Commonly, when addressing the issue of access to medical
technology in LMICs, the main considered factor is the economy,
i.e., the purchasing cost. This leads to “well intended” donations of
medical equipment that is not adapted to the local context. Such
donations are not only useless but they can also “actively inhibit
healthcare delivery and further burden healthcare providers.”® As
a result, “medical equipment graveyards” of obsolete or broken
donated biomedical equipment are commonly seen in hospitals
across LMICs.”’

To address this problem, the GlobalDiagnostiX project aims at
developing, in partnership with local actors in Cameroon, digital,
ultra-robust, and affordable radiological x-ray equipment adapted
to the needs and constraints of LMICs. Our methodology® relies on
three pillars: (1) cooperation and co-creation with local stakehold-
ers in Cameroon (user centered design), (2) interdisciplinarity, with
the participation of engineers, radiologists, radiographers, anthro-
pologists, designers, etc., and (3) entrepreneurship, as the output of
the academic work provided the basis for an award-winning start-up
company.

A. Field study: Cameroon

Cutting-edge technology is often designed for high-income
countries and is expected to work in LMICs. This common and
erroneous assumption has led to products that do not work prop-
erly nor do they have the intended impact, and if they do work
at first, the implementation and maintenance effort and costs are
usually so high that they rapidly fall into disuse.”'’ To avoid
this issue, the first phase of the project included a field study
in Cameroon to define the requirements and expectations of all
stakeholders in the pilot country. With this aim, we analyzed the
available x-ray medical imaging systems available in the country’s
healthcare system (Fig. 1) and interviewed stakeholders form all
the stages of the x-ray technology chain, ie., physicians, radio-
graphers, medical equipment distributors, biomedical engineers,
academic institutions, NGOs, inspectors, and different officials from
the ministry of public health of Cameroon (MPHC). The results of
this study and videos of some of the interviews are presented in

FIG. 1. X-ray imaging equipment observed in the field study in Cameroon: The
equipment in this hospital dates from the 1970s and poses a serious safety risk as
the dose of radiation can no longer be measured (©Sylvain Liechti, EPFL2015).
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the documentary “X-Ray Machines: Africa’s Broken System” and
the “Technology Innovation for Sustainable Development” [Mas-
sive Open Online Course (MOOC)].!! Based on the feedback from
the stakeholders and the studied literature, the main points to
address during the development of the x-ray imaging system are
as follows:

¢ Digitalization: Over the last decade, digitalization has played
a prominent role in the x-ray medical equipment. Film-
based and Computed Radiography (CR) plates are being
replaced by fully digital x-ray detectors, requiring a lower
amount of dose and providing a better image quality in
a very short amount of time. In addition, digital technol-
ogy enables video capabilities, which has given rise to new
applications, such as fluoroscopy, cone beam computed
tomography (CBCT), and tomosynthesis. However, due to
the mismatch between existing solutions and the local con-
text, modern digital x-ray systems are not widely available in
LMICs.

o Cost-effectiveness: This should apply to the total cost of
ownership, e.g., operation costs and maintenance costs, not
just the purchasing price.

e Robustness: Endemic problems of the local context, such as
the lack of quality infrastructure, i.e., lack of stable electrical
power, which tends to cause frequent and extended down-
times, and the scarcity of trained personnel to use and main-
tain the devices, are an important cause of a reduced lifespan
of the x-ray equipment.” Additionally, the harsh environ-
ment, which involves high levels of humidity and high
temperatures, causes high failure rates. The performance
and lifespan of digital x-ray equipment, detectors especially,
are prone to be compromised at a high humidity rate and
temperatures.” During our field study, we received multi-
ple reports from health personnel in Sub-Saharan countries
that the quality of the x-ray images is degraded when tem-
perature increases above a certain level. Some radiographers
even reported that due to this effect, they stopped perform-
ing radiographies when temperatures were above “27 or so”
degrees Celsius.

e Maintenance and reparability: The lack of replacement parts
and the scarcity of trained personnel to do maintenance and
repair the devices when they need it highly reduce the utility
and lifespan of the few available devices.

B. State-of-the-art

The most common architectures for x-ray digital detectors are
flat panels and multi-camera array detectors. Flat panels provide a
high image quality, i.e., detective quantum efficiency (DQE) values
from 40% to 75%, depending on the configuration and compo-
nents, which lead to a reduction in the required exposure times
and radiation dose rates.'” '° However, a major drawback of the
flat panel technology is the cost (production, maintenance, and
replacement).'” Flat panel detectors utilize advanced semiconductor
components that require costly cleanroom manufacturing processes,
which leads to high eventual costs for the final product. Although
there are some examples of low cost flat panel solutions in the lit-
erature, they usually have a lower image quality, i.e., DQE values
from 20% to ~35%, or do not provide enough information for a
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precise comparison.'”'”""? Furthermore, in addition to the purchas-
ing costs, flat panels have high maintenance/repairing costs, e.g., if
damaged, the whole detector should be replaced by a specialist at
a considerable cost. The complexity of the technology also man-
dates maintenance and repair by specialized personnel, who are not
commonly available in LMICs.

The alternatives to flat panels are the multi-camera array detec-
tors, such as the IONA from TeleOptic or the Naomi from RFSys-
tems. These systems generate the images using a scintillator and an
array of cameras. Unlike flat panels, the multi-camera detectors do
not use large, brittle semiconductor substrates but small image sen-
sors. Therefore, they are more robust and can be produced at a lower
cost.””*! However, their lower optical coupling leads to an increase
in image noise and a decrease in detective efficiency, i.e., DQE levels
from 20% to 40%.”"

Commercially available detectors, both flat panels and multi-
camera array detectors, usually require ambient temperatures of
~25°C and maximum operating temperatures of 35 °C at relative
humidity levels between 30% and 70%.''®*’ This is a limiting fac-
tor for their implementation in many regions in Africa, and other
LMICs, where the average temperatures regularly exceed 35°C,
even sometimes reaching temperatures of more than 50 °C, and the
relative humidity reaches levels of >80%.”" **

C. Proposed solution

The limitations of flat panel technology (e.g., price, fragility,
and lack of reparability) set the multi-camera array based detector
a better option for the targeted market. This type of architecture
allowed more freedom to design a detector adapted to the needs
and constrains of LMICs, such as lower fabrication and maintenance
costs, easier maintenance, and improved reparability by using “off
the shelf” components, which can be easily obtained and replaced
on the field, high robustness under harsh environmental conditions,
among others.

The developed system implements innovative real-time hard-
ware electronics that comprises multiple Complementary Metal
Oxide Semiconductor (CMOS) image sensors. Each image sensor
provides a partial image, and all the captured partial images need
to be pre-processed and combined using specialized software run-
ning on an array of parallel processing field programmable gate
array (FPGA) units. The image acquisition and processing elec-
tronics were designed in easily replaceable modules to reduce the

>
~ Visible
light

X-ray source

scintillator

Camera array
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complexity of maintenance and repair and to improve the cost effi-
ciency of the solution, i.e., avoiding the need to replace the complete
detector if one of its components breaks.

