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New imaging techniques and trends in radiology
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Sonay Aydin2 ABSTRACT

Hayri Ogu|3 Radiography is a field of medicine inherently intertwined with technology. The dependency on
technology is very high for obtaining images in ultrasound (US), computed tomography (CT), and
magnetic resonance imaging (MRI). Although the reduction in radiation dose is not applicable
in US and MRI, advancements in technology have made it possible in CT, with ongoing studies
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This technology can produce more accurate and reproducible results in US examinations. Machine
learning offers great potential for improving image quality, creating more distinct and useful imag-
es, and even developing new US imaging modalities. Furthermore, Al technologies are increasingly
prevalent in CT and MRI for image evaluation, image generation, and enhanced image quality.
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edical imaging is the process of generating visual representations of the body’s tis-

sues and organs to examine their structure and function for clinical and scientific pur-

poses. These techniques allow the evaluation of internal structures beneath the skin
and bones, facilitating the diagnosis of abnormalities and the treatment of diseases. Medical
imaging has become an essential component of healthcare, research, and biological imag-
ing."?

Imaging technologies play a critical role in diagnosing abnormalities and supporting ther-
apy, providing medical personnel with essential information about their patients’ conditions.
Techniques such as electroencephalography (EEG), magnetoencephalography (MEG), and
electrocardiography capture and quantify data rather than generate visuals. They present
information as parameter graphs over time or maps with varying levels of detail. Although
these technologies have limitations, they can be considered a form of medical imaging on
a smaller scale. By 2010, more than 5 billion medical imaging studies had been completed
worldwide.?

Medical imaging accounts for approximately 50% of the overall ionizing radiation ex-

posure in the United States. These technologies are crucial for the diagnosis, management,
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questionnaires to determine the appropri-
ate course of treatment. However, diagnosis
can be challenging, as many indications and
symptoms are non-specific in nature. For
example, the presence of erythema, which
is characterized by redness of the skin, may
indicate a variety of disorders. Therefore,
distinct diagnostic methods are required to
identify the etiology of diseases and deter-
mine appropriate treatment or preventive
measures.**

Historically, ancient physicians made
medical diagnoses based on visual and audi-
tory observations, occasionally supplement-
ed by the examination of human specimens.
For example, techniques such as examining
bodily fluids, including urine and saliva, were
commonly practiced before 400 B.C. In an-
cient Egypt and Mesopotamia, physicians
were capable of diagnosing conditions relat-
ed to the gastrointestinal and cardiovascular
systems, cardiac rhythm, spleen, liver, and
menstrual disorders. However, medical in-
terventions were primarily limited to affluent
and noble individuals.?

Hippocrates, who lived around 300 B.C,
advocated the use of the mind and senses
as diagnostic tools, earning him the title of
the “Father of Medicine!” He promoted a di-
agnostic process that included urine testing,
skin color observation, and the examination
of the lungs and other external indicators.
He also observed the correlation between

* Computed tomography (CT) scans will con-
tinue to be an essential part of contempo-
rary medical diagnostics thanks to develop-
ments in resolution, velocity, radiation dose
reduction, artificial intelligence (Al) integra-
tion, and personalized treatment. The devel-
opment of portable CT scanners and the use
of functional and multimodal imaging will
enhance this technology’s potential.

* Advancements in magnetic resonance im-
aging (MRI) systems are meant to improve
accessibility, shorten scan times, and pro-
duce better-quality images in areas where
MRI has historically had difficulties.

Al technology can produce results from ul-
trasound (US) exams that are more accurate
and consistent. The application of machine
learning to US imaging has great potential
to improve image quality, produce more
unique and useful images, and possibly in-
troduce new US imaging methods.

* Across all modalities, Al technologies are
increasingly being used and showing an in-
creased trajectory in both image production
and evaluation.

illness and heredity. Abu al-Qasim al-Zah-
rawi, an Arabic physician of the Islamic era,
documented the first recorded instance of a
hereditary genetic disorder, now known as
hemophilia. He provided a detailed account
of a family in Andalusia in which the males
were affected by this condition.

During the Middle Ages, physicians em-
ployed various methods to determine the
origins of physical imbalances. Uroscopy,
the predominant technique, involved col-
lecting the patient’s urine in a specialized
container called a “matula” and analyzing
its color, odor, density, and the presence of
precipitates. Physicians also examined the
consistency and color of blood to distinguish
between chronic and acute conditions. Pulse
rate, strength, and rhythm were evaluated
through palpation. Additionally, medical
practices during this period often incorpo-
rated the interpretation of zodiac signs.®

In the 19% century, the introduction of
diagnostic equipment such as X-rays and
microscopes brought about a significant
transformation in the field of diagnosing
and treating disorders. In the early part of
the century, doctors predominantly diag-
nosed diseases by analyzing symptoms
and indications. During the 1850s, the use
of instruments such as ophthalmoscopes,
stethoscopes, and laryngoscopes enhanced
doctors’ sensory capabilities, leading to the
development of novel diagnostic methods
and approaches. During this era, a variety
of diagnostic techniques were developed,
including chemical testing, bacteriological
tests, microscopic examinations, X-rays, and
several other medical tests.>®

The development of X-rays marked sub-
stantial advancements in medical imaging
procedures. Wilhelm Conrad Roentgen dis-
covered X-rays in November 1895, a discov-
ery that earned him the Nobel Prize in 1901.
Initially, radiologists used the term “plane
film” to describe X-rays, employing them to
diagnose bone fractures and chest abnor-
malities. Fluoroscopy, with its enhanced
X-ray beam, facilitated the detection of a
wide range of patient issues. In the 1920s,
radiologists began using these procedures
to diagnose disorders such as esophageal
cancer, ulcers, and stomach conditions. Flu-
oroscopy ultimately evolved into computed
tomography (CT).”

Numerous advanced imaging techniques
have been developed, each with its princi-
ples, applications in medical labs, and ad-
vancements over time. The following tech-
niques are essential for understanding their
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benefits and uses in diagnosing, managing,
and treating various diseases, including car-
diovascular conditions, cancer, neurological
disorders, and trauma.

