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X-rays Based Bioimaging Techniques
and Scintillating Materials

Gopal Niraula, Jason J. A. Medrano, Mohan C. Mathpal, Jero-R Maze,
Jose A. H. Coaquira, and Surender K. Sharma

Abstract X-ray scintillators are broadly connected in cancer radiotherapy, warm
treatment, and clinical diagnosis as therapeutic imagingmaterials since of their aston-
ishing penetration control in tissues and organs. These X-ray energized scintillators
can be focused on in cancer-site which retain and change over X-rays into unmis-
takable light outflows and diminishes the chance of overdose X-ray presentation to
the typical cells. A few X-ray-based strategies have been illustrated for non-invasive
high-resolution imaging of thick natural examples. These methods are undertaking
to enhance our understanding and in situ natural chemistry and illness pathology
examinations. In this chapter, we show those X-ray-based procedures and as of late
outlined X-ray energized scintillators to offer an outline of such materials for the
therapeutic diagnosis, imaging, and treatment.
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1 Introduction

Since the development of nanoscience and its application in technology, so-called
‘nanotechnology’, from industry to biomedicine, nanomaterials and the relevant
instrumental devices are the centered point of research. The advancement in each
technology is a natural process in research which gives more precise, accurate and
updated information’s, and the methods to apply to the practical use. In particular,
biomedical imaging is a focal technique at the in-vivo anatomic, structural, and
functional visualization of inside-organs in a non or minimally invasive way. X-ray
imaging is established as a strong imaging technique since the discovery of X-rays in
1895. Since then, a novel imaging techniques based on X-rays, such as radiography,
fluoroscopy, computed tomography (CT), and single-photon computed tomography
(SPCT) are developed which requires extremely sensitive materials/scintillators to
enhance the image qualitywhileminimizing radiation induced health risks to patients
[1–5]. Recently, positron emission tomography (PET) showed its highly sensitive
nature at the picomolar level that allows in-vivo molecular-imaging-based precise
diagnosis.

Scintillators are energy conversion materials which absorb and translate X-rays
radiations into the visible light region. Control Synthesis of novel X-rays induced
scintillators tuning their luminescence properties is a rising field of current research.
In this scenario, the idea of integrating the quick response toward X-rays with
big absorption cross-section stemming from the thickness and relatively high mass
density exhibited a good sensitivity in single-crystal perovskite-based scintillators
under keV X-ray radiation. The lead-halide perovskite single crystal scintillators
display a short absorption length and high detection efficiency to X-rays [6]. On
the other hand, organic scintillators are observed having a weak detection of high-
energy radiations because of their relatively low density of chemical constituents [7].
Organic crystals like naphthalene, stilbene and anthracene showed very weak detec-
tion capacity of higher-energy X-rays [8, 9]. However, they possess high attenuation
constants that help them to act as excellent scintillator candidates for β rays and hot
neutrons. To enhance their detection, heavy metal ions can be adopted to construct
organic–inorganic based scintillators because of high energy resolution and energy-
conversion efficiency of these metal ions [10]. Thus, this chapter presents a brief
overview of techniques used in medical imaging, namely, radiography, fluoroscopy,
angiography, and computed tomography as well as recent developed X-ray detec-
tors/scintillators which show convincing results in terms of sensitivity and serve as
an excellent candidate for medical imaging.
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2 An Overview of X-ray: Discovery and Road Towards
Biomedical Imaging

With the discovery of X-rays on 8 November 1895, the great revolution in the cogni-
tion of physical world is started. The discovery of X-rays was interesting as it was
found incidentally while Wilhelm Conrad Rontgen was studying the behavior of
cathode rays in Hittorf-Geissler-Crookes (HGC) tubes at his own laboratory. While
busy with his experiments, unknowingly one day he observed that some crystals
lying close to the HGC tube had become intensely fluorescent produced by a hith-
erto unknown radiation. After the spent myriad of breathless night, he confirmed that
this could not be due to cathode rays; cathode rays are fully absorbed either by the
glass wall of the tube, or by the air and thus introduced as anX-rays. The fluorescence
stimulation in different crystals depends upon the voltage used, for instance, fluorite
is a fine and suited crystal for ‘soft’ cathode rays, whereas barium platino cyanide
fluorescing strongly under the bombardment of ‘hard’ cathode rays. The high energy
X-rays, also referred as ‘hard’ X-rays, contain the component of short wavelength
that amplify the penetration into thick objects or those with large object densities.
Similarly, the low energy X-rays, referred as ‘soft X-rays’ component comprises the
longer-wavelength X-rays which enhance the image contrast. The ‘soft X-rays’ are
responsible to produce beam hardening corrections that can be applied to reduce
their effects on the resulting X-ray image [11, 12]. The X-rays was the first in a
series of three discoveries; X rays, uranium rays, and the electron, i.e., the study of
the discharge of electricity in gases. These three physical discovery have immense
contribution on the transformation of physical world of nanoscience and nanotech-
nology. The X-rays originate from the bright fluorescence on the tube where the
cathode rays strike the glass and spread out. The point of origin of the X-rays moves
in straight lines by a magnetic field, and their absorption depends on the material
through which they pass, but the X-rays themselves are insensitive to the magnet. In
principle, X-rays are produced by ionizing a target source, such as tungsten, with an
electron beam at very high speed and retarded instantly. In this process, the electrons
are discharged from a cathode and accelerated toward an anode by a high voltage
potential between the cathode and anode. once the electrons strike with the anode,
they start to decelerate accompanying by the emission of electromagnetic radiation.
The energy spectrum emitted from the X-ray tube is a function of the voltage poten-
tial, target material, the angle at which the electron beam strikes with the target, the
angle at which the X-rays are observed, and the material used for the X-ray tube
window [13–15].