The proposed x-ray detector is based on indirect conversion
[Fig. 2]: the x-ray photons hit a scintillator screen that emits multi-
ple visible photons upon absorption. These secondary photons form
a visible image that is then captured by an array of cameras. Finally,
dedicated electronic and computing units such as FPGA chips col-
lect the data from the sensors and send a reconstructed image to an
external computer for visualization.

The main components of the indirect x-ray conversion chain
are:

Scintillator: The scintillator is a key element in the conversion
chain. It converts x rays to visible photons with high efficiency and
very low lateral scattering. When an x-ray photon hits an atom of the
scintillating material, an electron from the inner orbital is ejected.
Surrounding electrons with higher energy will take the empty place
by releasing excess of energy with multiple photons at lower energy
(in the range of 2-2.5 eV, visible spectra).”*”

Indirect conversion digital x-ray detectors for medical appli-
cations often implies one of two types of scintillator materials:
cesium iodide (CsL:Tl) or gadolinium oxysulfide (Gd,0,S:Tb). Both
have advantages and disadvantages regarding light throughput,
resolution, price, resistance to temperature and humidity, etc.

Lenses: The lens has the role of collecting the visible photons
and making them converge to an image sensor, with as little optical
aberrations and distortion as possible. Its importance in the conver-
sion chain is not to be neglected: a low quality lens (i.e., aberration
and low transmission rate) leads to bad optical coupling, low mod-
ulation transfer function (MTF), and DQE. The specifications of the
lens (i.e., focal length and aperture) define the magnification factor
(or field of view), which has a direct impact on the minimum dis-
tance between the scintillator and the sensor to have a good overlap
between the sub-images.

Image sensors: Image sensors are semiconductor chips that
embed an array of photodiodes and some integrated electronics
to drive and control this array. The designed detector implements
off-the-shelf CMOS image sensors to reduce fabrication costs and
to ensure easy access to replacement parts. CMOS sensors have
several advantages compared to the Thin-Film-Transistor (TFT)
technology, commonly used in x-ray flat panel detectors.'”'”
CMOS sensors can be mass-produced, using standard manufactur-
ing techniques, significantly reducing their costs. CMOS sensors

Image
processing

FIG. 2. Schematic of the detector's
indirect x-ray conversion chain.

Computing unit

YT

detector

Rev. Sci. Instrum. 93, 034102 (2022); doi: 10.1063/5.0077985
© Author(s) 2022

93, 034102-3


https://scitation.org/journal/rsi

Review of

Scientific Instruments

have low power consumption and offer very fast image acquisi-
tion. The CMOS technology benefits of silicon substrates offering
the best performances and state-of-the-art semiconductor technolo-
gies. Additionally, the implemented CMOS sensors are less sensitive
to temperature and can operate at higher temperatures than other
image sensor technologies.” On the other hand, the active area of
the CMOS sensor is typically much smaller than the active area
from flat panel sensors. Therefore, lenses are used for projection and
demagnification of the scintillator image. This reduces the optical
coupling, leading to a reduction in the final DQE.

During the development phase, each section of the conversion
chain was tested using different commercial elements in order to
define an optimal set of components to achieve state-of-the-art clin-
ical images under harsh environment conditions. This also provides
information about possible replacement parts in case one of the
components stop being produced or is not available in the imple-
mentation country. Each of the selected components, the devel-
opment and characterization process and the implemented system
architecture, is described in detail in Secs. [1-V1.

Il. MATERIALS AND METHODS

A. Characterized components
1. Scintillators

In order to identify the best x-ray conversion device, in terms of
performance and cost, several scintillators (CsI:T1 and Gd,0,S:Tb)
from different manufacturers were analyzed. After a preselection,
based on the active area, thickness, and resolution, seven models of
commercial scintillators were acquired for characterization. Table I
lists the selected scintillators with their main features.

2. Lenses

Although commercial lenses have a multitude of different
mount designs in the machine vision industry, there are three widely
used formats, i.e., C-mount, CS-mount, and S-mount (also called
M12). After a careful analysis of the different lens mountings, the
S-mount lenses were selected for the detector design due to their
small size, flexibility, low maintenance, and cost efficiency. Once
the mount type was selected, nine of the most suitable lenses were
purchased for characterization (Table IT).

Since the lenses present different specifications (e.g., focal
length) and design, the field of view is different for each lens. There-
fore, the working distance for each lens was set to have a similar

TABLE . Characterized commercial scintillators with their main features.

Scintillator ~ Origin  Technology Size (mm) Thickness (um)
SCI1(CI) Japan Csi: Tl 430 x 430 400
SC2(CI) China Csi:Tl 430 x 430 400
SC3(GOS)  Japan  Gd,0,S:Tb 430 x 430 140
SC4(GOS)  Japan Gd;0,S:Tb 430 x 430 208
SC5(GOS) China Gd,0,S:Tb 430 x 430 390
SC6(GOS) UK Gd,0,S:Tb 430 x 430 250
SC7(GOS) UK Gd,0,S:Tb 430 x 430 250

ARTICLE scitation.orgljournal/rsi

TABLE . Characterized lenses with their main features.

Focal Sensor Working
Lens  Origin  length (mm) F-stop type distance (mm)
L1 Germany 6 1.6 1/2.5 102
L2 Germany 6 1.6 1/2 100
L3 China 6 1.2 1/2.7 97
L4 China 2.8 1.2 1/2.7 55
L5 China 3.6 1.2 1/2.7 68
Lo Germany 6 1.6 1/2 100
L7 Germany 16 1.6 1/2 267
L8 Germany 6 1.2 1/3 105
L9 Germany 8 1.2 1/3 138

image size on the scintillator to that of the reference configuration,
i.e, L2 lens @100 mm. This allows comparing the lenses’ efficiency
with a fixed camera density for a 43 x 43 cm” image size, which is the
usual size for a general-purpose medical detector. The determined
working distances of all the lenses are summarized in the last column
of Table II.

3. Image sensors

The market was screened for cost efficient CMOS image sensors
with a suitable resolution. Color image sensors use Bayer filters to
discriminate photons of a certain wavelength (color). Since the scin-
tillator light is monochromatic (green), only 50% of the sensor pixels
will be able to capture the generated image, i.e., the other 50% of the
pixels (with red and blue filters) will not be able to capture any light.
This significantly reduces the light transmission and, therefore, the
overall sensitivity of the detector. Therefore, the monochrome image
sensors represent the best fit for this application. On the other hand,
color sensors are more demanded and, thus, usually more readily
available and for a better price. Therefore, a set of two monochrome
and two color sensors was selected, based on the manufacturer spec-
ifications, for an extensive comparison according to the EMVA 1288
3.1 standard.”” The key selection parameters were signal-to-noise
ratio (SNR) and sensitivity performance under low light conditions.
The selected image sensors, and their main features, are presented in
Table III.

