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ABSTRACT

Deep learning, the mainstream of artificial intelligence (AI), has made progresses in computer vision, exacting
information of multi-scale features from images. Since 2016, deep learning methods are being actively developed for
tomography, reconstructing images of internal structures from their integrative features such as line integrals. There are
both excitements and challenges in the Wild West of Al at large, and Al-based imaging in particular, involving accuracy,
robustness, generalizability, interpretability, among others. Based on the author’s plenary speech at SPIE Optics +
Photonics, August 2, 2021, here we provide a background where x-ray imaging meets deep learning, describe
representative results on low-dose CT, sparse-data CT, and deep radiomics, and discuss opportunities to combine data-
driven and model-based methods for x-ray CT, other imaging modalities, and their combinations so that imaging service
can be significantly improved for precision medicine.

Keywords: Deep learning, machine learning, artificial intelligence (AI), biomedical imaging, x-ray imaging, computed
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1. INTRODUCTION

The field of x-ray imaging has been steadily developed since Roentgen’s discovery in 1895 (Nobel Prize in 1901).
Remarkably, Hounsfield and Cormack pioneered the field of x-ray tomography (Nobel Prize in 1979), which is
invaluable for medicine. In 2009, the Science Museum in London invited its curators to select ten important items in its
collection and then invited the public to vote for the most impactful discovery among them. With 9,581 out of 50,000
votes, x-ray imaging was recognized as the number one!. Today, x-ray radiography and tomography are routinely
performed for diverse applications covering six orders of magnitude in terms of image resolution and object size, and in
different imaging modes (attenuation, photon-counting, phase-contrast, and dark-field imaging, as well as circular,
helical, and robotic scanning), with biomedical imaging as the primary example. Over the past years, deep learning has
been successful in a number of fields, including biomedical imaging especially x-ray tomographic imaging?®.

Kuhn proposed in his book “Structure of Scientific Revolutions” that scientific progresses are made through paradigm
shifts. Basically, the four paradigms are considered as (1) Empirical (to describe phenomena), (2) Theoretical (to extract
laws and formulate models), (3) Computational (to simulate phenomena and processes), and (4) Data-driven (to extract
knowledge from big data by deep networks with high-performance computing techniques). Currently, we are working in
the 4th paradigm, also referred to as data science, artificial intelligence, machine learning, and deep learning.

Let us first review the idea of deep learning (assuming you just heard it), aided by Figure 1. Deep learning means to use
deep artificial neural networks for machine learning. While there are many artificial neural networks, their building
blocks are simply artificial neurons. An artificial neuron is a model of a biological neuron. In an artificial neuron, a
number of input signals are respectively weighted and added, which is a linear operation in the form of the inner product.
The inner product is then processed via thresholding or a nonlinear activation to decide if the neuron should be activated
or not, which means if it should take a high or low value. There are various activation functions, such as Sigmoid
S(x)=1/(1+e™) with the range (0, 1) and ReLU R(x)=max(0,x). The feed-forward network is common, in which there are
the input layer, the output layer, and hidden layers between the input and output layers. An input vector can be processed
layer-wise (one layer’s output serves as the input to the next layer), and finally the output layer presents a result. In
addition to the feed-forward network, many other types of architectures are available. Roughly speaking, a deep network
contains many hidden layers, which facilitates multi-scale analysis and knowledge representation.
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Figure 1. Essential idea of deep learning. A neural network consists of inter-connected neurons, each performing a linear
computation (inner product) and then a nonlinear operation (thresholding, such as ReLU). The weighting parameters for the
links between the neurons are randomly initialized and iteratively adjusted to minimize a loss function (say, the absolute
error shown as “4” in that iteration) using training data to output the right answer eventually (i.e., “5” in this case) .

The specific feed-forward network in Figure 1 contains only one hidden layer, but it can do an excellent job already for
digit recognition (given an image of a handwritten digit, the network will recognize it). The input is a vectorized digit
image. The output layer is the so-called one-hot vector, whose one and only one element will be activated to take a
higher value than the other elements, and the activated element/neuron indicates what the input digit is (each digit is
assigned to one and only one neuron in the one-hot vector). Initially, the parameters of the network were randomly
initialized. For a given image, the output of the hidden layer can be computed. Then, the output vector of the network
can be obtained. Generally, it is unlikely that this output will match our desired result. Then, the error can be reduced by
adjusting the current weighting parameters, which can be done via gradient descent search in a backpropagation manner.
If there are many hidden layers, the forward computation and backpropagation processes can be similarly performed.