After the discovery of X-rays and its experimental verification, Roentgen’s and
Dr. Henry W. Cattell, Demonstrator of Morbid Anatomy at the University of Penn-
sylvania have demonstrated the X rays to locate bullets in human flesh and photo-
graph broken bones and confirmed their importance for the diagnosis of kidney
stones and cirrhotic livers, stating that “The surgical imagination can pleasurably
lose itself in devising endless applications of this wonderful process.” This was the
key step to move forward the application of X-rays in medical sciences. Röntgen
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demonstrated the medical use of X-rays with taking a picture of his wife’s hand
on a photographic plate formed. It was the first photograph of a human body part
using X-rays. The first use of X-rays for a surgical operation was implemented on
February 14, 1896 [16]. This success of the first medical applications contributes
not only to the lives of humanity but also open the industrial possibility in medical
science and technology. Imaging techniques is one of the great and finest achieve-
ment of physical science which provides an interface between vision and intuition.
Especially, biological imaging has taken a wide space in human lives, not only to
understand the fundamental biology in nature but also due to extensive use inmedical
science, i.e., biomedical imaging in view of its ability to aid analysis and diagnosis
through X-ray images at the molecular and cellular levels [5, 17]. X-ray imaging is
a noninvasive measurement techniques used extensively for the evaluation of static
objects, visualize and characterize the complex internal structures. The several tech-
niques can be used to detect an X-rays. Initially, it was detected through film-based
techniques; however, with the time, researcher successfully designed a new system
where digital detection can be achieved through electronic detector [18]. There are
two types of detectors: direct conversion and indirect conversion detectors. In case
of direct conversion detectors, X-ray photons are directly converted into an electrical
charge with the help of an X-ray photoconductor (e.g., amorphous selenium). On the
other hand, in case of indirect conversion detectors, first a scintillator converts inci-
dent X-rays to visible light, and then this obtained light is converted to an electrical
signal through a photodetector. In both cases, the output signal from these devices
is sensed by an electronic readout mechanism with an analog-to-digital converter to
yield digital image. The X-ray imaging systems, for example, old computed tomog-
raphy systems, scintillators are used to convert X-rays to visible light; the visibility
of light depends on the X-ray energy. The linear scintillator simply facilitates for
the electronic absorption of individual signal to quantify the X-ray intensity of a fan
beam through a horizontal plane [19, 20].

3 X-ray Imaging and Application in Medicine

The use of X-ray in medical imaging is under two categories: structural imaging,
which reveals anatomical structure i.e. imaging of bone, teeth, microcalcinations,
lungs, and orthopedic devices, and functional imaging which track the main changes
in biological function, such as metabolism, blood flow, regional chemical composi-
tion and biochemical processes.However, endogenous soft tissue types are difficult to
distinguish using conventional X-ray projection imaging. Distinguishing tissue types
for functional imaging requires either exogenous contrast agents (e.g., radiopaque
agents to view vasculature and flow in angiography), or technique that are more
sensitive to tissue differences (or both).
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3.1 Radiography

Radiography is an application of X-ray imaging used in medical science. The fore-
most aim of radiography is the inspection of ruptures, cracks the internal structures
of the body and their effects/changes in the skeletal system. In addition, this tech-
nique is used to perceive the changes of a bone’s consistency or density, e.g., in
case of osteoporosis or bone cancer. Radiography creates two dimensional projec-
tion images by exposing an anatomy of interest to X-rays and record the photograph
of the X-ray attenuation map of an object when passes through the object. X-ray
images are processed in a similar way of conventional photographic film in which
shadow of an object are analogized. The lighter shadow images are related to the
object areas of greatest density. The X-ray attenuation map of an object/materials has
great role on the development of contrast in the radiograph and hence better images
quality. The obtained contrast in the radiograph usually reduced by the consequence
of the X-ray absorption and X-ray scattering. The X-ray absorption is always varying
with the X-ray energy level, whereas X-ray scatter cause a general fogging of the
image; as a consequence, reduces the brightness and sharpness, clear contrast, and
the resolution. Such scattering is possible to reduce by passing the X-ray through
a metal filter before to reach the object of interest that, obviously, lessen the quan-
tity of soft X-rays reaching to the object [15]. On the other hand, advance digital
detectors use to capture the X-ray intensity that produce images. Digital radiography
improved the sensing capacity of 2D sensor arrays and computer power of receiving,
processing, and displaying the large data sets. The advantages of digital radiography,
as compared to the conventional film, is the speed of image obtained and the pliability
in manipulating and accumulating those images.

There are several techniques of radiography imaging process which are used for
a specific purpose from industrial technology to nanomedicine; among them, X-ray
radiography for flow visualization (XRFV) and Flash X-ray radiography (FXR) are
widely used. The XRFV is extensively used in myriad industrial applications, such
as power generation, pharmaceutical production, fuel production, and mineral and
powder processing. The working mechanism is based on gas/liquid flowing through
a granular bed at an ample velocity to suspend the particles, where these granular
beds have ability of uniform mixing, low pressure drop, high heat and mass transfer
rates. On the other hand, the flash X-ray radiography (FXR) is an imaging process
where strong burst of irradiation is induced for a second that records a high-speed
events obscured by light. In addition, FXR helps to seize the images of voids inside
opaque objects that are scrap of these dynamic events. These FXR are often used in
medical imaging for biological studies [21–23].
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3.2 Fluoroscopy