The characterization of the IS3 monochrome and IS4 color sen-
sors was performed using the evaluation boards provided by the
manufacturer. For the IS1 (monochrome) and IS2 (color) sensors,
commercial cameras were used.

TABLE lll. Characterized sensors with their main features.

Image

sensor Origin ~ Technology Color Resolution  Size

IS1  Japan Backilluminated Monochrome 1936 x 1096 1/2.8"
IS2  Japan Backilluminated  Color 1936 x 1096 1/2.8"
1S3 USA Front illuminated Monochrome 1280 x 960  1/3"
1S4 USA Frontilluminated  Color 1928 x 1088 1/2.7"
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4. Sensor shield

The scintillators do not absorb all the x-ray radiation from the
source (the transmission rate varies depending on the type of scintil-
lator and the x-ray spectra). The transmitted x-ray photons interact
with all the components behind the scintillator, i.e., the mechan-
ical support, the lenses, the image sensor, and the neighboring
electronics.

X-ray tests show that the impact of the residual x-ray pho-
tons on the image sensor is non-negligible. Part of the residual
x-ray photons are absorbed by the image sensor pixels, resulting in
very high pixel values (PVs) in some localized areas (denominated
“direct hits”), as exemplified in Fig. 3. From a medical point of view,
the number of direct hits can highly affect the ability to perform a
good medical diagnostic, i.e., the white spot artifacts can hide small
features, thus valuable information.

A software solution can be applied to filter out the white spots
by detecting and replacing the affected pixels with neighboring pixel
values. However, correcting a very high number of direct hits may
alter the image and lose too much information for a correct med-
ical diagnosis. Therefore, to avoid losing information, a hardware
solution must be added to protect the sensor, in addition to a
software-based image correction (Sec. IV C 1).

Lead glass has high x-ray absorption efficiency, and it is trans-
parent to visible light. Therefore, placing a lead glass shield between
the scintillator and the camera can absorb the residual x rays while
letting the visible light pass through. X-ray absorbance is linked to
the concentration of Pb in the glass, usually given in “Pb equivalent
thickness.” However, these Pb atoms tend to tint the glass yellow,
thus filtering some of the visible light. In order to reach a good trade-
off between x-ray absorbance and light transmittance, two types of
tests were performed with several Pb equivalent thickness glasses:

e Hit count: Measurements with shields with Pb equivalent
thicknesses from 0 to 3.5 mm and source voltages from 50
to 200 kV were taken. An advanced threshold algorithm was
developed to detect and count the number of direct hits in
the obtained images (Sec. IV C 1).
oX-ray absorption: Light transmittance of shields, with Pb
equivalent thicknesses from 0 to 3.5 mm, was measured for
the wavelength range of 500-600 nm.

FIG. 3. Examples of direct hits (white spots) on a test image taken with no lead
glass (@80 kV 30 mA s).

ARTICLE scitation.orgljournal/rsi

B. Image quality assessment
1. X-ray characterization

The assessment of image quality required the measurement of
the MTF, the noise power spectrum (NPS), and the DQE.*

a. X-ray imaging setup and beam qualities. The detector
was characterized for the standard beam quality RQA5 (70
kV—additional filtration of 21 mm Al at the tube exit) defined in
the IEC 62220-1 document.” A scintillator was positioned 100 mm
in front of the sensors, and a lead glass of equivalent thickness of
1.5 mm lead was interposed behind the scintillator to avoid direct
detection by the pixels. The source-to-scintillator distance was set
at 132 cm. Pre-processed digital images in a raw 16-bit format
were used. The exposure time was varied to give different detector
air kerma (DAK). All the images were obtained without an anti-
scatter grid. Air kerma measurements were made with a Radcal 9015
dosimeter (Radcal, Monrovia, CA) with a 6 cm® ionizing chamber.
A standard air kerma value of 2.5 yGy was taken as the reference
dose level at the detector. Several other target DAK between 0.59 and
18.7 uGy were analyzed.

b. System response. Uniform images acquired at different DAK
were used to measure the relationship between the mean pixel value
(PV) and the DAK. Regions of interest (ROIs) were selected at the
center of each image for calculating the mean pixel value. The system
response curve was fitted using a linear function,

PV =a+b-DAK, (1)

where a and b are fitted coefficients. The response curve was used to
express the image pixel values into DAK levels for the MTF and NPS
calculations.

¢. Modulation transfer function (MTF). The MTF assesses the
spatial resolution of the imaging system. The limit in resolution is
often given as the spatial frequency at which the MTF value is equal
to 5%."

For this study, a tungsten sharp edge was imaged to produce the
edge spread function (ESF). The derivative of the ESF gave the line
spread function (LSF), the impulse response of the imaging system.
The MTF is the magnitude of the Fourier transform of the LSF."!

Unless otherwise stated, all images for the MTF measurements
were acquired using a RQA5 beam with a SC5(GOS) scintillator, L2
lenses, and the monochromatic sensor IS1, at a source-to-scintillator
distance of 140 mm. A lead glass shield of 1.5 mm Pb equivalent
was inserted between the scintillator and the camera to prevent the
residual x rays from reaching the camera.

d. Noise power spectrum (NPS). The NPS describes the fre-
quency content of the image noise. The 2D NPS is the magnitude
squared of the Fourier transform of a homogeneous ROI on the
image that contains only noise,

2
>, 2)

/f (d(xy) - d)e > S5 avdy
A
where A is the area of the image, d(x,y) is the pixel value at posi-
tion (X, y), fx and f, are spatial frequencies in the x and y directions,
respectively, and d” is the mean pixel value in the ROIL The NPS was

A

NPS(fo, ;) = 1(
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calculated from three identical homogeneous images for each DAK.
The normalized noise power spectrum (NNPS) NNSP( f5, f,) is the
NPS normalized by the square of the mean pixel value,

NPS( fx,
NNPS(f fy) = %. 3)
1D NPS curves are radial averages of the 2D NPS, excluding the
0° and 90° axial values.

e. Detective quantum efficiency (DQE). The DQE quantifies the
efficiency of the detector to convert incident x-ray photons into dig-
ital information. A high DQE value allows using less patient dose
for the same image quality. Consequently, optimizing the DQE is a
major concern in the design of x-ray detectors. The DQE is the ratio
between the output signal-to-noise ratio squared (SNR%,,) and the
input signal-to-noise ratio squared (SNR%,) in the spatial frequency
space, >

SNR3,

DQE = :
= "Nr2

(4)

The DQE is comprised between 0 and 1, 1 being a lossless detec-
tor. The DQE is proportional to the square of the MTF and inversely
proportional to the NNPS and x-ray photon fluence (Q),

MTF(fx. )’
NNPS(fo fy) - Q

The photon fluence (Q) is given by the product of the DAK and
the x-ray fluence per unit DAK (¢),

DQE(fx fy) = ©)

(6)

Q= DAK - (,0[ #photons].
m

m2

The spectral x-ray fluence per DAK is the number of x-ray
photons per surface unit per dose unit [#photons/(mm? uGy)] and
depends on the x-ray beam spectrum (kV and filtration).*

f. Spectroscopy. In order to precisely identify the requirements
of the imaging sensor, spectroscopy measurements were performed
in all the scintillators to determine their emitted light spectrum. Due
to the low sensitivity of the spectrometer, high voltage (140 kV) and
high dose (160 mA s) were applied, and no filter was added at the
output of the tube during these tests.