Currently, there are a number of popular deep learning platforms such as TensorFlow, Torch, Caffe, Keras, and MatLab.
On these platforms, a network architecture can be easily defined, trained, tested, and deployed. In other words, it is not
difficult to use deep learning techniques in many tasks. However, a governing theory of deep learning is still under
development, and many fundamental questions are yet to be answered. In a big picture, deep learning involves novel
algorithmic design, complicated non-convex optimization, and unique challenges such as robustness, generalizability,
uncertainty, interpretability, regulation, privacy, fairness, and so on.

In this article, we would like to focus on the intersection of x-ray imaging and deep learning where there are great
synergy and numerous opportunities. On one hand, deep learning has a remarkable potential to empower x-ray imaging
performance. On the other hand, x-ray imaging suggests interesting possibilities for deep learning research and
applications. In the next section, we describe deep tomographic imaging aided by bibliographic analysis, and
representative promising results of deep imaging, with an emphasis on x-ray imaging especially computed tomography
(CT). In the third section, we discuss some current challenges of deep learning as related to tomography, mainly
instabilities of deep reconstructions and lack of generalizability of deep radiomics when a trained network is applied to
out of distribution datasets. Finally, we present some research directions, which include combination of data-driven and
rule-based machine learning as well as integration of cost-effective tomographic imagers in the deep learning framework.

2. PROMISES OF DEEP IMAGING

X-ray radiography and CT are major medical imaging modalities and responsible for a majority of imaging procedures.
Medical imaging, artificial intelligence and deep learning are important topics with high-level public interest. By a
Google Trends search, the Google-defined public attention to medical imaging in percentile has been fairly constant over
the past decade. In comparison, artificial intelligence and deep learning attracted rapidly increasing attention since a few
of years ago. In particular, the attention to deep learning exceeded that to medical imaging in 2016, as illustrated in
Figure 2.

Proc. of SPIE Vol. 11840 1184002-2



100%

V‘/_\-/\/\/\’\ Artificial Intelligence Deep Learning
4 A
.—/‘-’v—l\ﬁe

Jan. 1, 2009 Sept. 1, 2015

Figure 2. While the attention to medical imaging remains constant, the attention to artificial intelligence and its mainstream
approach “deep learning” has enjoyed a recent surge. The attention to deep learning exceeded medical imaging in 2016.

In 2016, we wrote a perspective article on deep learning-based tomographic imaging®. This is a new frontier of Al and
machine learning. Deep learning is widely used in computer vision and image analysis, which deal with existing images
and produce features. By deep learning for tomographic imaging, we produce images of multi-dimensional structures
from externally measured data in the form of various transforms such as integrals and harmonic coefficients. In brief,
while computer vision and image analysis go from images to features, deep tomographic imaging transforms features to
images. Based on this perspective, we filed the first patent on deep tomographic imaging in 2016, which was granted in
20217. Also, in 2019 we published the first book dedicated to this emerging field®.

Traditionally, there were only two kinds of image reconstruction algorithms: analytic and iterative. While the former is
based on a closed-form solution, the latter performs model-based optimization iteratively. With the emerging deep
learning-based algorithms, we train a deep network iteratively but use the trained network in the feed forward fashion
like a close-form formula. Currently, deep imaging has become a main stream of tomographic imaging research. On July
18, 2021, a Scopus search retrieved 944 publications using the TITLE-ABS-KEY rule A = "deep learning" AND medical
AND image AND reconstruct®) and 373 publications with the rule B = A AND (x-ray OR CT OR '"computed
tomography"). That is, roughly speaking, among all deep tomographic imaging papers, nearly 40% is related to x-ray
imaging or CT.

A quick analysis on the bibliographic data retrieved using the above-mentioned Scopus rule B is summarized in Figure 3.
It can be observed that deep x-ray imaging and CT has covered a wide array of deep networks and clinical tasks, and
deep reconstruction research has placed an emphasis on low-dose CT and sparse data reconstruction. Also, many deep
learning techniques have been developed for segmentation, detection, classification, and artifact reduction.
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Figure 3. Visualization of the Scopus search results using the TITLE-ABS-KEY rule = ("deep learning" AND medical
AND image AND reconstruct*) AND (x-ray OR CT OR "computed tomography").
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Based on the above bibliographic screening, let us describe the following examples from our recent studies on deep
learning-based low-dose CT post-processing, sparse data reconstruction, and deep radiomics. Needless to say, excellent
results on these and other topics were also produced by our peers worldwide; for more details, see the review articles®™.