Advancements across modalities

1. Computed tomography

CT uses X-rays to generate highly de-
tailed cross-sectional images of the body.
The high-resolution imaging of tissues and
organs aids in diagnosing internal injuries,
cancers, and other illnesses. Hounsfield de-
veloped the first iteration of a CT scanner in
the 1960s. CT, commonly known as X-ray CT,
was first implemented in 1971 at Atkinson
Morley Hospital in Wimbledon (now part of
St George’s Hospital). Sir Godfrey Hounsfield
performed this pioneering brain scan under
the guidance of Jamie Ambrose, MD, an ex-
pert neuroradiologist. The objective of the
scan was to investigate less painful alterna-
tives to existing methods of brain examina-
tion. CT technology has undergone signifi-
cant developments since its introduction in
the 1970s. These advancements have revolu-
tionized the field of diagnosis and treatment
planning by using X-rays and advanced algo-
rithms to produce highly detailed cross-sec-
tional images. The scanner designs used for
image formation in CT are called genera-
tions. New generations have emerged with
different arrangements of components and
mechanical movements required for data
collection. The main differences between
CT generations relate to the number and
arrangement of detectors, the shape of the
X-ray beam, and the rotation of the tube and
detectors. Based on a recent analysis by Mor-
dor Intelligence, the CT market is projected
to experience significant growth, with its
value expected to rise from $8.14 billion in
2023 to $10.95 billion by 2028. This growth is
anticipated to occur at a compound annual
growth rate of 6.12%.°

The introduction of dual-energy CT
(DECT) technology marked a substantial de-
parture from traditional methods and paved
the way for contemporary advancements in
CT technology. DECT is a well-established
technology with a significant and extensive
background. Sir Godfrey Hounsfield devised
a technique in the 1970s to differentiate cal-
cium from iodine by using two distinct ener-
gy spectra from X-ray photons. This method
relies on understanding the specific atomic
numbers and unique K-edge characteristics
of various substances. These features are es-
sential for discerning the differing impacts of
Compton scattering and the photoelectric
effect in X-ray attenuation.’
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In the early 1980s, DECT technology was
primarily used for bone densitometry, as
demonstrated by devices such as the Soma-
tom DR manufactured by Siemens Health-
care. This device employed rapid tube poten-
tial switching to acquire two-photon energy
spectra. Because of the limited computing
capabilities of the hardware available at the
time, DECT was mainly used for densitome-
try purposes. However, the 21 century wit-
nessed notable progress in the therapeutic
use of DECT, driven by rapid advancements
in processing capabilities. During this peri-
od, scanners with dual sources, such as the
Somatom Definition DS in 2006 and the
Somatom Definition Flash in 2009, were in-
troduced. Additionally, multilayer detectors,
such as the Brilliance-64 in 2015, were also
introduced. In 2010, General Electric Health-
care improved the technique of rapid tube
potential switching with models such as the
Revolution GSI and Discovery 750 HD.'°

DECT enables the capture and recon-
struction of a wide range of images. The
kilovolt peak (kVp) images generated by
DECT closely resemble those obtained from
single-energy CT, as they replicate the char-
acteristics of a single-energy spectrum.
These images can be acquired using du-
al-layer, rapid kVp-switching, and split-filter
DECT techniques. Dual-source DECT gener-
ates images by using a pair of kVp values or
kVp-equivalent images, which are calculated
by combining data from two distinct peaks
using a weighted average. As a result, the
reconstructions resemble images obtained
using a single, user-selected kVp value. Vir-
tual monoenergetic imaging replicates scans
using photons at a specific energy level,
which is advantageous due to the increased
iodine attenuation at lower photon energy
levels. In addition, material decomposition
techniques exploit the different effects of
Compton scattering and the photoelectric
effect on X-ray attenuation. This allows for
the production of images with enhanced or
reduced iodine visibility and the exclusion of
urine or calcium®"

Current studies on the cost-effectiveness
of DECT reveal partially conflicting results
for different areas of use. Although its use for
incidental renal lesions and in the emergen-
cy department reduce costs, it is noted that
the costs of cardiovascular system imaging
sometimes increase. From this perspective,
detailed studies on more specific usage areas
are needed to determine the cost-effective-
ness of DECT.'>™*

Table 1 provides a summary of the areas
in which DECT is used substantially more
frequently. Recent studies suggest that it
may also be beneficial in the evaluation of
pulmonary perfusion, myocarditis, and the
diagnosis of alveolar echinococcosis. These
applications are in addition to those men-
tioned above.’>™8

After August 2022, the Food and Drug Ad-
ministration (FDA) approved two biomedical
imaging technologies, developed in collabo-
ration with the National Institute of Biomed-
ical Imaging and Bioengineering (NIBIB), to
be used in clinical settings. Both methods
offer improvements in CT. Dr. Cynthia McCo-
llough, the project lead and director of Mayo
Clinic's CT Clinical Innovation Center, and her
team have made a significant advancement
by developing the first photon-counting
detector (PCD)-CT system. This new system
outperforms current CT technology and
was described as the first major imaging
advancement cleared by the FDA for CT in a
decade.

Photon-counting CT (PCCT) is an ad-
vanced technological development in the
field of energy-resolving, direct-conversion
X-ray detectors. After 15 years of thorough

Table 1. DECT applications

study and development, this technique has
recently been integrated into clinical CT
equipment. The fundamental concepts of
PCCT differ greatly from those of traditional
CT detectors. The detectors used in tradition-
al CT are known as energy-integrating detec-
tors. These provide signals that are directly
proportional to the total energy of photons
received within a specific measurement in-
terval. PCCT, however, uses PCDs to directly
convert the energy of individual photons
into electrical impulses. The device exclu-
sively emits electrical pulses with heights ex-
ceeding the thresholds indicative of noise.’
Therefore, this technology enables a signifi-
cant reduction in electrical noise levels and
an increase in the signal-to-noise ratio (SNR).
Furthermore, it can also be utilized in du-
al-energy imaging. The advent of PCCT has
the potential to transform the clinical CT field
by leveraging its multiple inherent advantag-
es and overcoming several constraints pres-
ent in existing cutting-edge CT systems (Fig-
ure 1).° DECT requires specialized equipment
and is limited to two energy levels. However,
with the introduction of this novel detector,
additional “buckets” are available to catego-
rize X-ray energies, enhancing the ability to
accurately represent material differences.