2. Visible light characterization

To study the performance of image sensors in detail with-
out interferences from external systems (e.g., scintillator and x-ray
source), the image sensors and the developed detection system were
tested under visible light. All image sensors were characterized with-
out optics under darkroom conditions. A 525 nm green LED—a
wavelength as close as possible to that of the scintillator—was
selected as the light source. The light source was diffused with an
integrating sphere to achieve the most homogeneous illumination of
the sensor. The distance between the sphere output and the sensor
plane was set to 100 mm. The irradiation of the source was mea-
sured with a calibrated photodiode and set to 1.0 ygW/cm? (at the
sensor plane). Each sensor was set at the smallest gain that achieved
the highest pixel reading at saturation to ensure that the full dynamic
range is used. A schematic of the implemented measurement setup
is shown in Fig. 4.
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FIG. 4. Schematic and picture of the image sensors’ characterization setup.

Based on the EMVA1288 standard, different series of images
were shot with varying exposure time and constant illumination.
Sets of two images were captured with exposure increasing linearly
up to pixel saturation with 50 steps; a first series was shot with the
light source ON and the second in total darkness. Subsequently,
two additional series of 50 images were shot with illumination and
exposure times corresponding to 50% of the pixel saturation value.
Again, the first series was shot with the light source ON and the sec-
ond in the dark. Finally, the data from the captured images were
processed in order to extract the sensor’s intrinsic parameters, e.g.,
quantum efficiency (QE), gain (K), signal-to-noise ratio (SNRmax),
and dynamic range.

I1l. COMPONENTS’ CHARACTERIZATION RESULTS
A. Scintillators

The selected scintillators were characterized using the methods
described in Sec. II B—“Image quality assessment.”

1. MTF

The measured MTF curves of all tested scintillators are shown
in Fig. 5. As a result of its intrinsic micro-pillar structure, CsI:Tl
scintillators are known to have very good spatial resolution in com-
parison to other types of scintillator (e.g., Gd,0,S:Tb). This is
reflected in the excellent behavior observed with the SC1(CI) scintil-
lator, leading to high MTF values at low and high spatial frequencies
with the best measured cutoff frequency (4.52 Ip/mm). The other
CsI:T1 scintillator, SC2(CI), shows relatively low MTF values at low
spatial frequencies but recovers after 2 Ip/mm, reaching a cutoff
frequency of 4.07 Ip/mm.

The Gd,0,S:Tb scintillators were expected to show lower MTF
levels than the CsI:Tl scintillators due to their powder structure.
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FIG. 5. MTF curves of all the tested scintillators under RQAS, 1.5 mm Pb equivalent
lead glass.

Surprisingly, the SC3(GOS) obtained the highest MTF at low spa-
tial frequencies. However, its MTF rapidly decreases above 2 Ip/mm,
which leads to a cutoff frequency of 3.99 Ip/mm. The SC5(GOS)
showed an average behavior at low and medium spatial frequen-
cies. Nevertheless, its MTF remains almost flat at high frequency,
leading to the second highest high cutoff frequency from the mea-
sured scintillators, i.e., 4.28 Ip/mm. The SC7(GOS) has very poor
MTF levels, probably due to its higher thickness compared to the
other Gd>0,S:Tb scintillators. It only reached a 2.6 Ip/mm cutoff
frequency, below the minimum 2.8 Ip/mm required for film-screen
x-ray detectors intended to radiological applications.

2. DQE

The calculated DQE curves of all tested scintillators are com-
pared in Figs. 6. Due to its high thickness and absorption rate,
the SC1(CI) scintillator has the highest low-frequency DQE. The
SC2(CI) shows relatively poor performance for a CsI:TI scintilla-
tor. Surprisingly, the SC5(GOS), a low cost Gd,O,S:Tb scintillator,
produced the third highest DQE levels among the measured scintil-
lators. The SC7(GOS) outperforms the SC2(CI) and the SC5(GOS)
with a DQE(0) of 18.4%. The high DQE(0) levels of the SC5(GOS)

025 Scintillator comparison (DQE)

sci(c)
—5C2(C)
= 5C3(GOS)
= 5C4(GOS)
= 5C5(GOS)
= 5C6(GOS)

SC7(GOS)

0.20

0.15 i
8
0.10 e
0.05 g
0.00 - - -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Spatial frequency [mm 1]

FIG. 6. DQE curve comparison of the tested scintillators @18 uGy.
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and the SC7(GOS) can be explained by their thicker active layer, i.e.,
higher absorption. However, higher thickness can lead to a poorer
MTF, due to more lateral diffusion in the scintillating layer. This is
especially critical in the case of SC6(GOS) and SC7(GOS).

3. NNPS vs temperature

The x-ray detector will operate in harsh environments, where
ambient temperature can reach up to 45°C with 100% relative
humidity. The Gd,0,S:Tb scintillators are known to be very robust
and stable; however, the CsI:T1 can suffer from image quality loss at
high temperatures and humidity.* The impact of the temperature
on image noise (NNPS) was measured for two scintillators at dif-
ferent temperatures, i.e., the SC3(GOS) (Gd,O,S:Tb) and SC2(CI)
(CsLTI). The resulting NNPS curves are shown in Fig. 7.

As expected, the SC3(GOS) exhibits no change over the tested
temperature range. Conversely, the SC2(CI) exhibits an increase in
the NNPS by about 10% at high temperature (>45°C). Since the
NNPS is inversely proportional to the DQE, this would lead to a 10%
decrease in DQE when used at a temperature over 45 °C.

4. Spectroscopy

The CsI:T1 scintillators have a very broad emission bandwidth
(from ~470 to 640 nm); thus, the peak value is lower compared to
Gd,0,S8:Tb. All Gd;0,S:Tb scintillators exhibit a high peak emis-
sion at around 545 nm and few other peaks at around 490, 580, and
620 nm (Fig. 8).
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FIG. 7. NNPS curves for the SC3(GOS) (top) and SC2(CI) (bottom) at different
temperatures.
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FIG. 8. Emitted light spectra of the tested scintillators.

5. Performance and cost analysis

The SCI1(CI) showed the best image quality among the tested
scintillators. However, it has some drawbacks inherent to CsI:Tl
scintillators, e.g., higher price, performance decrease at high tem-
perature, and degradation due to humidity** (CsI is slightly hygro-
scopic, i.e., tends to absorb moisture from the air*”). This can be
problematic for their implementation in an x-ray detector intended
for low-income tropical countries. The other CsLTl scintillator,
SC2(CI), exhibited the same drawbacks as the SC1(CI) with a lower
image quality.