The fluoroscopy technique is a very essential in minimally invasive intercessions,
where the different tool such as catheters and endoscopes need to be guided to operate
the system without direct visual contact to the intercession region. Moreover, this is
the technology to visualize internal organs/vessels, for instance arteries or veins using
scintillators as a contrast agent; as a result, fluoroscopy is also referred as a positive
contrast technique having a low background and highly sensitive to low elemental
concentrations [24, 25]. In principle, during the absorption of X-ray photon by an
atom, small part of its energy reemit as a secondary X-ray fluorescence (XRF). In
this process, binding energy and nuclear charge are key factors; the binding energy is
proportional to the square of nuclear charge and the emitted photon energy is charac-
teristic of each element. The scanning of the specimen and acquisition ofX-ray yields
quantitative topographical maps for a wide range of elements, that allow the quantita-
tive elemental analysis, includingmost biologically relevant transitionmetals. Taking
an advantage of the elemental quantification/composition using nuclear charge of
elements [26], this technique is applying to find the metal toxicity [26, 27], uptake
and distribution of metallopharmacueticals [28], intracellular elemental distributions
in biological samples[2, 29–31], and in vivo to non-invasively evaluate the concen-
tration in the bones, human skin, and iodine in the thyroid [32–34]. The image from
a fluoroscopy sequence can be depicted by the placement of the two electrodes and
wires of a heart pacemaker. A precise and accurate clinical setup is very essential
for a minimally invasive surgery where the X-ray imaging unit is given by a C-arm
scanner that can be freely positioned around the patient. Conventional radiography
typically refers to the acquisition of a single or small number of X-ray projection
images for a specified view. In contrast, fluoroscopy describes a sequence of radio-
graphic images acquired periodically at a certain frame rate. The X-ray source can
either be triggered for each frame or simply provide a constant radiation exposure to
the region of interest. Potential X-ray detectors can be image intensifiers. The frame
rate is typically limited by the acquisition speed of the detection system. For image
intensifiers, it is given by the inertia of the final fluorescent screen. In practice, frame
rates of 30 frames per second are possible. However, rates are often reduced for dose
reasons. In brief, fluoroscopy is a promising procedure because it is less invasive,
substantially reducing the risk of infection or skin injury due to iatrogenic radiation,
compared to conventional surgical procedures, being able to use dose metrics to
develop adequate follow-up and management plans for the patient [35].

The use of the fluoroscopic technique came after the discovery of X-rays, where
in the beginning the operating mechanisms of these equipment was limited due to
technological factors: such as low-quality film emulsions and X-ray tubes that were
not very reliable in their functioning. For this reason, fluoroscopy appeared as a
more promising and probably more important alternative than radiographic tech-
niques. Subsequently, the equipment improved and fluoroscopy began to occupy
an extremely important role in imaging examinations and that it is still in force
today, in other words, the study and detection of moving parts, dynamic exami-
nations, interventionism, angiography, make this technique be of great acceptance
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Fig. 1 Representation of a fluoroscopy equipment with image intensifier. Reprinted with permis-
sion of Ref. [38]

[24, 25, 36]. The main difference between radiography and fluoroscopy is that the
latter uses a much lower X-ray fluency rate, but for a much longer time. Through
this technique a continuous image is produced allowing the observer to see dynamic
changes within the patient such as moving organs or flow of contrast media through
blood vessels, digestive system. The principle of fluoroscopic imaging is in the ability
of X-rays to cause fluorescence in a phosphor-like material. A fluoroscope basically
consists of two components: An X-ray tube and a fluoroscopic screen. The tube and
the screen are mounted facing each other in an aligned way, (see Fig. 1). In this way
the operator moves the fluoroscopic screen along the patient and the tube follows the
screen.X-ray photons that pass through the patient interactwith the screen, producing
photons of light that reach the observer [37].

Certain limitations must be considered due to this arrangement, such as, for
example: images with a very low brightness, three or four orders of magnitude lower
than that of a conventional radiograph. The possibility of increasing the X-ray rate
is not feasible either because this would mean doses that are clearly intolerable for
patients and also very high for the observer himself. Therefore, the fluoroscopic
image can only be viewed without ambient lighting, in the dark, with the conse-
quent loss due to the vision characteristics of the human eye and the inconvenience
of adaptation to darkness. The result is a very poor quality image. The only way to
significantly improve this quality without excessively increasing the doses to patients
is by using a system that amplifies the light from the screen: the image intensifier.

Fluoroscopy is demonstrated in several types of experiment including cardiac
catheterization [39], lumbar puncture, arthrography, placement of intravenous
catheters, and biopsies. Further applications of fluoroscopy include foreign body
localization, injecting image-driven anesthesia into the spine, and in percutaneous
vertebroplasty [40]. The use of nanoparticles have shown very promising results
that suffused into bio-degradable filters made up of poly-p-dioxanone (PPDO) could
amend device radiopacity without any unexpected effects on device efficacy and
safety, in swine models [41]. This demonstrates the continuous effort to improve
procedures and add the use of new nanomaterials to optimize results. The most
common applications are:



8 G. Niraula et al.

In Diagnosis:

• Digestive system: swallowing studies, esophagograms, intestinal transit, laparo-
scopies, barium enema, transcutaneous liver biopsies, enteroclysis.

• Urology: cystography, diagnostic percutaneous nephrostomy, percutaneous excre-
tory urogram.

• Gynecology: hysterosalpingography.
• Neurology: myelograms.
• Cardiology: angiograms of vessels of the lower extremities, heart and brain;

intracardiac electrophysiological study (EPS).
• Traumatology: arthrography, post-surgical control.

In Treatment:

• Placement of endoprostheses: esophageal, biliary, urethral stents, intravascular
stents.

• Infiltrations: especially common in intra and periarticular drug infiltration
(anesthetics, corticosteroids, contrast solutions).