Region Material categorization/virtual Quantification of iodone
monoenergetic beam
. Used to differentiate between tumors and Used to distinguish between bleeding
Brain .
bleeding and contrast
Using low virtual monoenergetic KeV
Cardiac contributes to imaging
myocardial fibrosis
COVID-19 shows high iodine density
around pulmonary opacity and increased
perfusion in the lung parenchyma
Lun Reduced perfusion in the lung
9 parenchyma within the area of
pulmonary infarct indicates possible
hypoperfused lung or pulmonary
embolism.
Differentiates a hypoperfused segment of
t:eﬁl:g(\;\:jel wall from one that is normally ocine i (el el s o e
pertused . visualize iodine accumulation in the
Abdomen Distinguishes between different types of . ) . .
tumors bowel wall, thereby improving diagnostic
Aids in analyzing the composition of distinct I T E T LTS
kidney or gallstones
Vasculer  Reduces the impact of blooming artifacts
imaging  from calcified plaques
VNC images can be used to distinguish
Bones chronic fractures from acute and non-
displaced CT occult fractures
Metallic A high monoenergetic beam can help
artifacts minimize metallic artifacts

DECT, dual-energy computed tomography; COVIF-19, coronavirus disease-2019; VNG, virtual non-contrast images;

CT, computed tomography.
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Published in the Journal Radiology, clin-
ical investigations have demonstrated that
the new PCCT devices can effectively reduce
noise by up to 47%. In addition, the new
technique reduces the amount of contrast
agent required for CTimaging. Due to the en-
hanced signal provided by the PCCT system,
participants in the trial were able to achieve
the same image quality as conventional CT
systems using 30% less contrast agent. The
PCCT systems offer superior spatial resolu-
tion compared with conventional systems,
delivering the highest reported resolution for
a clinical CT system.'? Siemens developed a
prototype PCD-CT system, and with financial
support from McCollough through NIBIB, the
team began scanning patients with approval
from the Institutional Review Board. A total
of 1,100 patients were examined in these
tests, initially using a traditional CT system
and subsequently with the advanced PCCT
scanner, showcasing the benefits of the new
technology. This device is the first product of
its category available on the market.?®

Another CT-based method approved by
the FDA is artificial intelligence (Al)-assisted
CT perfusion (CTP) imaging. An Al software
was developed to assist in image reconstruc-
tion to reduce the elevated radiation dose
in CTP. This software employs the K-space
weighted image average technique to re-
duce noise in CTP images, resulting in low-
er radiation exposure for patients without
compromising image processing quality or
speed. Research has demonstrated that the
software effectively decreases the radiation
exposure of CTP by 50%-75% compared
with the conventional CTP approach. Ad-
ditional benefits of using this approach in-
clude no interruptions to the regular clinical
workflow and no requirement for upgrades
or modifications to existing CT hardware. The
software has received FDA 510(k) clearance
and is eligible for integration into clinical
practice.?’

The prospects for CT technology in the
future are highly encouraging for both
healthcare providers and patients. Advance-
ments in resolution, velocity, radiation dose
reduction, Al integration, and personalized
medicine will ensure that CT scans remain a
crucial component of modern medical diag-
nostics. The use of functional and multimod-
al imaging, along with the development of
portable CT scanners, will further enhance
the capabilities of this technology. In the
future, the continuous progress of CT tech-
nology will lead to greater accuracy in diag-
nosis, improved treatment outcomes, and
enhanced patient care.

Nowadays, thanks to advances in CT
technology, especially cone beam and du-
al-source CT, arthrography is used in the
diagnosis of many musculoskeletal patholo-
gies. Compared with conventional magnetic
resonance imaging (MRI) and MR arthrogra-
phy, CT arthrography is superior in depict-
ing chondral/osteochondral damage, loose
bodies, chondral variations, and subarticular
bone fractures.?” Moreover, CT arthrog-
raphy has excellent spatial resolution with
multiplanar imaging capability and shorter
examination times. Other indications for CT
arthrography include patients with non-MRI-
safe implantable devices or cardiac pacemak-
ers and individuals with claustrophobia.?*?®

Cone beam or flat-panel detector CT tech-
nology uses a cone-shaped X-ray beam and
applies software programs with sophisticat-
ed algorithms, including back projection.
Because of its perfect high spatial resolution,
cone beam CT arthrography allows the opti-
mal evaluation of cartilage and subchondral
bone microarchitecture in the articular sur-
face.®3® Recent studies have reported that
cone beam CT scans can obtain images with
very high resolution (75-300 pm slice thick-
ness) with low-dose applications.332 Lower
radiation doses in cone beam CT technolo-
gy are achieved through the smaller field of
view, the use of a high-quality flat-panel de-
tector system, and pulsed X-ray beams.?

In DECT, two different datasets are ac-
quired at different voltage peak levels to sep-
arate materials based on tissue composition
(e.g., urate mineralization, calcification, and
iodine). This technique allows for the detec-
tion of gout tophi and the demonstration of
bone marrow edema in vertebral compres-
sion fractures.3*3> Recently, DECT has also
been used to distinguish intra-articular io-

dinated contrast media from adjacent bone
in CT arthrographic applications.3¢®

2. Advancements in magnetic resonance
imaging techniques and features

MRI was first implemented as a clinical di-
agnosticinstrumentin the early 1980s. Signif-
icant technological developments have oc-
curred since its introduction. Advancements
in various technical components, including
data acquisition, image reconstruction, and
hardware systems, have greatly impacted
and propelled growth in other areas of MRI
technology. The advancements in each com-
ponent have generated new opportunities
for growth in the others. Moreover, the swift
integration of cutting-edge technologies de-
rived from fundamental sciences and tech-
nical disciplines such as computer science,
data processing, and semiconductors has re-
sulted in revolutionary advancements in MR
technology (Figure 2).