The first example is low-dose CT denoising. X-ray CT is the method of choice for lung cancer screening, and often times
used in many other tasks before any major procedure is taken. However, x-ray radiation dose potentially induces cancer
and genetic damage. Hence, it is highly desirable to minimize radiation dose, but a reduced dose CT scan is associated
with a degraded signal-to-noise ratio, and a compromised image quality. In collaboration with Massachusetts General
Hospital, we designed a modularized adaptive processing deep network with radiologists included in the training loop to
optimize the denoising strength®, as shown in Figure 4. In a double blind reader study, our deep approach was shown to
be superior or comparable to the commercial iterative low-dose CT algorithms on major vendors’ CT scanners®.
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Figure 4. Our modularized deep denoising network trained in the radiologists-in-loop fashion’. The network produces
denoised images at different depths for radiologists to decide the optimal number of steps specific to a diagnostic task.

The second example is sparse-data tomography. Specifically, in C-arm CT devices, futuristic stationary or robotic CT
systems, there are only a limited number of projections. Without deep reconstruction, contemporary algorithms via
sparsity promotion (such as total variation (TV) minimization) could do a good job from at least over one hundred views.
With deep reconstruction, comprehensive prior knowledge on the image content in an application domain can be utilized
for unprecedented image quality from a much-reduced amount of data. We recently designed a deep reconstruction
network referred to as SUGAR for “split unrolled grid-like alternative reconstruction"!®. In the SUGAR network, we
perform deep learning from multiple inter-connected angles. First, we learn to reconstruct a low resolution version of an
underlying image from a sparse sinogram. Then, we use an up-sampled low-resolution image and the sinogram to
estimate a high-resolution image. Furthermore, we iteratively refine the current image in a format inspired by the split
Bregman scheme. In the extremely challenging case of only 36 projections, the SUGAR network produced encouraging
initial result as compared to the counterparts from TV minimization (as well as existing deep reconstruction networks;
for details, please see'?), as shown in Figure 5.
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Figure 5. Our recently designed SUGAR network showing promising initial tomographic results from rather sparse data'°.
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While low-dose CT is mostly used for lung cancer screening, in collaboration with Massachusetts General Hospital we
analyzed low-dose CT images to assess cardiovascular disease risks''. Our deep learning model processed numerous
low-dose CT images and obtained the ROC curve comparable to that based on radiologists’ reports of ECG-gated
cardiac CT scans. That is to say, low-dose CT images can be deeply analyzed for dual-screening of both lung cancer and
cardiovascular disease risks.

Although the above three examples are all on x-ray CT, deep tomographic imaging results are very promising for other
modalities including MRI, nuclear tomography, ultrasound, optical imaging, and more. For details, please check the
literature, for example, the review article’.

Beyond medical imaging, there are other kinds of deep imaging opportunities. As a rather interesting example, with an
intense synchrotron radiation beam, a biological target, such as a protein molecule, could be immediately smashed to
emit scatter waves. How to reconstruct the 3D structure of an object from such a single shot is fundamentally important
for biological research and drug design. Efforts were made to perform 3D reconstruction from 2D information on a
spherical wave front'>'*, We did some work to perform this task with polychromatic radiation'¥, instead of
monochromatic radiation. Very recently, the AlphaFold networks take a protein sequence as the input, and reconstruct
the 3D structure of the protein'®. Actually, the AlphaFold network represents the-state-of-the-art prior biological
information on the underlying protein to be reconstructed. Along this direction, we can imagine a combination of deep
reconstruction and AlphaFold-based prior knowledge. The hope is shown in Figure 6 where an excellent reconstruction
will be enabled at the intersection of the solution space determined by scatter data, the space of sparse images, and the
space described by the AlphaFold prior.

Space of Nonunique
Solutions 7 Space of Prior

Knowledge

Scatter Data

Intersection to Find Most Sequence
Reasonable Solutions ApnaFold

Figure 6. AlphaFold-based x-ray tomography of non-crystalline targets such as protein molecules via deep learning. Since the
intense radiation required for ultrahigh resolution destroys the target immediately, only a single-shot scatter wave front data are
available for tomographic reconstruction, representing a most challenging imaging task from extremely sparse data.

3. CHALLENGES IN IMAGING APPLICATIONS

In the preceding section, we have presented deep learning-based tomographic imaging very positively. However, that is
only one side of the coin. Now, let us emphasize challenges in real-world imaging applications.