• Dilation of vascular, digestive or urological stenosis.
• Guided surgery: biopsies, vertebroplasties, tumor removal (especially in deli-

cate locations), kidney surgery, nephrostomy, placement of pacemakers and
cardiac defibrillators, angioplasties, urological surgery (especially in retrograde
pyelography).

Theuse offluoroscopy is usually considerable in regards of safety concerns.However,
the risks arise due to the accumulated radiation from number of X-ray test or treat-
ments for a long period [42]. For a fluoroscopy patient, it is important to consider
whether the patient suffers from any type of allergies to the substance to be admin-
istered or any history of allergic reactions. Patients who are allergic to any remedy,
iodine, latex, or contrast environments are at a higher risk of developing an allergic
reaction. It is not recommended that pregnant women be exposed to this type of
procedure with fluoroscopy due to the risk that it can affect the fetus.

3.3 Angiography

Angiography is a technique that consists of filling the vessels of the circulatory
system with a contrast agent, that is, a good absorber of radiation that produces a
visible shadow in the image. This substance is injected into the area to be explored,
using needles or guiding a catheter under fluoroscopic control. To perform the test,
anesthesia is applied to the site where the catheter will be inserted, which is a small
tube that is directed by the doctor to the site where you want to see the blood vessels,
which is usually inserted in the groin or neck.After the catheter is inserted into the site
to be tested, a contrast agent is injected and then several X-rays are taken on theX-ray
machine. The contrast liquid, when exposed to X-rays, will be shown on the monitor
image with a different color from the images taken, which allows observing the
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patient’s circulatory system. During the exam, the patient remains awake, but since
it is necessary to remain as still as possible, the doctormay applymedication to sedate
the patient. This procedure can take about an hour. After this time, the patient does
not necessarily need hospitalization, since general anesthesia is not used. In some
cases, it may also be necessary to suture and place a dressing where the catheter was
inserted. At present we can find more modern equipment, where characteristics such
as roadmapping (in which the interventional doctor can use images with contrast and
digital subtraction previously acquired to use them as a way to introduce catheters
with diameters less than 1 mm without using more contrast), have greatly facilitated
angiographic and interventional procedures [43, 44].

Another advantage currently used is the use of pulsed fluoroscopy, where the
duration of the examination ismuch shorter and also the amount of dose administered
to the patient is less, thus obtaining a good quality image.

In general, this equipment consists of a C-arm suspended from the ceiling or
anchored to the ground that incorporates the X-ray tube and the image receptor
system. This arch can be moved in almost all directions to allow as many views of
the patient as possible. This is placed on a lifting table, with a flat, floating and sliding
tabletop that allows easy access to the patient. A mobile device with two or more TV
monitors allows the specialist to follow the image in real time while performing the
examination or to view the dynamic series previously obtained (see Fig. 2).

Currently there are high-end models where the use of dynamic flat panels as
image receptors has notably improved the performance of this equipment, consid-
erably improving the quality and contrast of the image, in addition to the fact that
the mass and volume lightening of the arc allows a remarkable agility with faster
and more precise movements. Relatively recent developments such as so-called rota-
tional angiography inwhich the image receptor-tube assembly (or assemblies) rotates
around the patient at high speed, taking pulsed images while a contrast medium is
injected into the patient, have been incorporated into current teams. In this way the
images are processed and displayed as a video sequence with the advantage that
the vascular tree can be seen from different orientations with a single injection of
contrast [46, 47]. One step further is the possibility of performing a 3D reconstruction
of the vascular tree. In recent years, the equipment has incorporated the possibility
of obtaining tomographic sections, as well as those obtained with a computerized
tomography, using the digital image detector itself.

In a large number of surgeries, fluoroscopy or X-ray imaging is required during
the surgeries. The transfer of the patient to obtain an X-ray, or the installation of
a permanent X-ray equipment, being unfeasible, which can make interventions in
which X-rays are not required due to space issues. For this situation where the use of
fluoroscopy is necessary to guide a catheter or an endoscope, there are mobile radio
surgical arches. They are so named because of the appearance of the X-ray tube and
image receptor as a C-arc (See Fig. 3), with both parts always aligned and at a fixed
distance (90–100 cm). In this way, the patient can be positioned between the tube
and the intensifier and access to the examination site is relatively free. This arch is
mounted at the end of an extendable arm anchored to the foot of the equipment that
includes the X-ray generator and the console with the controls. Said foot has wheels
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Fig. 2 Representation of an angiography equipment. Reprinted with permission of Ref. [45]

which allow the movement of the whole equipment. Due to the need for space and
their good performance, all current arches incorporate high-frequency generators,
which also allows the use of pulsed fluoroscopy.

The use of nanomaterials is increasingly present in biomedical applications.
Composite of nanoscale zero-valent iron in ordered mesoporous carbon (nZVI@C)
are being used in trials to improve image quality in Magnetic Resonance Angiog-
raphy studies. In addition, this material did not show deleterious effects on cells [49].
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Fig. 3 Mobile C-Arm used in angiography; A X-ray Tube; B Image Intensifier; C Collimator; D
Display Monitor. Reprinted with open access permission Ref. [48]

Currently some kind of ferrites like as ZnFe2O4 are explored as the contrast agent for
magnetic resonance angiography, due to his higher transverse relaxation time. First
assays are being in rats. Results show an increase in image contrast using nanoparti-
cles ZnFe2O4 smaller than 6 nm [50]. Procedures that use angiography range from
intravenous or arterial injections to angioplastic techniques that use balloons, stents,
and other devices to unclog blood vessels and reinforce the internal structure of
damaged arteries. Modern angiography units are equipped with a variety of the
latest developments in fluoroscopic imaging technology including C-arms with fully
movable image receiver and tube and a complete digital image acquisition system.
In the hemodynamic units in which the coronary tree of the heart is explored, it is
usual to use very high fluoroscopy and acquisition rates (25 images per second and
even higher) to avoid the loss of spatial resolution due to the movement of the heart.
On the contrary, in vascular radiology equipment the acquisition rate is not so crit-
ical, but the size of the image receptor (intensifier or flat panel in the most modern
equipment), since many of the examinations are performed in the abdominal area or
in the trunk of the patient. The most common risk from this test is an allergic reaction
to the contrast medium that is inserted; however, the doctor usually has medications
ready to inject if this happens. In addition, bleeding at the catheter insertion site or
kidney problems may also occur due to the contrast medium (nephropathy) [51].
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3.4 Computed Tomography