Initial developments in MRI techniques
focused on optimizing data acquisition pro-
tocols to achieve adequate spatial and tem-
poral resolution, contrast, and imaging effi-
ciency. An example of this delicate balance
is the implementation of line reductions in
the basic spin-echo protocol. However, this
method has a drawback-the absence of fre-
quency data, leading to a reduction in either
image quality or image dimensions. Scan-
ning time was reduced in methods such as
the fast spin echo, echo planar imaging, or
multi-echo approach by recording multi-
ple lines following the radio frequency (RF)
pulse. Despite the improvement, a major
limitation was the rapid decline in signal
intensity caused by energy transfer during
T2 capture. This limitation allowed only 3-4
lines per RF pulse and led to a noticeable
degradation in image quality.*
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Figure 1. lllustrations of traditional CT (a) and photon-counting CT (b) detectors. CT, computed tomography.
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2a. Acquisition procedures: advancements
in parallel imaging techniques

Parallel imaging is currently employed in
almost all clinical MRI scans to enable fast
data capture for several reasons. Abdominal
and cardiac scans often require patients to
hold their breath to facilitate shorter scan-
ning times. In certain situations, such as
when multiple sequences occur after exci-
tation pulses, blurring artifacts can arise, es-
pecially in imaging techniques such as turbo
spin echo, due to significant T2 relaxation.
These artifacts occur during the decomposi-
tion process while retrieving the lines. In oth-
er contexts, swift data collection is crucial to
obtain extensive datasets efficiently.*

Parallel imaging reduces scanning time
by using phased array coils to capture dis-
tinct perspectives of the tissue, thereby
avoiding the need to scan a large portion of
the region subjected to gradient encoding.
However, the sensitivity of each coil element
decreases rapidly with distance, which limits
data collection to a specific tissue profile. A
comprehensive image is generated by com-
bining individual images from each coil. The
maximum acceleration factor in parallel im-
aging is directly proportional to the num-
ber of coils. Typically, parallel imaging tech-
niques employ coil arrays consisting of 4-8
coils. However, arrays with 32 or even 128
channels are available, particularly in cardiac
imaging, resulting in a significant reduction
in scanning time.

2b. Methods for reconstructing images for
analysis

To prepare the data for meaningful infor-
mation extraction, the initial steps of image
capture, preprocessing, and segmentation
are essential. During these processes, irrele-
vant or noise-based signals are eliminated.
Patient movement is a common cause of
noise. Sequential images are registered to
correct motion artifacts, a process that can
be achieved using algorithms specifically
designed for medical imaging. The Insight
ToolKit is currently considered the standard
for MRI registration. It offers a range of al-
gorithms for various operations, including
transformations, similarity metrics, and con-
trast normalization.*’

Machine learning applications have
been increasingly used in recent trends in
preprocessing and segmentation, such as
denoising. Feature identification and clas-
sification have become important trends
in machine learning techniques, primarily
because these tasks require a large amount

of manual effort. The abundance of imaging
data obtained from MRI scans has increased
the complexity of clinical diagnoses relying
on MRIs, prompting the development of au-
tomated methods for data extraction and
interpretation. Machine learning relies on
algorithms generated from neural network
architectures. These structures consist of
nodes connected by weighted edges. Nodes
receive inputs, multiply them by a set of pa-
rameters called weights, and then transport
the resulting outputs through transfer func-
tions such as sigmoid and hyperbolic tan-
gent functions.*

Multi-information sourcing refers to the
process of gathering and obtaining multiple
sources of information. Models that use mul-
tiparametric techniques offer the substantial
benefit of examining correlations between
a large number of quantitative parameters,
potentially leading to significantly improved
accuracy. This contrasts with methods that
analyze data using only one parameter. The
time it takes for longitudinal (T1) and trans-
verse (T2) relaxation, as well as the produc-
tion of classical MR contrasts after the event,
are all important metrics that can be ob-
tained through MRI. However, this list is not
exhaustive. Monitoring these metrics is done
in conjunction with cutting-edge techniques
for rapidly collecting data and performing
computer analysis.®®

Contemporary multiparametric analytical
techniques use similar methods. These meth-
ods involve sampling both parameters and
K-spaces simultaneously. These techniques
require adjusting the collection parameters
to capture data on the transient state, fol-
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lowed by undersampled K-space snapshots
after each stimulation. Consequently, para-
metric maps are generated using a physical
model based on the Bloch equations. Mag-
netic resonance fingerprinting (MRF) and
quantitative transient-state imaging (QTI)
are two examples of the various methods
created as a direct outcome of this method-
ology.#3#4

Modern  multiparametric  analytical
techniques use similar methods by simul-
taneously sampling both parameters and
K-spaces. These methods involve gathering
transient-state data by adjusting the collec-
tion parameters and obtaining undersam-
pled K-space snapshots after each stimula-
tion. Parametric maps are generated using
a physical model based on the Bloch equa-
tions. The methodologies of MRF and QTI
have led to the development of these tech-
niques.*

MRF is a technique that involves altering
the settings of MRI sequences over time.
This results in a series of MRI images with
different weighting, and each type of tissue
has a distinct MRI signal fingerprint. These
fingerprints can be simulated using compu-
tational methods to generate a collection of
tissue-specific fingerprints. During image re-
construction, the fingerprints obtained from
the MRI data are compared with a dictionary.
The fingerprint with the highest correlation
is used to determine the MRI parameters
for each voxel. After analyzing all the voxels,
parametric maps are generated. The promis-
ing potential of MRF lies in its ability to accu-
rately detect and identify specific structural
characteristics, enabling the diagnosis of a
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Figure 2. The advancements in MRI technology and the interconnections among its technical components.
Advancements in fundamental sciences and engineering have a significant influence on MRI technology.
Innovations in each component stimulate advancements in others. MRI, magnetic resonance imaging;
MRgFUS, MR-guided focused ultrasound; PET, positron emission tomography.
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wide range of clinical diseases. Novel meth-
odologies, such as quantitative sequencing,
enable the rapid and precise mapping of
dynamic physiological processes. These ap-
proaches can evaluate blood flow in cardiac
assessments by calculating scalar or vector
velocities. A study was conducted to deter-
mine scalar velocities perpendicular to a vas-
cular slice using multiparametric T1, T2, and
proton density (PD) data. However, these
methods are limited by their reliance on
physical models to simulate the physiologi-
cal events being mapped, which may result
in potential data loss. Moreover, the complex
nature of these models often requires con-
siderable computational resources, thereby
prolonging the time required for data collec-
tion.®