First, the instability (also referred to as vulnerability or brittleness) of deep networks is a primary concern'¢. Figure 7 is
an example. In this example, a purposely computed subtle noise image in the middle was added to this left digit image
“4” and formed the right digit image “4”. For human eyes, there is little difference between the left and right images, but
our trained classification network was easily tricked to misclassify the right image to a digit “2” with high confidence
while the network classified the left image correctly as “4”.

0.0 Color Scale 1.0

Figure 7. Adversarial attacks putting a trained deep network at a high risk. While the original digit image (Left) was correctly
classified by a deep classifier, a subtle adversarial noise (Middle) was computed and added to the original image to form a
visually indifferent image (Right) which was misclassified by the same classifier.
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There is a landmark paper published in PNAS on instabilities of deep learning in image reconstruction'’. In this study,
three types of instabilities of deep reconstruction networks were reported for both deep CT and MRI reconstructions. The
three Instabilities include (1) strong artefacts from perturbation; (2) small features undetectable; and (3) increased data
compromising reconstruction quality. These instabilities are believed to come from lacking kernel awareness and be
“nontrivial to overcome”, but compressed sensing algorithms were reported to be stable due to their kernel awareness!”.
The first two types of instabilities are the types I and II errors: false alarm and missing target errors. The third type of
instabilities is somehow like a “fed-up” problem (over-weight is not good); that is, more data confused a network that
had been trained to handle a certain amount of data, leading to a network performance poorer than that without additional
data, which is kind of counter-intuitive.

How to address the above-identified instabilities? A general answer was mentioned in our perspective articleS. The key
idea is that complementary algorithms, such as compressed a model-based iterative or compressed sensing inspired
algorithm and a deep network, can be combined for synergy of image reconstruction. For example, a maximum
likelihood image reconstruction can be further improved by a deep network. Also, we have a specific answer to address
the problems posed in the PNAS paper!”. This is called the Analytic, Compressive, Iterative Deep (or ACID) network
that integrates analytic reconstruction, compressed sensing, iterative refinement and deep learning together for accurate
and stable image reconstruction'®.

Let us briefly explain this ACID framework with Figure 8. First, we have a reconstruction network ® that transforms the
original measurement (a sinogram or a k-space dataset) into an initial image. This initial image reflects strong image
prior knowledge extracted from big data (CT or MRI data). This initial image is subject to errors and instabilities. Then,
the current image is improved by a compressed sensing inspired sparsity promotion module ® to output a sparsified
image. Furthermore, based on this sparse image we can estimate measurement data using the system model A, and
compare the estimated and measured data to compute the residual data that reflect observable errors, indicating if the
current image needs correction. Any significant residual is taken by the same deep reconstruction network @ to produce
an incremental image on the top of the current image to form an updated image. This updated image is again processed
by the compressed sensing module ®. So on and so forth to improve the current image gradually.
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Figure 8. General idea behind the Analytic, Compressive, Iterative Deep (ACID) network as an exemplary embodiment to
integrate strengths of analytic reconstruction, sparsity promotion, iterative refinement, and deep learning.

Furthermore, we analyzed the convergence of our ACID network'®. Our analysis assumes the bounded error norm (BEN)
property. Basically, the BEN property means that the error of a deep reconstruction is less than the ground truth in the
sense of the L, norm. The BEN property is a special case of the Lipschitz continuity, and serves as a simple model to
demonstrate the feasibility of hybrid image reconstruction. Assuming the validity of BEN, the convergence of the ACID
network becomes heuristically clear. The initial deep reconstruction network output is not perfect but the error
component is less than the ground truth. The error component has observable and unobservable parts. Because of the
observable part, the predicted and real measurement datasets are not the same. Their difference, or the data residual, can
be used to reduce the observable error component. Given the BEN property, after an ACID iteration the observable error
component will be reduced. This residual-based iterative refinement can be repeated. In the limiting case, the observable
error in the final reconstruction will be eliminated at an exponential rate. The only error remains in the limiting case will
be unobservable. It is underlined that if the deep network is properly designed, well trained on big and diverse data, and
the input is not out of the assumed distribution, the unobservable error of the output image should be typically small, as
reported in many deep reconstruction studies. In other words, an ACID-type deep reconstruction approach is to seek a
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best solution at the intersection of the space of data-driven solutions, the space of sparse solutions, and the space of
solutions subject to data constraints. This idea is in the same as what has been mentioned in the preceding section to
reconstruct the 3D structure of a protein molecule aided by AlphaFold.