SC6(GOS) and SC7(GOS) scintillators are cost-effective but
showed very poor performances with the exception of a very good
DQE(0) for the SC7(GOS). However, this is at the expense of
the MTF, which leads to a cutoff frequency below the minimum
required for film-screen x-ray detectors intended to medical appli-
cations. The SC3(GOS) and SC4(GOS) scintillators (both from the
same manufacturer) were the most expensive among the tested
Gd,0,S:Tb scintillators; however, their performance, both in MTF
and DQE, was below average.

The SC5(GOS) outperformed all Gd,0,S:Tb scintillators in
MTF and DQE {except for the SC7(GOS) at low frequency
[DQE(0)]}. In addition, it does not suffer from image quality loss
due to high temperature and humidity (Gd;OS:Tb is not hygro-
scopic’®). Moreover, it is the most cost efficient of all tested scin-
tillators. This makes it a promising candidate for an x-ray detector
intended for low-income tropical countries.

B. Lenses
1. MTF

The measured MTFs for the different lenses are presented in
Fig. 9. The MTFs were measured at the center of the image, where the
focus of the lens is optimal. Due to Seidel’s curvature of field effect,
edges of an image tend to be slightly out-of-focus when the center is
in focus. This effect depends on the lens characteristics, the size of
the object and image, and the focal distance. To determine the effect
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FIG. 9. MTF comparison of all lenses, with the SC5(GOS) scintillator and 1S1
sensor, RQA5 beam (70 kV and 20 mA s).

of the out-of-focus aberration, the MTF at the edge of the images was
calculated and compared to the center values. As expected, the MTF
measured in the edge is lower than the MTF in the center; however,
the maximal variations are low (<0.03).

All the characterized lenses show a similar MTF behavior. The
1270XX12MP-M12 lenses slightly outperform the others in terms of
spatial resolution, which is surprising given their low price. On the
other hand, the German L8 lens has the lowest spatial resolution.
Nevertheless, its cutoff frequency (3.75 Ip/mm) is still much higher
than the minimum required.

2. DQE
The DQE plots of all characterized lenses are shown in Fig. 10.

a. DQE(0) vs focal length. The higher the focal length, the lower
the DQE. This is explained by the fact that with a lower focal length,
the camera is closer to the scintillator (for imaging the same area);
thus, more photons reach the image sensor. Nevertheless, low focal
length usually comes with more geometrical aberration for such
small size, low cost lenses, i.e., little room for aberration correction.
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FIG. 10. DQE comparison of all lenses, with the SC5(GOS) scintillator and the IS1
sensor, RQAS beam (70 kV and 3.10 mA s, 2.54Gy).
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Therefore, a trade-off between light collection and image distortion
must be carefully defined.

b. DQE(0) vs F-stop. The F-stop is linked to the numerical
aperture and the lens entrance pupil. The wider the entrance pupil
(or the lower F-stop), the more light can pass through the lens.
Therefore, the lower the F-stop, the higher the DQE. However, a
higher quality lens with a higher F-stop can have a higher DQE(0)
than a lower quality lens with a lower F-stop. Such is the case of the
L6 (f 1.6) that has a higher DQE(0) than two of the lenses (L3 and
L5) with a lower F-stop (1.2). This shows that, despite the theoretical
features described in the data sheet, the lens performances are highly
dependent on the quality of manufacturing.

3. Performance and cost analysis

After analyzing the experimental results, lenses with a focal
length of 6 mm represent the best trade-off between geometric dis-
tortion, field of view, and light throughput. In addition, 6 mm focal
length lenses are very common in the market. Therefore, they are
easy to obtain, there are many models to choose from, and their
prices are low in comparison to more specialized optics.

The L8 lens is the best candidate for the detector system. It gave
the best zero-frequency DQE levels from the measured lenses at an
acceptable cost. Its main drawback is its low MTF, which, however,
remains higher than the minimum required.

C. Image sensors

The measured sensitivity and SNR plots for all characterized
sensors are presented in Fig. 11. For the color sensors, only the green
channel was considered (50% of the pixels). Therefore, to account
for the loss of sensitivity due to the Bayer filter, the pixel surface
was considered to be that of two pixels. Table IV summarizes all the
characterized sensors and measured metrics.

1. Sensitivity

The sensor’s sensitivity is given by its mean pixel response to
light [in digital number (DN)]. The fixed irradiation, wavelength,
and exposure time were used to compute the number of photons per
pixel for each measured point. All sensors showed linear responses
up to saturation. The IS1 [Fig. 11 (top)-dark blue squares] shows
the best sensitivity behavior from the measured sensors. This can
be explained by the “back-side illuminated” technology used in its
design. In “back-side illuminated” sensors, the photodiode is located
over the integrated circuit and metal lines (opposite to traditional
CMOS sensors); this reduces the light scattering and reflection; thus,
more photons reach the photodiode (improving the sensitivity and
reducing the noise). The IS2 sensor uses the same technology as the
IS1; however, its results are below the monochrome version. This is
due to the fact that only 50% of its pixels are able to detect green light
(Bayer filter); therefore, half of the photons are lost.

2. SNR

The signal-to-noise ratio (SNR) is computed by dividing the
mean value of an image with homogeneous illumination by its stan-
dard deviation. The EMVA 1288 standard proposes a camera model
with a single internal noise source that is the sum of dark and quan-
tization noise. The number of photons also fluctuates statistically
(shot noise); this phenomenon is not negligible for a small number
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FIG. 11. Image sensor characterization results for sensitivity and signal-to-noise
ratio (SNR). ty is the mean value of light image in the digital value (DN), and

Hy gark 18 the mean value of the dark image in the DN to remove in order to make
black equal to 0 (removal of pedestal level).

TABLE IV. Main data results from the sensors’ characterization.

of photons.
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Parameter Unit  IS1 IS2 1S3 IS4
Pixel size um 290 2x2.90 3.75 2 x 3.00
Quantum efficiency % 751 378 760 29.9
System gain DN/e~ 036 036 022 0.33
Temporal dark noise e 267 271 730 4.74
Absolute sensitivity threshold  p 438 881 104 178
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Results under low light conditions, with a low number of pho-
tons, are of most interest for the x-ray detection application. Since
it would be difficult to properly measure the SNR with an illumi-
nation of only some photons, the EMVA 1288 standard proposes
a computation to extrapolate the SNR based on the fitted cam-
era model. The plotted curves correspond to this extrapolation and
make the absolute sensitivity threshold visible i.e., absolute sensi-
tivity threshold corresponds to the point where the noise is equal
to the signal and, thus, the smallest amount of photons detectable
by the camera. Again, the IS1 monochrome [Fig. 11 (bottom)-dark
blue squares] shows the best behavior from the characterized sen-
sors, especially under low light condition, thanks to its low-noise
technology.