X-ray computed tomography (CT) canprovide unmatched informationon the internal
structure of materials non-destructively from meter scales to tens of nanometers in
length. It takes advantage of the penetrating power of X-rays to obtain a series of
two-dimensional (2D) radiographs of the object seen frommany different directions.
This process is sometimes called a CT scan [52]. CT should not be confused with
conventional X-ray radiology, which also allows two-dimensional visualization, but
with much less detail, because the different structures of the body are superimposed
on the same image, because the radiation is emitted from a single image. diffuse
shape. On the other hand, for CT a very well-directed beam is used and with a
certain thickness, which depends on the size of the structure to be studied, and can
vary from 0.5mm to 20mm. The development of new, more sophisticated equipment
obeyed a need, since with the first scanners for clinical use, data was acquired, for
example, from the brain in approximately 4 min, two contiguous sections, and the
calculation time was about 7 min per image. Shortly afterwards, scanners applicable
to any part of the body were developed; First they were axial scanners, with a single
row of detectors, and from these it was moved to helical or spiral scanners, which
later allowed the use of equipment with multiple rows of detectors, whose clinical
use has reached wide diffusion today [52, 53].

Today, specially designed CT scanners are available for certain clinical applica-
tions. Thus, there are specific CT equipment for planning radiotherapy treatments.
Another current example is the integration of CT scanners in applications that
include various imaging techniques; for example, by hybridizing a CT scanner
with a positron emission tomography (PET), or with a single photon emission
tomography (SPECT) [54].

Axial computed tomography is the first equipment used or called “first gener-
ation”, they use parallel beam geometry and a translation-rotation movement. The
X-ray beam is highly collimated and, after passing through the section of interest
of the patient, it strikes a pair of scintillation detectors each coupled to a photo-
multiplier tube. The emitter-detector assembly, integrally joined, moves through 160
positions, thus obtaining different measurements [55]. The most recent equipment is
often described as “rotation only” or “rotation-stationary”, since it is now only the
X-ray tube that rotates around the patient while the detectors, which cover the entire
360° space, remain immobile during cutting (see Fig. 4).

Helical computed tomography has greatly improved CT performance. Some of
the advantages of helical CT: scan time is shortened, andmore consistent information
is obtained to reproduce 3D images of the scanned volume. The main disadvantage
of helical CT was the appearance of some associated artifacts (windmills, etc.) [57,
58]. Helical acquisition made it possible to obtain data from a large volume of the
apnea patient, which was a prerequisite for the development of high-quality CT
angiography. The displacement of the stretcher is generally expressed in relation
to the nominal width of the beam (equal to the width of cut in single cutters); the
quotient between the displacement of the stretcher in a 360° rotation of the tube
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Fig. 4 Representation of computed tomography. Reprinted with permission of Ref. [56]

and the nominal width of the beam is called the pitch factor. Obviously, continuous
scanning considerably reduces the exploration time, while allowing a more efficient
use of the X-ray generating system. In return, as can be seen, the data collected in a
complete revolution does not correspond exactly to any complete axial section, but
the section moves continuously with the movement, also continuous, of the stretcher.

Multi-slice computed tomography, ten years after the introduction of helical CT,
with the introduction of rapidly rotating multi-detector scanners, there was an enor-
mous advance in CT technology that facilitated the emergence of new clinical appli-
cations. The first teams with 4 contiguous rows of active detectors, gave way to those
with 16 and 64 rows respectively, which made possible the simultaneous acquisi-
tion of profiles of a large number of sections. In addition, the rotation time was
reduced from 1–2 s, typical in single cutting equipment, to much lower values (0.3–
0.4 s). Consequently, under these conditions it is possible to scan practically the
entire body of an adult on inspiration with slice thicknesses well below 1 mm. With
multi-detector CT equipment, acquisitions are usually made in helical mode. Excep-
tions are for high-resolution CT of, for example, lungs, and sequential acquisition on
cardiac CT, either for coronary calcium calculation or for coronary CT angiography
[59, 60].

An obvious difference between the different types of tomography can be observed
in Fig. 5. It is possible to see the difference in tones in the images obtained, which
allows more detailed information on the area of interest, allowing the doctor a
decision on the most convenient treatment.

CT is used in diagnosis and in patient follow-up studies, in planning radiotherapy
treatments. Diagnose different diseases and minor changes in various sectors of
the human body. For example, a CT scan can evaluate a head injury or, because
of its quick results, help find strokes. In addition, the procedure helps to detect
tumors and infectious processes of different organs. The exam also detects important
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Fig. 5 Difference between techniques using computed tomography andX-ray. Reprintedwith open
access permission Ref. [61]

warning signs, such as bleeding, aneurysms, perforation of intestinal loops, and
even heart attacks. It is well known that there is a growing concern for the care of
the environment, this reflects efforts in nanobiotechnology, that is developing new
processes for the synthesis of nanoparticles (green synthesis). Was reported the use
of aqueous leaf extract of barley leaves during process of synthetic to obtained new
gold nanoparticles (BL-Au), taking advantage of the fact that the extract of barley
leaves has properties that act as a reducing agent during the synthesis process. Results
of this assay using BL-Au nanoparticles in computed tomography with zebra fish
showed Brightness image was still much stronger than Ultravist (component usually
used in this process) [62]. Another interestingwork usedAu nanoparticles as contrast
agent for computed tomography in mice, with different sizes of nanoparticles and
found that larger Au nanoparticles provided strong liver and spleen contrast [63].

