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Abstract
Biomedical imaging is playing an important role in all phases of cancer management including screening, staging, monitoring of treatment, and in long term surveillance of cancer patients. Imaging forms an essential part of
cancer clinical protocols and is able to furnish morphological, structural, metabolic and functional information.
Early detection of cancer through screening based on imaging is probably the major contributor to a reduction in
mortality for certain cancers. Imaging techniques currently available or in development for the diagnosis, staging
and surgical treatment of cancers include US (ultrasound), CT (Computed Tomography), MRI (Magnetic Resonance Imaging), PET (Positron Emission Tomography) and optical imaging. In recent years, the major advances in
imaging and the combination of molecular biology and the imaging sciences have merged into a new research
field named ‘molecular imaging’. It includes all imaging modalities which include PET-CT, PET- MRI and optical
imaging.
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Introduction
Biomedical imaging is the main pillars of comprehensive cancer care. It
has many advantages including real time monitoring, accessibility without tissue destruction, minimal or no invasiveness. The early detec¬tion of cancer, its prognosis and detailed information about the extent of
the disease wouldn’t be available to patients without medical imaging.
Biomedical imaging is playing an important role in all phases of cancer
management including screening, staging, monitoring of treatment, and
in long term surveillance of cancer patients.
Over the past decades, substantial efforts have been made to detect malignancies at an earlier state. Imaging plays a major role in the detection
of cancer as it provides a detailed insight into the exact location and extent of the disease. Much of the progress made in cancer diagnostics and
staging can be attributed to technical advances in ultrasonography (US),
computed tomography (CT) and magnetic resonance imaging (MRI)
which are essential for providing anatomic details for solid cancers [1].
Imaging plays a major role in the detection of cancer as it provides
a detailed insight into the exact location and extent of the disease. It
can also provide detailed information about structural or cancer-related
changes. Molecular imaging techniques may very well have the potential to improve every aspect of cancer care by opening up entirely new
possibilities for the early detection and the effective treatment of cancer,
both of which are essential to successfully fight the disease [2]. Currently
molecular imaging strategies for whole body imaging modalities for
cancer diagnosis and staging in cancer surgery are being developed [3,
. While differentiation between benign and malignant tumors on conventional CT and MR scans based on morphologic characteristics can
be difficult, molecular imaging allows for a much better assessment of
aggressiveness because functional properties of malignant cells are visualized [5]. A very promising set of imaging techniques are available to
radiologists through the methods of molecular imaging, which differs
from traditional imaging in that bio-marker probes are used to target
specific areas or suspicious findings. Molecular imaging in general is
an extremely promising field, which benefits all the stages of cancer
management where images are involved, i.e., diagnosis, staging, treatment evaluation, and follow-up. The most important feature of these
tests is that they combine, in a single scan, morphological (anatomical),
physiological (functional) and metabolic information. One of the most
promising molecular imaging techniques is positron emission tomography (PET), which is most often combined with CT (PET-CT) and used
to track probes in order to detect metastatic disease. Compared to PETCT, PET-MR provides a better background image with improved soft
tissue contrast without radiation exposure.
4]

Ideally, molecular imaging probes will allow for earlier diagnostic imaging of solid cancers as well as facilitating better surgical treatment in
the future, leading to an overall improved outcome. This review aims to
outline relevant molecular imaging applications currently available or
in development for the diagnosis, staging (US, CT, MRI, and PET) and
surgical treatment of cancers.

the tissues’ density and compressibility [6]. The transducer collects the
sounds that bounce back and a computer then uses those sound waves
to create an image. Conventional ultrasound displays the images in thin,
flat sections of the body. Advancements in ultrasound technology include three-dimensional (3-D) ultrasound that formats the sound wave
data into 3-D images. Doppler ultrasound is a special ultrasound technique that allows the physician to see and evaluate blood flow through
arteries and veins in the abdomen, arms, legs, neck and/or brain (in
infants and children) or within various body organs such as the liver
or kidneys.
High intensity focused ultrasound (HIFU) is used to rapidly heat and
destroy diseased tissue. It is a type of therapeutic ultrasound that induces hyperthermia within a time frame of a second. It should not be
confused with traditional hyperthermia that heats over a time frame of
an hour and to much lower therapeutic temperatures (generally <450C).
When an acoustic wave propagates through tissue, part of it is absorbed
and converted to heat. With focused beams, a very small focus can be
achieved deep in tissues. At a high enough temperature, the tissue is
thermally coagulated due to protein denaturization.
Current applications
Ultrasound is often one of the “first line” tests in the detection of cancer. It can detect abnormal tissues, growths, and cysts. While it can’t
diagnose cancer, it can detect the abnormal tissues that may possibly be
cancerous. Ultrasound is one of the most common diagnostic imaging
methods used in the diagnosis of tumours in the thyroid, breast, prostate, liver, pancreatic, ovarian, uterine and kidney. Ultrasound is frequently used to guide biopsies. Ultrasound examinations of the breast
can further evaluate a cyst or lump on the breast to see changes in the
tissue. Ultrasound is very useful in both the detection of breast cancer
and diagnosis because the doctor can do a “fine needle guided biopsy”
to aspirate some of the tissue. In cases of pancreatitis and severe upper abdominal pain, an ultrasound can detect the presence of cysts or
pseudocysts on the pancreas. An ultrasound can check for cysts on the
liver and help differentiate cysts from fatty liver disease or cirrhosis.
Cysts and tumors within the bladder can usually be seen very clearly.
Ultrasounds can be used to monitor ovarian cysts for changes that may
turn into ovarian cancer. High intensity focused ultrasound ablation of
prostate cancer have been extensively evaluated [7].
A noninvasive technology platform for gene delivery which combines
ultrasound with tumor-targeted microbubbles into breast cancer cells
was developed an international research team led by Dr. Tali Ilovitsh.
Once the ultrasound is initiated, the microbubbles explode like smart
and targeted warheads, creating holes in cancer cells’ membranes, allowing gene delivery [8].