3. Performance analysis

Multiple CMOS sensors were tested according to the
EMVA1288 standard. Low light performance is the key factor in
selecting the correct sensor for this application. Results showed that
the new IS1 outperforms all other tested sensors in that regard.
Therefore, it is a good candidate for the multi-camera array x-ray
detector.

D. Sensor shielding (lead glass)

In order to reach a good trade-off between x-ray absorbance
and light transmittance, different tests were performed, at 20 and
30 mA s, with several Pb equivalent thickness glasses (from 0.5 to
3 mm). Since the lead glass absorption rate depends on the energy
of the x-ray photons, three series of tests were performed at 70, 80,
and 120 kV. The detection and counting of the direct hits were done
with a customized threshold algorithm (Sec. IV C 1).

Placing the lead glass shield in front of the sensor resulted in a
dramatic reduction in the number of direct hits: the higher the Pb
equivalent thickness, the lower the number of direct hits, i.e., higher
x-ray absorption rate, until 1.5 mm where it stabilizes in an average
hit reduction of around 93%. The remaining hits can be attributed
to the diffusing and back-scattering x-ray photons due to the setup.

The drawback of using a lead glass shield is a reduction in the
light transmittance. Transmittance measurements, for a wavelength
range from 500 to 600 nm, showed a light absorption of around 7%
by the 0.5 mm Pb equivalent thickness, which increases to 14%-16%
for the >1.5 mm Pb equivalent thicknesses. This absorption will have
a direct impact on the DQE, since the cameras will collect less light.
However, this loss is considered acceptable in comparison to the
benefit of having x-ray shielding to prevent residual x-ray photons
to hit the sensor.

These results showed that, with a hit reduction of more than
93% and a reduction in light transmittance of less than 14%, the
1.5 mm Pb equivalent thickness glass is the best option to protect
the sensors and other system electronic components from residual
x-ray hits.

IV. IMAGE DETECTOR: DESIGN and ARCHITECTURE

The detector architecture consists of multiple multi-camera
modules (four cameras per module) that comprise the CMOS image
sensors, a computational unit (an FPGA), and memory (SRAM)
to buffer the data. A master unit will collect the pre-processed
images coming from these multi-camera modules and finalize the
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FIG. 12. Sub-image distribution for 6 by 12 cameras.

stitching. Based on the characterization results presented in
Secs. I and III, the components showing the best compro-
mise in terms of price, environment resistance, and performances
were selected (optimum configuration): the German lens L8, the
monochromatic IS1 sensor, and a lead glass of 1.5 mm Pb equiva-
lent thickness. With this configuration, and based on the test results,
an optimal scintillator to image a sensor distance of 98.72 mm was
determined. Taking into account the geometric distortion correction
and the minimum overlap, this results in a matrix of 6 by 12 cameras
(72 in total), as depicted in Fig. 12.

A. Image sensors

In an electronic imaging module embedding, the selected image
sensor was developed (Figs. 13-15). The 4 x IS1 module embed four
IS1 CMOS image sensors and their respective lens holders. Each
four-camera module uses the 1 Intel FPGA Cyclone IV EP4CE22F17
chip to buffer the image in a small 32 MB dedicated SRAM mem-
ory. Special care was taken to design low noise power supplies
and lengths and impedance matched data paths to enhance sig-
nal integrity and minimize contribution of the board electronic
noise to the sensors. The FPGA includes some pre-processing algo-
rithms to correct the flat image (for structured noise correction) and
dark image (for electronic noise correction), by applying the bad
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FIG. 13. Block diagram of two imaging modules and the master unit with external
connectivity.
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FIG. 14. Block diagram of the architecture of the imaging module with sensors,
memory, FPGA, and processor.
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FIG. 15. Module 4 x IS1 (six layers PCB with controlled impedance, BGA
components).

pixel correction (Sec. IV C 1) and by averaging series of flat and
dark images to reduce the noise impact. The implemented topol-
ogy enables us to configure gains and exposures of many modules
through a single master unit, as well as triggering a simultane-
ous image capture from all the sensors. The modules are designed
to be mounted on a backplane circuit through a high-speed con-
nector system. This structure enables a region of the detector to
be easily replaced for maintenance, if need be. Finally, the images
are gathered by the FPGA master to be held at disposition of the
control computer. Distributing the computing power to multiple
modules makes the electronic architecture more complex. How-
ever, it also reduces the workload of the master unit and simplifies
its interface.
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B. Master unit

A demoboard Terasic DE1-SoC was selected as the master unit.
The main task of the master unit is to interface all multi-camera
modules by configuring the image sensors through the SPI bus. The
master unit also triggers all the cameras at the very same time in
order to avoid any desynchronization between the sub-images. Once
the pre-processed data from the multi-camera unit are retrieved into
the master unit, it will finalize the image reconstruction in order
to output a reconstructed image to an external PC via Ethernet
protocol.

C. Image processing

Each image sensor will produce a raw image corresponding
to an imaged area of the scintillator, which is affected by a variety
of intensity and geometric artifacts. Stitching is the operation that
consists in assembling raw images into a final pre-processed image,
which should not present any of these artifacts or any observable
assembly cues. Strictly speaking, basic (e.g., histogram equalization
or edge enhancement) and advanced”’ image post-processing oper-
ations are not part of the stitching process, so they are beyond
the scope of this paper. The overall stitching process is depicted in
Fig. 16.

1. Bad pixel detection and removal

Bad pixels refer to pixels with abnormal intensity, such as dead
(always off) or hot (always on) pixels. Such stuck pixels appear pro-
gressively over time due to sensor degradation, and their position
can be detected and permanently recorded. Hot pixels are also the
result of x-ray direct hits not corrected by the sensor shielding solu-
tions. By detecting the bad pixels, we can replace their intensity by
a weighted average of their neighboring pixel intensities. Our bad
pixel detection is based on the analysis of excessive deviations of
pixel intensity in the raw and flat images compared to smoothed
versions obtained by median filtering. For instance, the hot pixel
detection uses at first a maximum filter that detects in small 3 x 3
image neighborhoods the local maxima. Then, a hot pixel is chosen
among these maxima if the difference of its intensity between the
original and the smoothed images is larger than a threshold.

2. Dark-flat intensity correction

Based on dark and flat images, raw images are corrected to
get rid of the intensity inhomogeneity caused by the vignetting
effect—mainly characterized by a light falloff far from the image
center. Dark images are acquired in total darkness without x-ray

RAW 1 DARK 1 FLAT 1
Bad pixel N Dark-flat Geometric
correction correction correction | - -
Blending of Stitched image
E overlapping
RAW 2 DARK 2 FLAT 2 ‘ ‘ image regions
Bad pixel Dark-flat Geometric
N N . -
correction correction correction

FIG. 16. Overview of the stitching pipeline exemplified with a two camera setup.
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emission, while flat images are radiographs acquired without any-
thing in front of the scintillator. The dark-flat correction is simple:
I=k(I —Id)/(If — I;),where I,, I, and I are the raw, flat, and
dark images. Parameter k is a normalizing factor usually computed
as the average of all pixel intensities of (I — I;). When correcting
images from multiple sensors, the constant k must be identical for all
sensors to avoid global intensity inhomogeneity between corrected
images I.