All X-rays deliver ionizing radiation, which has the potential to cause natural
impacts within the human body. For patients, these biological impacts can run from
an expanded hazard of cancer at some point in life, to conceivable unfavorably
susceptible responses or kidney disappointment from contrast media. Beneath a few
uncommon circumstances of delayed presentation to expansive dosages, x-rays can
cause unfavorable wellbeing impacts such as blushing of the skin (erythema), harm
to skin tissue, hair misfortune, cataracts, or birth abandons (in the event that they
consider is carried out). carried out amid a pregnancy). For this reason, it is critical
that CT checks are constrained to as it were those cases where the advantage that
can be gotten essentially outweighs the increased hazard. This is often particularly
genuine for children, who aremore sensitive to ionizing radiation and have longer life
anticipation and so have a generally higher chance of creating cancer than adults [64].
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4 High Energy X-ray Sensitive Materials for Medical
Applications

The strong penetrating power of invisible high energy X-rays allows them to scan the
object and display the internal parts/structure/composition in medical imaging [65,
66]. In X-ray based imaging, Image contrast results from the variable signal detected
when rays are absorbed, preventing the receptivity of the various organs/subjects
to the radiation. Albeit, such rays are hardly perceived by ordinary photographic
substrates, so studies are devoted to the search of scintillating materials with the
properties of efficiently absorbing these rays and converting the absorbed X-rays
into photon radiation emitted in the visible light range. Scintillators are special
energy conversion materials that can absorb X-rays/γ-rays and convert them into
the visible light range [67]. Although scintillators are unable to produce medical
X-ray images straightly, they are advantageous due to their ability to reduce the radi-
ation dose required for imaging. It is clear from the definition of ‘high energy’ that
higher atomic numbers (Z) metals ion are needed to achieve high stopping power
and noteworthy scintillation performance since they have high energy resolution and
energy-conversion efficiency [10, 68].

4.1 Perovskite-Based Sensitive Materials

Perovskite-based nanomaterials (PNMs), such asCaTiO3 and its diverse composition
(ABX3 where A and B represent as cations and X as anion) have been investigated
persuasively in the last decades due to their tunable photoelectric properties, lumi-
nescent and electrical performance which allow these materials to be used in wide
range of medical imaging [69–71]. Different energy conversion phenomena can be
discussed in such X-ray perovskite-based detectors; in scintillator based detector,
energy conversion takes place from X-ray to UV–Vis photon via down-conversion
[72]. In addition, the absorption material has limited carrier diffusion length by
which these materials are recommended to avoid in X-ray based scintillators [73,
74]. Considering those materials which exhibit limited/short absorption length but
high detection efficiency to X-rays, Lead-halide based perovskite single-crystals are
promising scintillators. The quick reaction towardX-rayswith large absorption cross-
section originated via physical factors, such as, thickness and relatively high mass
density, made perovskite scintillators promising materials to enhancing the detec-
tion efficiency under keV X-ray radiation [6]. However, these materials show their
better performance only on low temperature since they are sensitive to open environ-
ment, i.e., air and humidity since they are sensitive to these factor (air and humidity)
[10, 75]. As compared to bulk perovskites, perovskites nano-scale materials have
been demonstrated as a better processing capability for the fabrication of multifunc-
tional thin films, flexible devices [76]. Furthermore, they exhibit a superior optical
and electromagnetic properties because of their quantum effect and small-size effect
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[77]. The use of high energy scintillators varies on the required fields. Particularly in
X-ray imaging, following points should have to be considered: (a) high absorption
coefficient which provides a considerable quality of imaging with reducing the dose
amount, (b) highly luminescence yield which reduces the noise signal, (c) decay time
should adjust in the range of CT scanners in ≥10 kHz, (d) absence of afterglow that
causes sickle artifacts in the imaging, and (e) Low temperature dependence of the LY.

Several pattern of Pb-halide perovskites such as bulk crystals, thin films, nanopar-
ticles and quantum dots can be prepared by chemical routes instead of ultra-high
vacuum technique; which minimizes the cost within a reasonable range. As it is
established, however, that Pb element is toxic that led towards the health threats in
biomedical use. Besides, low resistance to the humidity and temperature reduces their
sensitivity that evidently limit the application of interest. Recently, organic–inorganic
hybridPb-halide perovskite-has beenprepared that exhibits an excellent scintillator in
viewof their lowpreparation cost, high light yield, short decay time in the nanosecond
range, and low inherent trap density [6]. Methylammonium Pb based perovskites
(MAPbX3) have demonstrated a significant scintillating performance for luminous
devices and high-sensitive detectors in the visible range [78–80]. Saidaminov et al.
[81] have reported the novel hybrid organo-lead tri-halide perovskites, MAPbBr3
and MAPbI3 in hot solutions, prepared by controlling the solvent, temperature and
other parameters. They found that these material show carrier transport properties
similar to those grown by the usual cooling or anti-solvent vapor-assisted crystal-
lization techniques. The authors stated the ‘quantum leap’ in crystal growth rates of
these scintillators presents a major breakthrough in the research area of perovskite
single crystals enabling the wide applications from medical imaging to industrial
technology. Moreover, Wei et al. [82] have synthesized sensitive MAPbBr3 single-
crystal X-ray detectors with a recordμτ product of 1.2× 10–2 cm2 V–1 and the lowest
surface recombination velocity of 64 cm s–1. Impressively, this material exhibited an
excellent optoelectronic property as compared with those for CdZnTe. It was synthe-
sized by the solution growthmethodwhich take an advantages of low cost, large scale
and faster growth rates than the conventional routes, i.e., vapor deposition method
adopted for CdZnTe crystal growth. The performed experiment of a charge collection
efficiency up to ∼33–42% for UV–vis light, and ∼16.4% for hard X-ray photons
which facilitates the ability to direct conversion of high-energyX-ray into collectable
charges with a high sensitivity of 80 μC G y−1