2c. Functional application through mag-
netic resonance imaging

Blood oxygenation-level dependent
(BOLD) imaging, sometimes referred to as
functional MRI (fMRI), was developed to in-
directly assess neural activity in the brain by
examining changes in blood oxygenation
associated with brain activity. This type of
imaging utilizes the neurovascular response
of hyperemia, in which specific brain activi-
ty leads to increased blood oxygenation in
the stimulated area (Figure 3). Conventional
procedures for BOLD imaging typically em-
ploy T2 weighting and scan durations of less
than 5 seconds to record the hemodynamic
response function. Since its inception, the
use of BOLD imaging has expanded signifi-
cantly.*

The dependence of the BOLD signal on
neurovascular mechanisms introduces spe-
cific constraints on fMRI, primarily because
the hemodynamic response is slower than
the underlying brain activity. This disparity
means that the precise timing of neuronal
spiking events is largely obscured. To iso-
late the signal activity associated with these
events, mathematical processing techniques
such as the general linear model or experi-
mental block protocols are used. By employ-
ing these techniques, a temporal resolution
of 100 milliseconds can be achieved, which
is roughly one-tenth the speed of the brain
activities being observed.®

An additional challenge encountered by
fMRI is the constrained SNR, resulting from
limitations in data acquisition and prepro-
cessing. Researchers are actively exploring
the use of strong magnetic fields to enhance
the accuracy of anatomical imaging to ad-
dress this challenge. Although most fMRI

scans are conducted using three T fields,
there is a growing trend toward employing
seven T fields. Higher field strengths can re-
duce the need for spatial smoothing and im-
prove the correlation coefficients of neuronal
activity in resting-state networks (RSNs), indi-
cating enhanced spatial resolution.*”

An effective approach to overcome the
time constraints of fMRI is to employ multi-
modal methods, which combine fMRI with
techniques such as EEG or MEG. Both EEG
and MEG provide quick temporal responses,
capable of identifying brain events with mil-
lisecond precision. The reason for integrating
these techniques with fMRI is their notably
improved temporal resolution. Recent tech-
nical improvements enable the concurrent
recording of EEG and fMRI signals, enhanc-
ing our comprehension of the spatial and
temporal characteristics of physiological
signals. Nevertheless, compared with fMRI
alone, these integrated methodologies are
less commonly employed. EEG has a poorer
spatial resolution than fMRI, whereas MEG
encounters difficulties in accurately deter-
mining the source of activity. Hence, to draw
any experimental or clinical conclusions, it is
imperative for experimental designs or clin-
ical assessments utilizing these integrated
methodologies to precisely ascertain the
source of the signals.*®

The persistent difficulties in understand-
ing multimodal approaches have stimulated
a longstanding desire to create alternative
techniques that provide both precise spatial
and temporal resolution. A novel method
has been devised that combines the iden-
tification of extremely low magnetic fields
generated by cerebral electrical activity

with the detection of the hemodynamic re-
sponse using fMRI. The technique, referred
to as direct imaging of neuronal activity for
fMRI, employs alternating K-space lines to
capture the hemodynamic response while
directly measuring the ultra-weak magnetic
field using another K-space line. Thus far, this
methodology has exclusively been utilized in
animal models.*®

A significant advancement in fMRI is the
development of resting-state fMRI (RS-fMRI),
which examines the inherent, involuntary os-
cillations in the BOLD signal with a frequency
below 0.1 Hz without requiring any specific
activities. The functional importance of these
variances was first identified in 1995 a study
where participants were instructed to ab-
stain from engaging in any cognitive, verbal,
or motor tasks. By analyzing the correlation
between the BOLD signal time course in a
particular brain region that is stimulated by
bilateral finger tapping and the signals in
other brain areas, the researchers discov-
ered a strong association between changes
in activity in the left somatosensory cortex
and changes in activity in the correspond-
ing region of the opposite hemisphere. This
finding led to the deduction that these “rest-
ing networks” reflect the brain’s functional
connections. Following that, the analysis of
spontaneous, synchronized fluctuations in
activity across different regions of the brain
has resulted in studies that have discovered
a spectrum of 7-17 enduring networks, with
7 consistently recognized.3*°

RSNs in the human brain are mostly iden-
tified through the analysis of BOLD signals.
This analysis is based on fMRI’s capacity to
detect neuronal activity. RS-fMRI relies on

Figure 3. Multiparametric MR images (DTI, MRS, and BOLD fMRI) demonstrate functional activity in the
right motor cortex. The images also evaluate the relationship between mass and the motor cortex. MR,
magnetic resonance; DTI, diffusion tensor imaging; MRS, magnetic resonance spectroscopy; BOLD fMRI,
blood oxygenation-level dependent functional magnetic resonance imaging.
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the BOLD signal, which allows for the indirect
monitoring of brain activity. This technique
shares the advantages of fMRI, such as the
ability to observe neural activity, but it has its
intrinsic limitations. The primary constraint
of fMRI is its temporal resolution, which is
limited by the time it takes for the hemo-
dynamic response. Therefore, one essential
component of RS-fMRI use is the quantifi-
cation of fluctuations in brain activity rather
than directly recording instances of spiking.**

In the initial investigations of RSN func-
tional connectivity, researchers chose spe-
cific areas of interest (ROIls) according to
their own preferences chose specific regions
of interest according to their preferences.
Although the ROI technique is simple and
easily understandable, its efficiency in dis-
covering new networks is limited due to its
dependence on user-defined regions. This
is because it is restricted by specified crite-
ria. As a result of this constraint, as well as
progress in mathematical modeling and pro-
cessing capacity, there has been a transition
from imposing initial conditions on data to
extracting patterns of brain activity directly
from the unprocessed time series. An exem-
plary illustration of this novel methodology
is independent component analysis (ICA),
which posits that the time series signal aris-
es from numerous spatiotemporal process-
es that are statistically independent of each
other. Through the process of separating
these autonomous signals, scientists are able
to create chronological sequences for par-
ticular parts of the brain and organize them
into maps that depict their spatial arrange-
ment. RS-fMRI data can also be interpreted
using graph theory, in which nodes repre-
sent activity sources and edges character-
ize the connectivity between these nodes.
Unlike ICA, which primarily emphasizes the
strength of correlations between distinct
areas, graph theory specifically investigates
the characteristics of network structure. The
interconnections between nodes are charac-
terized by graph metrics, including average
path length, clustering coefficients, node
degree, centrality measurements, and mod-
ularity levels. Graph theory is a potentially
valuable tool for investigating how networks
in the brain combine and separate. Modular-
ity, a measure of the presence of function-
ally distinct components or modules within
RSNs, is a key tool for characterizing func-
tional changes in behavior, network distur-
bances, or diseases. This method has uncov-
ered substantial modifications in situations
such as stroke and psychiatric disorders.3*5'52