3. Geometric correction

Each camera sensor S; is modeled as a pinhole camera charac-
terized by the estimated intrinsic and extrinsic parameters.*® Intrin-
sic parameters include the intrinsic matrix K; related to the lens
characteristics (e.g., focal distance and pixel size) and tangential and
radial distortion parameters r; modeling the non-linear deforma-
tion of the lens. Extrinsic parameters express the rigid transform
T; = (R;, t;) from a world coordinate system CS,, to a camera coor-
dinate system CS;, where R; and ¢; are the rotation and translation of
the rigid transform.

Intrinsic calibration can be performed for each camera inde-
pendently and with visible light using a calibration pattern. We
selected a point cloud pattern [Fig. 17(a)] from OpenCV library*’
that allows partial visibility of the pattern—a very useful feature
given the small field of view and short focal distance of the cam-
era sensors. In the case of extrinsic calibration, we need to ensure
that all cameras share the same world coordinate system CS,, in
order to estimate the spatial positioning and orientation of each
camera with respect to each other. This is achieved by using a cal-
ibration pattern simultaneously imaged by all cameras and whose
parts can be unambiguously detected. The acquisition must be
done with x-ray emission as the conversion from x rays to visible
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FIG. 17. Camera calibration patterns:
(@) point cloud pattern used for intrin-
sic calibration, (b) random dot pattern
[50] used to manufacture, and (c) the
extrinsic calibration aluminum plate.

light takes place on the plane of the scintillator. Hence, the cal-
ibration pattern must not only offer partial detection but should
also be x-ray “compatible” and easy to manufacture. In this con-
text, we chose the random dot pattern from Oyamada et al.”’
composed of dots [Fig. 17(b)] that can be easily drilled on an alu-
minum plate [Fig. 17(c)], yielding highly contrasted features in
the radiographs.

Based on the estimated calibration parameters, a geometric
correction process is applied on each sensor image I;: (1) image
undistortion produces rectified images without lens distortion using
intrinsic parameters K; and r;; (2) homography transformation con-
verts the rectified image in the common world CS and resamples it
to match a desired image resolution. The homography is computed
from K; and extrinsic parameters R; and t;. The geometric correction
can be seen as an unwarping process using deformation maps, which
can be pre-processed and applied very efficiently in the hardware
(e.g., FPGA).

4. Blending

Unwarped images will present some overlapping regions, as
depicted in Fig. 18(a). A successful dark-flat correction coupled
with a gain compensation approach® will produce consistent image
intensities across overlapping regions. This consistency avoids the
need to identify frontiers in overlapping regions used to avoid so-
called seam blending artifacts.”” Similarly, advanced blending (e.g.,
multiband blending>) is not necessary, and we can apply a sim-
ple weighted linear blending (also known as feathering), where
weights are computed from distance maps of the unwarped image
regions. As a result, the blending is simple, deterministic, and very
efficiently executed, yielding excellent stitching results, as depicted
in Fig. 18(c). Further examples of x-ray images taken with the

FIG. 18. Blending and stitching: (a) after geometric correction, images will present overlapping areas that will be seamlessly blended into a final stitched image. An example
of stitched image of a hand phantom (b) and the produced x-ray image with eight of the detector image sensors is shown in (c).
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developed system and processed with the described approach are
presented in Fig. 19.

V. RESULTS
A. Multi-camera module performance

Two types of multi-camera modules were assembled
(GDX_IS1_LR and GDX_IS1_SR), implementing linear and
switching voltage regulators, respectively. Switching voltage regula-
tors have a higher power efficiency compared to linear regulators,
but they can add undesired electronic noise to the system. Both
modules were tested with visible light and with x rays.

B. Visible light characterization

The visible light characterization of the developed multi-
camera module was performed with the same method as the image
sensor characterization [section characterization (Sec. IT E 2) using
the setup described in Fig. 4]. The first module to be characterized
was the GDX_IS1_SR. In the initial measurements, a line pattern
was visible on the image under low light conditions. This pattern
was always present but randomly positioned. The pattern is pre-
sumably caused by the “line-by-line” method that the integrated
analog-to-digital converter uses to read the sensor pixels. Because of
the line-wise nature of the process, a small variation of the converter
reference voltage could induce a faint line pattern, which is negligi-
ble under daylight conditions but can jeopardize the DQE results in
x-ray application. A method to quantify this pattern is the Vertical
Dark Signal Non-Uniformity (DSNU) as described by the EMVA
1288 3.1 standard.”” This method can be understood as a vertical
Fourier transform that will peak at spatial frequencies correspond-
ing to cyclic line patterns. As expected, the vertical DSNU showed a
clear peak corresponding to the pattern spatial frequency in visible
light (Fig. 20, red curve).

A second multi-camera module (GDX_IS1_LR) was devel-
oped to reduce the high noise levels observed in the first module,
maintaining the same architecture but using linear voltage regula-
tors instead of switching voltage regulators. Replacing the voltage
regulators highly reduced the observed linear pattern and its fre-
quency peak (Fig. 20, green curve). This improved the resulting

ARTICLE scitation.orgljournal/rsi

FIG. 19. Examples of x-ray images taken
with the developed prototype and pro-
cessing approach: (a) ETR calibration
device (70 kV, 50 mA s), (b) zoomed-
in detail of the hand image in Fig. 18
(44 kV, 50 mA s), and (c) foot image with
calibration patterns (48 kV, 40 mA s).
The central vertical and horizontal bright
lines in the right image are not artifacts
of the stitching approach, but they repre-
sent the projection of metallic wires used
to hold together the imaged objects.

SNR (Fig. 21, green), leading to similar SNR levels to the reference
commercial camera (Fig. 21, blue).

C. Temperature and humidity influence

To determine temperature and humidity influence on the
developed multi-camera module, the visible light characterization
was repeated with the detector inside a climatic chamber under mul-
tiple controlled temperature and relative humidity conditions (the
whole test setup including light source and integrating sphere was
also mounted inside the climatic chamber). The measurements were
done at 25 °C (<20% RH), 50 °C (<20% RH), and 50 °C (>90% RH)
and compared to the measurement results under room conditions.
In order to maintain the exact environmental conditions during all

Vertical spectrogram DSNU
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—— GDX_IS1_SR

—— GDX_IS1_LR
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FIG. 20. Dark Signal Non-Uniformity (DSNU) (bottom) plots from the developed
GDX_IS1_LR (red) and GDX_IS1_SR (green) multi-camera modules and the
reference commercial camera with the IS1 sensor (blue).
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FIG. 21. Signal-to-Noise Ratio (SNR) plots from the developed GDX_IS1_LR (red)
and GDX_IS1_SR (green) multi-camera modules and the reference commercial
camera with the IS1 sensor (blue).

the stages of the light characterization measurements, it was decided
not to open the chamber to place the sensor cover for the dark image
measurement. Thus, the dark image measurements were done under
the climatic chamber darkness conditions.