air cm
–2 and a lowest detectable dose

rate of 0.5 μGyairs–1, which meets the practical needs of medical diagnostics. They
believed that these findings offer an effective way to engineer the trap density of
the hybrid perovskite material to increase the device charge collection efficiency for
photodetectors. Later following this work, Wei W. and co-workers [83] designed
the Si-integrated MAPbBr3 through low-temperature solution-processed molecular
bondingmethod in cooperationwith brominatedAPTES (3-aminopropyl triethoxysi-
lane) molecules. The insertion idea of this layer was to reduce the dark current which
is crucial for a detector to sense very low X-ray. It is found, as anticipated, that a
momentous lessening in dark current at higher bias, detecting a really low X-ray
(8 keV) measurements rate of <0.1 µGyair s–1 with a high affectability of 2.1 × 104

μCG y−1
air cm

−2. Further, they appeared that the X-ray dosage to patients utilizing the
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created direct finder cluster can be drastically decreased by 15–120-fold. The result
gotten here is a few orders of magnitude superior than the state-of-the-art commer-
cial α-Se X-ray locators, clearing the way for the commercialization of perovskite
X-ray finders for therapeutic applications. This strategy gives an effortless way to
coordinate MAPbBr3 single gems onto different by and largely utilized substrates at
moo temperatures in arrangement, which opens an unused road for the application of
perovskite materials in much broader areas, such as active-matrix flat-panel imagers
and flat-panel shows.

The lanthanides with proper energy state, i.e., the rare earth (RE) doped scintilla-
tors have exhibited satisfactory properties [84]. Recently, scintillators of CaI2: Eu2+

with doping RE [85] and LuI3: Ce3+ [86] have achieved ray output of more than
100,000 photons per MeV. Similarly, Sr2+, Ca2+ co-doped LaBr3: Ce3+ scintillator
show an ultrahigh energy-resolution [87], while some scintillators, for example, Ce3+

doped PrBr3 [88] and Nd3+ doped LaF3 have very short scintillating decay time of
6 ns. Interestingly, these scintillators emit photons in the range of ultraviolet, visible,
or near-infrared when excited by X-rays/γ-rays, so that are considered as potential
scintillating materials for medical imaging [89]. Likewise, to use lanthanide-based
scintillators for CT imaging, Tb3+ doped LaF3-Rose Bengal (RB) scintillators are
functionalized with a silica layer for the pathologic diagnosis of cancer [90]. It is
observed that the shell-thickness of the silica layer was controllable which given
a uniform measure, great biocompatibility, colloidal soundness, and photostability.
It is found that once the nano-scintillator infused into the tumor location, the flag
escalated expanded significantly. The measured X-ray constriction control outper-
forms the commercial CT differentiate instrument (Ultravist® 300), which makes it
a perfect CT differentiate specialist for deep-tumor determination. In spite of the fact
that promising in CT imaging, more tests are still required to encourage confirm the
photodynamic restorative efficacy of the Tb3+ doped LaF3-RB scintillating fabric by
X-ray actuation. Investigating multiplexed scintillators has gotten to be an inquire
about hotspot for the development of double show imaging devices.

5 Highly Sensitive X-ray Detector: Organic and Inorganic
Materials

Xu et al. [3] have developed a new zero dimensional (0D) organic manganese (II)
halide hybrid (C38H34P2)MnBr4 which exhibit highly efficient green emission upon
photo andX-ray excitations. It is observed that the X-ray image of (C38H34P2)MnBr4
single crystal is more brighter than Ce:LuAG indicating that C38H34P2MnBr4 is
more sensitive to X-ray irradiation than Ce: LuAG. Further, the scintillator response
to X-ray dose rate, the radio-luminescence (RL) intensities have been investigated
under various X-ray dose rates for (C38H34P2)MnBr4 and Ce:LuAG. This single
crystal scintillator shows discernible scintillation properties with amazing reaction
linearity to dosage rate, tall light abdicates, and low detection limits. Interestingly,
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the X-ray scintillation properties were found to be prevalent to those of metal halide
perovskite nanocrystals and most of today’s commercially accessible scintillators.
X-ray imaging was moreover effectively illustrated with tall determination. The low-
cost, simple planning, ecologically neighborly, and state-of-the craftsmanship glitter
execution make this natural manganese (II) half breed (C38H34P2)MnBr4 an exceed-
ingly promising scintillator for commercial applications. The authors believed that
thiswork could be a newway to explore new low-cost, high-performance eco-friendly
hybrid materials for radiation scintillators. Although, scintillators have a tunable
properties in visible region owing to their abundant electronic states, adjustable
bandgap, high detection efficiency and relatively lower reabsorption to X-rays [91–
93], pristine perovskites exhibit some intrinsic deficiency. For instance, some halide
PNMs have demonstrated a limited adaptability of optical and electrical perfor-
mances in addition to poor stability for light, heat, oxygen, humidity and aggregation
and phase transition [94]. Researchers are still trying to add external doping ions into
PNMs to overcome these drawbacks [70].