Theoretically, conclusions concerning
causation based on directed functional con-
nectivity can be expanded to include overall
neural activity across the brain. Empirical
investigations utilizing RS-fMRI have demon-
strated that RSNs can be differentiated based
on their metastability and synchronization.
These observations have resulted in theories
of brain function and behavior that propose
that the human brain operates at maximal
metastability when at rest, indicating an ide-
al state of network switching. Identifying the
characteristics of RSNs, such as metastability,
suggests that changes in directed connec-
tivity could be used to evaluate the devel-
opment of various brain states. This presents
the methodological challenge of creating
a descriptive methodology that links func-
tional neuroimaging data to the overall dy-
namics of the entire brain. Recent efforts to
address this challenge have pursued two pri-
mary methodologies.>***

2d. Arthrographic applications in magnetic
resonance imaging

Joint bone structures can be evaluated
successfully using conventional radiographs
and CT scans. However, these modalities do
not enable the examination of soft tissue
stabilizers. MRI, MR arthrography, and CT ar-
thrography are the preferred imaging tech-
niques for evaluating the labral, meniscal, fi-
brocartilaginous, capsular, and ligamentous
structures of joints (Figures 4-6). Routine
joint MR examination pulse sequences in-
clude fast spin-echo PD with fat suppression,
T1- and T2-weighted fast spin-echo without
fat saturation, and, occasionally, short tau
inversion recovery (STIR). Conventional MRI
sequences allow the non-invasive evaluation
of tendon pathologies. However, labroliga-
mentous and chondral lesions in these se-
quences are frequently overlooked. Direct
MR arthrography with the intra-articular in-
jection of diluted contrast media is a more
sensitive imaging modality for evaluating

stabilizers, such as the labrum, joint capsule,
and ligaments.** In an imaging study that
used arthroscopy as a reference standard,
Gusmer et al.®' found that conventional MRI
has 86% sensitivity for detecting superior
labral tears and 74% sensitivity for detecting
posterior labral tears (Figure 7). However, de-
spite improvements in image quality, routine
MRIs may underestimate the exact extent of
tears of the glenoid labrum.®%2 Moreover,
labrocapsular variant anomalies can be mis-
diagnosed as labral pathologies.>®%

Because of increased intra-articular fluid
in patients with acute joint injuries, fluid-sen-
sitive MR sequences such as PD, STIR, and
T2-weighted imaging can reveal intra-artic-
ular damage, including labroligamentous,
cartilaginous, and capsular injuries. However,
in patients with chronic repetitive trauma, di-
rect MR arthrography demonstrates clear di-
agnostic superiority over conventional MRI.
Direct MR arthrography involves the intra-ar-
ticular injection of diluted contrast media
(gadolinium chelate). This technique allows
for the optimal and separate evaluation of
intra-articular structures with adequate cap-
sular distension. Moreover, capsular disten-
sion in direct MR arthrography permits the
leakage of contrast material into the labral
substance or sublabral location in cases of
labral tears or detachments (Figures 8 and 9).
This makes it easier to identify pathologies of
the glenoid or acetabular labrum.

Fluoroscopy-guided intra-articular injec-
tions for arthrography have been commonly
employed since 1975.% However, many au-
thors now advocate for performing injection
procedures under ultrasonography guidance
to avoid damaging anatomical structures
along the injection pathway.®*® Real-time
ultrasonographic guidance for arthrographic
examination eliminates exposure to iodinat-
ed contrast material and ionizing radiation.
In our routine practice, we use sonographic
guidance for various approaches: the poste-
rior approach for shoulder arthrography, the

Figure 4. (b) Axial T1-weighted knee MR arthrogram obtained following intra-articular gadolinium injection
shows the articular cartilage and capsule more clearly than pre-arthrographic axial PD MR imaging (a). MR,

magnetic resonance; PD, proton density.
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anteromedial approach for ankle arthrogra-
phy, the anterolateral approach for hip ar-
thrography, the dorsal-radial approach for
wrist arthrography, the lateral approach for
elbow arthrography, and the anterolateral
approach for knee arthrography.

In arthrographic procedures, a sufficient
volume of contrast solution is injected until
the joint capsule is adequately dilated. The
solution volume is determined based on the
resistance encountered during injection and
the patient’s comfort level. The diluted gad-
olinium solution used for all joint arthrogra-
phy procedures should have a concentration
of 1:200. Table 1 shows the arthrographic
solution volume and needle size for each
joint.

A thin-section three-dimensional (3D)
MR arthrography sequence, such as the
fat-suppressed T1-weighted volumetric in-
terpolated breath-hold examination (VIBE),
allows for multiplanar reconstruction us-
ing submillimetric image slices. 3D VIBE MR
arthrography not only provides excellent
contrast for labroligamentous structures but
also allows the optimal evaluation of the fi-
brocartilaginous complex and subchondral
bone structure (Figure 10). In recent years,
the 3D high-resolution T1-weighted VIBE MR
arthrography sequence has been success-
fully employed for diagnosing glenoid bare
spot, illustrating intra-articular small liga-
mentous structures, describing the aponeu-
rotic expansion of the supraspinatus tendon,
demonstrating glenoid cartilage defects ac-
companied by labral pathologies, and eval-
uating glenohumeral joint capacity for diag-
nosing primary adhesive capsulitis.?2246972
Lastly, MR arthrographic examinations with
stress maneuvers have been successfully
used to investigate capsular abnormalities of
the shoulder joint.”