In addition to the instability issue, the generalizability is also important in applications of deep networks, which is
actually related to the instability of deep networks. In a recent Nature Medical paper on how medical Al devices are
evaluated by FDA, some interesting findings were reported'’. In a remarkable case study on the potential problem with
out of distribution datasets, a well-established AI model for detecting collapsed lungs was respectively trained on each of
the three public big datasets. When the deep network was trained on one of the three datasets and then tested on the other
two, the deep model suffered from ~10% accuracy drops'®. Currently, we are actively working on this problem.

4. DIRECTIONS FOR FURTHER RESEARCH

Deep learning-based tomographic imaging enjoy a strong research momentum. There are a good number of promising
directions of research, including robustness, generalizability, uncertainty, interpretability, regulation, privacy, fairness,
and so on, as mentioned in the Introduction section.

4.1 Extension of Artificial Neurons to Diverse Forms

Among many research opportunities, here we underline the interpretability as an important direction for Al in general
and deep learning-based imaging in particular. A deep network is typically considered as a black box, and extensive
research is in progress to make the black box more transparent, making the box “grey” or “white”?’. Most of these
interpretation methods are heuristic?'*. For example, we can ask how the network prediction will change without a
given training point? This exercise will help identify which samples are informative for the prediction of a network. As
the second example, we can ask what is the important data routing path in a network? The class activation map is yet
another example, which shows features relevant to the classification results. We can also model the network training
process as a dynamic system in the form of different equations or under extreme conditions such as assuming very wide
and/or very deep network layers?2.

Instead of commenting on representative methods for network interpretation, here we mention some of our pilot results.
Currently, almost all deep networks use the type of artificial neurons we described earlier that rely on a linear operation,
i.e., the inner product. Interestingly, in biology there are many types of neurons with diverse forms and functions. Hence,
we are motivated to innovate deep networks at the cellular level by introducing new types of artificial neurons.
Specifically, we proposed to replace the inner product in the conventional artificial neuron with a quadratic operation by
multiplying two different inner products together for the same input vector, and then add another quadratic function of
the input vector?»?, This modification will increase the number of parameters of the conventional neuron from n to 3n.
The rationale for our design can be appreciated in the case of a two-dimensional logic function. It is well known that a
conventional neuron cannot implement the XOR gate. In contrast, our quadratic neuron can implement a hyperbolic
function and directly implement the XOR gate. As a matter of fact, our quadratic neuron can be adapted to implement
any two-dimensional logic function. Along this direction, we believe that other kinds of artificial neurons can be
designed to improve deep learning performance. Hinton’s Capsule idea is in a similar spirit®®, since a capsule can be
viewed as a complicated neural computing unit.

According to the De Morgan’s law, the negation of a disjunction is the conjunction of the negations. Inspired by this
duality, we systematically analyzed the family of ReLU networks, and proved that the width and depth of ReLU networks
are quasi-equivalent for either classification or regression tasks. That is, for a given network complexity, we can have a
wide network, a deep network, and many network variants between, all of which can perform essentially the same
classification or regression task. If you are interested, please read our paper?’ for mathematical details, including several
theorems and proofs.

4.2 Integration of Connectionism and Symbolism

Since our quadratic neurons are continuous instead of being binary, we tend to consider them as generalized fuzzy logic
gates. Hence, a deep neural network is nothing but a deep fuzzy logic system?*. In a case study, we reported a digit
recognition network as shown in Figure 9, where the size of a quadratic neuron indicates its relative importance, while
the color of a quadratic neuron shows the type of its fuzzy logic operation, for example, hyperbolic or parabolic, as
determined via spectral analysis?. A fuzzy logic system is essentially a rule-based system. That is to say, we could
obtain, in a good sense, a rule-based system in a data-driven fashion. To be a desirable rule-based system, in many cases
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we should compress or transform a deep fuzzy logic network of numerous parameters into a relatively compact
knowledge graph to enjoy sparsity or regularity. This idea should be a way to link the connectionism and the symbolism,
and if so, this will offer a great interpretability of a deep neural network, as also shown in Figure 9. We believe that the
knowledge graph field is critically important in the years to come®*?. If we could develop good methods to combine
data-driven and rule-based learning, and perform multi-task learning, semi-supervised and unsupervised learning, we
should be one major step closer to artificial general intelligence or strong Al.
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Figure 9. Combination of data-driven and rule-based methods enabled by the deep fuzzy logic interpretation and knowledge
distillation using knowledge graph techniques.