The results show no significant degradation of the signal-to-
noise ratio [Fig. 22 (top)]. The vertical spectrogram of dark sig-
nal non-uniformity [Fig. 22 (bottom)] exhibits no specific artifacts
under the variation of the climatic conditions. Curves correspond-
ing to measurement in the climatic chamber [Fig. 22 (bottom), blue,
red, and cyan] have an offset compared to the reference measure-
ment under room conditions [Fig. 22 (bottom), green]. This was
caused by the imperfect darkness conditions inside the climatic
chamber.

D. X-ray characterization

The developed detector was characterized with the two most
promising scintillators identified during the characterization phase,
i.e., the SC1(CI) (CsI:Tl) and the SC5(GOS) (Gd,0,S:Tb). The DQE
was measured for different DAK, between 0.59 and 20 Gy peaks
(0.63-20 mA s) at the detector for the RQA5 beam (70 kV), at a
frequency of 0.5 mm™" (Fig. 23). The low-frequency fixed pattern
noise on the images increased the NPS and decreased the DQE
below 0.5 mm™". The best performance for the developed detec-
tor was observed between 0.5 and 5.0 Gy at the detector. The
maximal DQE for the SC1(CI) and SC5(GOS) scintillators were
around 0.60 and 0.30, respectively, for the reference DAK cho-
sen at 2.34 uGy. The fixed pattern noise increases with the DAK
squared and make the low-frequency DQE decreases as a function of
the DAK.
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FIG. 22. Signal-to-Noise Ratio (SNR) (top) and Dark Signal Non-Uniformity
(DSNU) (bottom) plots from the developed GDX_IS1 multi-camera modules under
room conditions (green), 25 °C and <20% RH (blue), 50 °C and <20% RH (red),
and 25 °C and >90% RH (cyan).

The higher DQE obtained with the SC1(CI) scintillator can be
explained by its micro-pillar structure and high thickness: CsL: Tl is a
crystal that can be grown in vertical micro-pillar structures (2-5 ym
diameter, and over 400 ym long) on a plane surface. This helps
guiding the light in one direction and avoid lateral scattering; there-
fore, the MTF is generally better in CsL:Tl scintillators. Gd>O,S:Tb
is deposited in a powder structure and, therefore, has no light guid-
ing capability, which leads to wide-angle scattering of the visible
photons and lower image sharpness.”
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FIG. 23. DQE curves obtained with the developed detector (GDX_IS1_LR) at dif-
ferent DAK. The top plots were obtained with the SC1(Cl) scintillator and the ones
in the bottom with the SC5(GOS) scintillator.

The light throughput of the scintillator depends on the con-
version efficiency for a given x-ray radiation. It is linked to the
absorption rate and light yield (also called gain). For a given thick-
ness, CsI:T] has a higher absorption rate and light yield compared
to Gd,0,S:Tb. Therefore, the light throughput of CsL:Tl scintilla-
tors is higher.”> Nevertheless, these performances have a cost. Due
to its manufacturing complexity (crystal growth) that requires com-
plex and expensive facilities, CsI:T1 scintillators are more expensive
than Gd,0,S:Tb, especially for a large area (e.g., 430 x 430 mm?).
Moreover, contrary to CsL:Tl, Gd;0,S:Tb has very good chemi-
cal durability, mechanical properties, uniformity, and is easier to
manufacture.”

In sum, compared to the SC1(CI) scintillator, the lower x-ray
capture efficiency and x rays to light photon conversion rate of the
SC5(GOS) scintillator decrease the low-frequency DQE. The CsI
needles of the SC1(CI) scintillator channel the light photons and
avoid light spread that occurs in the grain structure of the SC5(GOS).
Light spread decreases the spatial resolution and the high-frequency
DQE of the SC5(GOS) scintillator.

VI. CONCLUSIONS

A novel, robust, and low cost x-ray imaging system was
developed and adapted to the needs and constraints of LMICs.
The developed system is based on an indirect conversion chain:

ARTICLE scitation.orgljournal/rsi

a scintillator plate produces visible light when excited by the x
rays, and then, a matrix of the developed multi-camera modules
converts the visible light from the scintillator into a set of digi-
tal images. The partial images are then unwarped, enhanced, and
stitched by specialized software running on a network of FPGAs
controlled by a master unit. By implementing a network of FPGA
units (instead of a single more powerful processing unit), the partial
images can be processed in parallel, reducing the total processing
time. Different commercially available components were character-
ized, and the most suitable were implemented in the fabrication of
the detector.

The developed system was characterized at the Institute of
Radiation Physics (IRA) from the Lausanne University Hospital
[Centre hospitalier universitaire vaudois (CHUV)] using different
standard medical radiology measurement setups. The characteriza-
tion measurements of the developed detector led to high quality
x-ray images with DQE levels up to 60% (@2.34 uGy).

The developed detector was designed to overcome common
issues of currently available x-ray detectors in LMICs identified dur-
ing our field (and literature) study. Among the advantages of the
developed detector are robustness, low cost, and modularity.

A. Robustness

The detector was designed to withstand the harsh environ-
mental conditions of tropical countries. The characterization results
under high temperature (50 °C) and humidity (>90% RH) condi-
tions did not show any significant degradation of the signal-to-noise
ratio.

B. Low cost

The use of “off the shelf” components has the advantage of
state-of-the-art technologies at a lower cost than customized com-
ponents. The fabrication costs of the developed detector are between
20% and 50% lower than the flat panel solutions available in the mar-
ket today; and it is expected that, if mass-produced, the costs will
decrease further.

C. Modularity

The implemented modular design allows the system to be eas-
ily repaired (by simple replacement of individual modules) without
the need of high technical expertise. Additionally, by using “off the
shelf” components, the replacement parts can be easily obtained
in the market and be replaced at low costs, i.e., in the range of
hundreds of USD. Conversely, when the detector from a tradi-
tional digital x-ray device breaks, it must be replaced completely
by specialized personnel at high costs, i.e., in the range of tens of
thousands USD.

However, these advantages come with a cost: due to the lower
optical coupling of the implemented architecture, the DQE lev-
els of the developed detector are around 15% lower than the flat
panel solutions, i.e., the average DQE levels for commercial flat
panels are around 70% (CsLTl) and 35% (Gd,O,S:Tb), while the
DQE levels measured with our detector are 60% (CsI:T1) and 30%
(Gd0,S:Tb). Nevertheless, the measured DQE levels are much
higher than other multi-camera systems available in the market (the
DQE levels for characterized commercial multi-camera detectors
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with CsL:Tl are between 30% and 40%) and the film-based x-ray
systems, predominant in low-income countries (the DQE levels of
film-based systems are <25% """). Therefore, the developed x-ray
detector shows very promising results and potential for being imple-
mented under the context and harsh environmental conditions of
LMICs at a lower purchasing and maintenance cost than traditional
digital x-ray detectors.
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