2e. Magnetic resonance spectroscopy and
cerebrospinal fluid flowmetry

When placed in a strong magnetic field,
hydrogen nuclei (protons) exhibit magnetic
properties, serving as the source of measur-
able signals in MRI. The protons in water mol-
ecules are the primary source of the signal in
MR examinations. However, protons in differ-
ent molecules display slight magnetic varia-
tions, and this subtle difference enables the
identification of small molecules in MR spec-
troscopy (MRS).”* If the molecules are mobile
and present in measurable quantities, MRS
can depict these molecules within tissues on
the MR spectrum (Figure 11).”° The raw sig-
nal obtained by MRS is dominated by water,
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Figure 5. Axial (a), coronal oblique (b), and sagittal oblique (c) shoulder MR arthrograms optimally demonstrate
the joint capsule, labroligamentous structures, and the underside of the rotator cuff tendons. MR, magnetic
resonance.

Figure 6. Coronal plane T1-weighted VIBE, TSE T1, and multi-detector CT arthrograms of the radiocarpal
joint clearly reveal the cartilaginous surface, joint capsule, and triangular fibrocartilaginous complex. VIBE,
volumetric interpolated breath-hold examination; CT, computed tomography.

Figure 7. Coronal oblique plane PD MR imaging (a) of the right glenohumeral joint shows no pathology in the
superior labrum; however, T1-weighted VIBE MR arthrography (b) reveals a type 2 SLAP lesion (blue arrow). PD,
proton density; MR, magnetic resonance; VIBE, volumetric interpolated breath-hold examination.

Figure 8. Transverse PD MR imaging (a) of the left glenohumeral joint shows no pathology in the anterior
labrum; however, after Gd injection into the articular space (b), SE T1-weighted MR arthrography (c) clearly
reveals a fibrous Bankart lesion (blue arrow). [The illustration was created using Adobe Photoshop (Adobe Inc,,
2021 Adobe Photoshop, https://www.adobe.com/products/photoshop.html) based on figures provided by
the Complete Anatomy program (3D4 Medical, 2021. Complete Anatomy. Retrieved from https://3d4medical.
com/)]. PD, proton density; MR, magnetic resonance; Gd, gadolinium; SE, spin-echo.
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rendering signals from other metabolites in-
visible. To address this issue, water suppres-
sion techniques are employed, allowing for
a clear and useful spectrum. MRS is not only
used for differential diagnosis in neuroradiol-
ogy, particularly in brain tissue, but also in
other parts of the body,’¢78 focusing on spe-
cific metabolites of the targeted tissue.

Another advanced MRI technique, ce-
rebrospinal fluid (CSF) flowmetry, is used
to assess CSF through both qualitative and
quantitative approaches (Figure 12). Time-re-
solved 2D phase-contrast MRI with velocity
encoding is the most commonly employed
method for this examination. The measured
flow parameters in this technique reflect
the pulsatile (to-and-fro) movement of CSF
caused by vascular pulsations rather than
the slow CSF transfer along the glymphatic
pathway. This technique relies on the se-
quential, location-specific application of a
pair of phase-encoding pulses in opposite
directions. Stationary protons, which experi-
ence the same pulse in both instances, pro-
duce no signal. By contrast, moving protons,
which encounter altered phase-encoding
pulses, are rendered visible.”” CSF flowmetry
studies are particularly useful in evaluating
clinical conditions such as normal pressure
hydrocephalus, the patency of third ventric-
ulostomy, aqueductal stenosis, and CSF flow
at the cervicomedullary junction.®

2f. Artificial intelligence

Al has revolutionized MRI by introducing a
wide range of applications that improve im-
age acquisition, analysis, and therapeutic de-
cision-making. The integration of Al into MRI
has ushered in a new era in medical imaging,
offering substantial benefits to both patients
and healthcare providers. Table 2 summariz-
es how Al enhances various aspects of MRI,
including improving image quality, facilitat-
ing disease diagnosis, and supporting treat-
ment planning.®'

3. Ultrasound

Ultrasound (US) is a versatile imaging
technique widely used as an initial diag-
nostic method in various clinical scenarios
worldwide. Continuous advancements in US
technology provide new opportunities for
medical diagnoses and therapies, solidifying
its importance in medical imaging.

A 3D imaging method has been devel-
oped to overcome the limitations of tradi-
tional 2D US. This innovation allows the visu-
alization of 3D anatomy, precise transducer
adjustments for optimal disease monitoring,

and accurate volume measurements. Several
techniques have been developed for produc-
ing 3D US images; these include mechanical
and free-hand scanning with linear arrays
and the use of 2D arrays for real-time 3D
imaging, also known as 4D US. Mechanical
scanning utilizes a motorized mechanism to
move a standard transducer and algorithms
to construct 3D images from 2D scans. A mo-
tor/encoder ensures accurate information on

the positions and orientations of the 2D US
images, enabling the precise adjustment of
the scanning geometry.®2

Calibration is a crucial step in 3D recon-
struction. It involves determining the posi-
tion and angle of the position sensor rela-
tive to the US image. Various methods can
achieve this. One successful approach en-
hances the spatial calibration of probes in 3D
free-hand ultrasonic scanning. This method

Figure 9. Transverse plane PD MR imaging (a) of the right glenohumeral joint shows no pathological findings
in the posterior labrum; however, SE T1-weighted MR arthrography (b) clearly reveals a posterior labral defect
(blue arrow). PD, proton density; MR, magnetic resonance; SE, spin-echo.

Figure 10. Coronal plane T1-weighted VIBE MR arthrography of the radiocarpal joint shows a central
rupture (blue arrow) of the triangular fibrocartilaginous complex. VIBE, volumetric interpolated breath-hold

examination; MR, magnetic resonance.