4.3 Fusion of Relevant Tomographic Modalities Cost-effectively

Toward strong Al, an Al system should behave more like a human. Last month, a deep omni-perception system was
published®®, which can process images, text and audio files simultaneously. This is achieved with token-based
embeddings, multi-task pretext learning, and multi-granularity integration for an image-text-audio multi-modal
representation, and produced very encouraging results*’. This excellent omni-perception work reminds us of our earlier
omni-tomography proposal®!, in which we hope to achieve a grand fusion of relevant tomographic imaging modalities
including CT, MRI and PET/SPECT. By such a fusion, multi-modalities are integrated into a single gantry, and collect
diverse datasets at the same time. As a result, spatiotemporal correlations are ideally captured, and complementary
information can be synergized for cardiac and cancer imaging®. However, it appeared years ago that such omni-
tomographic instrumentation would be rather challenging and expensive, given the bulkiness of individual imagers and
physical limitations for hardware integration.

Thanks to the rapid development of medical imaging and deep learning technologies, the situation is now quite different.
The companies NanoX and others reported cost-effective x-ray imagers for tomosynthesis. Hyperfine is the brand name
of low-field portable MRI scanners. Also, photon-counting detectors can record both x-ray and gamma ray signals to
potentially unify CT and SPECT. Hence, it becomes feasible to integrate these cost-effective imagers together into a
cost-effective omni-tomographic system in the deep learning framework, as sketched in Figure 10. This could be a next
highlight of medical imaging, featured by portability, point of care, and power unleashed with auto-driving cars to
deliver imaging services wherever and whenever needed. This will be instrumental for underdeveloped countries and

remote areas.
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Figure 10. Cost-effective construction of portable and mobile hybrid imagers becomes feasible for point-of-care.

Proc. of SPIE Vol. 11840 1184002-8



4.4 Concluding Remarks

In Figure 11, the current landscape of medical imaging and radiation therapy is on the left. The future for omni-
tomography and image-guided therapy is presented on the right. We believe that tighter fusion of imaging modalities in a
more cost-effective way is happening. We envision a paradigm shift in medical imaging, from hospital/clinic/center-
oriented to decentralized, intelligent and integrated services. A futuristic possibility is what we call
“Auto-driving Vehicle-based Affordable Tomography-Analytics Robots (AVATAR)33, which are most desirable on
natural disaster spots, after terrorists’ attacks, and near battle fields. Also, AVATAR are advantageous in routine
healthcare imaging such as for cancer screening because of a potentially much-reduced cost, full automation, and
greatly-improved convenience.

Omni-tomography:
PET-CT-MRI y

Figure 11. Tighter fusion of imaging modalities and more cost-effective instrumentation in the deep learning framework.

Rail/bus stations made milestones in the transportation history but quickly overwhelmed by privately-owned cars. Today,
the Uber-type service becomes popular, and auto-driving cars are on the horizon. Similarly, supermarkets/malls are
where we shop but the trend is moving towards internet-shopping and door-to-door delivery, accelerated by the
pandemic. Not long ago, we used to go to cinemas and theaters for entertainment. Then, we built home theaters. Now,
we use smart phones to watch TVs most of time. Yet, many believe that the blockchain technology will revolutionize the
society; say, eliminating banks. After “Internet of information”, “Internet of things” is under active development, and
“Internet of service” seems the next wave. The individualized and optimized use of information, products, services
demands decentralization, interconnection, artificial intelligence especially deep learning, promoting democracy and
improving quality of life. We are blessed by so many research opportunities towards the future of imaging services.

In the scientific fiction “Siren of Titan”, Kurt Vonnegut wrote, “Once upon a time ... there were creatures who weren’t
anything like machines. ... And these poor creatures were obsessed by the idea that everything that existed had to have a
purpose, ... And every time they found out what seemed to be a purpose of themselves, ..., the creatures would make a
machine to serve it." We certainly found that longevity and well-being seemed to be one of our purposes, and we are
endeavoring to invent a brighter future. As shown in Figure 12, the efforts to synergize x-ray imaging and deep learning
are made on a global scale, suggesting information exchange and international collaboration.
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Figure 12. Global landscape at the intersection of x-ray imaging and deep learning based on data using Scopus TITLE-ABS-KEY
rule = ("deep learning" AND medical AND image AND reconstruct*) AND (x-ray OR CT OR "computed tomography").
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