The design of novel scintillators which allow the medical detections under lower
X-ray radiation dose with faster evaluation is still challenging and large area of
investigation still need to be addressed. Organic nanocrystals such as stilbene,
naphthalene and anthracene showing high attenuation-constant which can be used
as scintillating materials for β-ray; however, they show a poor efficiency on X-ray
detections [8, 9]. Based on organic framework, metal organic frameworks (MOFs)
scintillators exhibit noteworthy energy conversion efficiency to X-rays which opens
tunable platform for several application [95]. The organic emitters allow them
to respond quickly to X-rays as compared to conventional available inorganic
scintillators [96]. The strong green light emission actuated by the charge-transfer
from ligand to metal, advocates that the UVI materials are anticipated as a proficient
scintillating candidate for X-ray detection and the perceptible light emission in a
uranyl-organic system (SCU-9) are exceptionally promising highlights for down to
earth applications in therapeutic imaging areas. SCU-9 assist appears the prevalence
of decreasing the non-radiative unwinding within the prepare of excitation, which
advance makes strides the transformation productivity. The emission escalated
appears a basically direct relationship with the uncovered X-ray measurements,
and this parameter is comparable to that of the commercial scintillator CsI:Tl. In
expansion, SCU-9 moreover shows diminished hydroscopicity, improved X-ray
radiation resistance, and decreased effectiveness [97].

Thirimanne et al. [98] have synthesized a hybrid ‘inorganic in organic’ X-ray
detectorwhich demonstrated promising sensitivities of 1712 and 58μCmGy−1 cm−3

for soft and hard X-rays respectively. In addition to this, due to the flexibility of the
detectors, they show a high sensitivity of 300 μC mGy−1 cm−3, recommending
its potential for dosimetry and bio-imaging in non-planar architectures. The made
strides X-ray affectability could be a result of affect ionization, and an upgraded way
length due to Mie diffusing and the proficient division, and transport of these by the
BHJ-NP engineering coming about in high-charge collection efficiencies (>60%).
Based on this concept, a preparatory level board imager has moreover been illus-
trated. The strategy of coordinate discovery and imaging, combinedwith low fetched,
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adaptability and versatility for large-area fabricate, makes strides on current strong
state X-ray finder execution by 2–3 orders of magnitudes, beneath low voltages,
whereas conveying novel properties reasonable for an extend of current and already
unexplored discovery and imaging applications.

Lee and co-workers [99] have studied organic–inorganic X-ray detectors by
adding inorganic quantum dots (QDs) to the organic active layer which results the
improved sensitivity due to combined interface properties, i.e., excellent physico-
chemical stability, excellent carrier mobility, and efficient photon absorption on the
organic polymer interface. The inner organic active layer consisted of a conjugated
polymer P3HT and fullerene derivatives PC70BM to which indium phosphide (InP)
QDs were added by changing the size and amount of InP) QDs. The sensitivity of the
detector was extracted during X-ray exposure according to the QD size change (4–
12 nm in diameter). It was observed that the sensitivity decreased with the increased
QDs size. Moreover, the absorbance of the active layer decreased when the size
of QDs exceeded 4 nm which reduces the solubility and dispersion of the QDs in
the organic active layer. Therefore, the detector with the P3HT:PC70BM:InP QDs
(4 nm diameter) showed the highest sensitivity, of 2.01 mA/Gy·cm2, showing that
the sensitivity was improved by 44.60% over that of the P3HT:PC70BM detector.
On the other hand, there is another way to further improve the sensitivity by varying
the amount of QDs keeping the QDs size fixed to 4 nm in diameter. It was observed
that the most noteworthy affectability of 2.26 mA/Gy·cm2 gotten from the finder
P3HT:PC70BM:InP QDs (1 mg) dynamic layer. In expansion, the most noteworthy
versatility, of 1.69 × 10−5 cm2/V·s, was gotten from the same locator. The changed
sumof InPQDswithin theP3HT:PC70BMnatural dynamic layer changed the surface
morphology, subsequently expanding the charge eras by moving forward the light-
absorbing surface range. In expansion, the well-formed arrange between inorganic
InP QDs and natural P3HT:PC70BM dynamic layer were diminished RS and moved
forward the portability, since itmakes a difference charge exchange and charge collec-
tion. The frequency response of the detector without the scintillator was evaluated
using a pulsed green LED (emission peak at 540 nm).

6 Conclusion and Future Perspectives

The combination of developed X-ray techniques and synthesis of X-ray activated
scintillators have offered excellent technology in medical radiography, diagnosis,
and deep-tumor therapy. The nanoscale scintillators serve as a contrast medium in
low dosage CT imaging. Owing to the boundless infiltration profundity of X-ray,
the comparing scintillator shows extraordinary potential for the focus on the treat-
ment of profound situated tumors. The high X-ray attenuation coefficient reduces
the possibility of destruction of healthy tissues and organs in radiotherapy. However,
the new materials with optimization of X-ray activated nanoscintillator will always
remain and very essential for the progress of radiographic and therapeutic facili-
ties for the diagnosis and treatment of deep-tumor in clinical level. For this, work
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in incredible collaborations and near co-operation between researchers, engineers,
doctors, and drug specialists are direly required within the precise assessment of the
treatment viability and side impacts of the intra-tumor infused scintillators, which
is exceptionally vital for assist progressing the remedy rate of cancer and extraor-
dinarily dragging out the life of the patients. We have to appreciate the work done
and the efforts made so far which brought a lots of achievement and the possibility
for the X-ray activated scintillators in biomedical scenario. However, the theoretical
understanding to find the accurate band structures, and the mechanisms of charge
and energy transfer, is on centered which need to be tackled before experiment that
obviously helps to improve the photoluminescence (PL) performances andmay open
the broad applications.
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