Figure 11. Measuring metabolites of the brain using MR spectroscopy [the illustration was created using
Adobe Photoshop (Adobe Inc., 2021 Adobe Photoshop, https://www.adobe.com/products/photoshop.html)
based on figures provided by the Complete Anatomy program (3D4 Medical, 2021. Complete Anatomy.
Retrieved from https://3d4medical.com/)]. MR, magnetic resonance.
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identifies similarity measures between two
image sets-one from a 2D sweep and the
other from a 3D reconstruction taken in a
perpendicular sweep. However, a limitation
of mechanical or free-hand scanning is the
relatively slow volume capture rate, typically
2-3 volumes per second, which can hinder
3D imaging efficiency.®

The implementation of transducers
equipped with 2D phased arrays for real-time
3D imaging has greatly enhanced the rate
at which volume acquisition occurs. These
transducers use electronic scanning to col-
lect 3D data by producing a diverging beam
in a pyramidal shape. The received echoes
are then processed to create real-time 3D
images. To further enhance high-volume
imaging rates, a wideband 2D sparse array
paired with multiline receiving has been pro-
posed. This approach optimizes the use of a
limited number of active components while
maintaining a high level of accuracy and
speed.82#

A critical aspect of 3D imaging is the
representation of the generated images,
commonly achieved through multiplanar
reformatting or volume rendering. However,
the spatial resolution of 3D imaging is aniso-
tropic and is typically inferior to that of 2D
imaging. This limitation arises because the
spacing between the collected 2D images
increases with depth, resulting in reduced
resolution at greater depths.®

Elastography is an advanced imaging
technique that uses US to assess tissue stiff-
ness, enhancing the diagnostic capabilities
of B-mode US. Two primary methods of elas-
tography are employed in evaluating breast
lesions, shear wave elastography (SWE) and
strain elastography. Although strain elastog-
raphy requires operator expertise, SWE relies
on focused radiation forces and eliminates
the need for manual compression, making it
operator independent.?

SWE is widely used in diagnosing tumor-
al and inflammatory pathologies in many
organs, with research in these areas steadily
growing. Moreover, recent studies suggest
that SWE may also play a role in monitoring
treatment efficacy.®+%

Al technology has the potential to create
more accurate and repeatable outcomes in
US examinations. Al and computer-assist-
ed technologies can standardize medical
processes, reduce training and examination
durations, and improve the quality of US
images across four main study areas. Lever-
aging machine learning in US imaging holds

considerable promise for enhancing image
quality, providing clearer and more practical
visuals, and introducing novel US imaging
techniques. Advancements in beamforming,
super-resolution, and image enhancement
often require hardware modifications, which
are typically more complex than straight-
forward software upgrades. Despite these
challenges, many recent research advance-
ments outperform conventional reconstruc-

tion algorithms, which transform ultrasonic
wave measurements into display visuals. The
enhanced processing capabilities of med-
ical devices now support the integration of
increasingly sophisticated real-time solu-
tions in a range of US imaging approaches.
Al algorithms can aid healthcare profession-
als-including physicians, nurses, and tech-
nicians-in performing comprehensive US
scans, thereby simplifying the learning pro-

Table 2. Concise overview of how Al improves several elements of MRI

Submission Description

Image enhancement ) . .
9 finer anatomical details

Image reconstruction
9 uctl sampled data

Reduces noise and artifacts in MRl images. Enhances image resolution for

Enables faster MRI scans. Reconstructs high-quality images from sparsely

Identifies and characterizes tumors in MRI scans. Aids in diagnosing

Disease detection and conditions such as
diagnosis

MRI

Lesion segmentation

Functional MRI analysis -
cognitive research

Diffusion MRI analysis : .
neurosurgical planning

Alzheimer’s using brain MRI. Assists in detecting heart diseases via cardiac

Accurately segments lesions in MRI scans, aiding in treatment planning

Maps brain regions activated during tasks or conditions, facilitating

Reconstructs white matter tracts in the brain, which are valuable for

Quantifies tissue properties (T1, T2, diffusion) for disease characterization.

Quantitative imaging Al e

stroke

Automated reporting scans

Treatment planning

Monitoring disease
progression

Predictive modeling

Quality control

Population studies indicators

Customization and
personalization

perfusion in MRI, which is important for diagnosing conditions such as
Generates automated radiology reports by extracting findings from MRI

Assists in radiotherapy planning by delineating target volumes on MRI
Tracks disease progression by analyzing changes in MRI scans over time

Predicts disease outcomes and treatment responses based on MRI data
Performs quality checks on MRI scans, flagging artifacts and anomalies

Analyzes large MRI datasets for trends, risk factors, and early disease

Tailors MRI protocols to individual patients for optimized imaging

Al, artificial intelligence; MRI, magnetic resonance imaging.
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Figure 12. CSF flow analysis using CSF flowmetry [the illustration was created using Adobe Photoshop
(Adobe Inc., 2021 Adobe Photoshop, https://www.adobe.com/products/photoshop.html) based on figures
provided by the Complete Anatomy program (3D4 Medical, 2021. Complete Anatomy. Retrieved from

https://3d4medical.com/)]. CSF, cerebrospinal fluid.
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Figure 13. Effects of technological advancements on ultrasonographic imaging steps.

cess. Modern image processing algorithms
used for measurement, quantification, and
computer-aided detection have evolved be-
yond conventional feature engineering. The
latest US imaging systems utilize advanced
deep learning approaches. Computer-assist-
ed diagnosis, triage, detection, and quanti-
fication are currently receiving considerable
academic attention for their potential to re-
duce the workload of physicians (Figure 13).2”

In conclusion, the field of radiography is
being significantly influenced by technolog-
ical advancements, potentially more so than
other areas of medicine. Current develop-
ments in CT technology primarily focus on
reducing the dosage of the ionizing radia-
tion administered to patients. By contrast,
progress in MRI systems is centered around
improving accessibility, shortening scan du-
rations, and generating high-quality images
in regions where MRI has traditionally faced
challenges. Furthermore, the development
of portable devices for bedside use is be-
coming an increasingly important objective
in both CT and MRI. Sonography innovations
are advancing to enhance image quality and
expand the applications of elastography. Al
technology holds great potential for produc-
ing more accurate and repeatable results in
US exams, enhancing image quality, generat-
ing clearer and more useful images, and even
developing new US imaging techniques.
Furthermore, Al technologies are being in-
creasingly integrated into CT and MRI, with a
growing focus on improving image produc-
tion, enhancing image quality, and facilitat-
ing image evaluation.
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