Ultrasound
An ultrasound scan, also referred to as a sonogram, diagnostic sonography, and ultrasonography, is a device that uses high-frequency sound
waves to create images of the inside of the body. Ultrasound is safe and
painless, and produces pictures of the inside of the body using sound
waves.
Ultrasound (US) imaging technology is based on the detection of reflected sound pulses. The pulses are generated by a transducer and
propagate into tissue where they are reflected in patterns depending on

Fig.1. Ovarian cancer diagnosis using ultrasound which detect malignant adnexal masses better than MRI. Adapted from AMP Medical daily by Stephanie Castillo on Tuesday, January 19, 2016-10:50 [9].
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Advantages and limitations

Advantages and limitations

US has many advantageous qualities including high spatial and temporal resolution, real time imaging, lack of radiation, portability and low
cost [10], so there has been significant effort to develop molecularly targeted probes for this modality. Ultrasound examinations do not use ionizing radiation (as used in X-rays), thus there is no radiation exposure
to the patient. Because ultrasound images are captured in real-time, they
can show the structure and movement of the body’s internal organs, as
well as blood flowing through blood vessels. Ultrasound waves are
disrupted by air or gas; therefore ultrasound is not an ideal imaging
technique for air-filled bowel or organs obscured by the bowel. HIFU
approaches the criteria for optimized treatment of localized cancer as,
due to the very sharp temperature profile, it can cause complete cell
death in tumours without harming nearby healthy tissue.

Due to its speed, high spatial resolution12 – 50 μm [14], and relative
cost-effectiveness, CT is the most commonly used imaging technique
in cancer diagnosis today to detect morphological abnormalities. However, current CT technology has some limitations which make it a less
than ideal application for molecular probes for the detection of solid
cancers. CT has relatively low soft tissue contrast for tumors and surrounding tissue, but with iodinated contrast agents. These agents work
by blocking X-rays, thereby providing contrast and enhancing a part
of the body. Iodine-based contrast agents produce side effects, such as
vomiting, itching, and anaphylactic shock. CT contrast agents do not
have amplification ability, therefore a large amount of heavy molecules
is required to achieve satisfactory sensitivity, raising toxicity concerns
and so far limiting the development of iodine based CT molecular imaging probes for cancer. More recently, the emergence of nanomaterials
has revealed new possibilities for imaging cancer with targeted molecular imaging probes for CT. For example, bismuth sulfide nanoparticles
provide more enhanced sensitivity than iodine based probes because of
their higher atomic number while at the same time overcoming some
additional limitations of iodine based contrast agents, such as their
rapid excretion [15]. CT imaging involves the use of X-rays, which are
a form of ionizing radiation. Exposure to ionizing radiation is known
to increase the risk of cancer. The radiation dose of CT, however, is
not negligible and this limits repeated imaging in human studies due to
health risks [16].

Computed tomography
Computed tomography is the most important imaging technique in detecting and diagnosing cancer. It uses X-rays to obtain images through
slices of the body area. CT generates three dimensional reconstructions
of patient anatomy based on differences in X-ray attenuation [11]. It is
based on the principle that when X-rays pass through the body they are
absorbed or attenuated at differing levels, according to the density and
atomic number of the different tissues, creating a matrix or profile of
X-ray beams of different strength. This X-ray profile is registered on
a detector, thus creating an image. The resulting 3D CT images allow
medical physicists and radiation oncologists to visualize tumour masses
in three dimensions, which help them plan the treatment.

Current applications
CT can be used to image lung tumors and bone metastasis, given its fast
imaging time and high spatial resolution. Image-guided surgery based
on preoperative CT and MRI has become popular especially in brain
surgery, and is widely used for the resection of brain tumours. Planning
of radiation therapy is also based on CT images, so that the tumour
receives sufficient doses of radiation while controlling the dosage to
preserve critical organs.
COVID-19 causes severe respiratory distress (ARDS) therefore chest
computed tomography (CT) is strongly recommended in suspected
COVID-19 cases, for both initial evaluation and follow-up. and have
great significance in monitoring disease progression and evaluating
therapeutic efficacy. Recent studies have shown the importance of chest
CT examination in COVID-19 patients with false-negative RT-PCR results and reported the CT sensitivity as 98% [12].

Fig.2. A 2-dimensional image of a brain tumour which allows the neurosurgeon to assess the relationship between the tumour and the motor
cortex and plan a safer operation. Adapted from Making Cancer Visible:
the Role of Imaging in Oncology. IDOR, 2012 [13].

Magnetic resonance imaging (MRI)
Magnetic resonance imaging (MRI) is a non-ionizing technique with
full three dimensional capabilities, excellent soft-tissue contrast, and
high spatial resolution (about 1mm). The use of MRI to visualize morphological alterations rests on its ability to detect changes in proton
density and magnetic spin relaxation times, which are characteristic of
the environment presented by the diseased tissue.
MRI technology is based in principle on creating a magnetic field surrounding the patient which aligns magnetic dipoles such as hydrogen
atoms in water. During the examination, a radio signal is turned on and
off, and subsequently the energy that is absorbed by different atoms in
the body is echoed or reflected back out of the body. After a temporary radiofrequency pulse changes the alignment of the dipoles they
return to their baseline orientation at a rate which is determined by their
physiochemical environment and which is detected and translated into
a MR signal [17, 18]. These echoes are continuously measured by the MR
scanner and a digital computer reconstructs these echoes into images.
Superparamagnetic iron oxide nanoparticles (SPIONs) have proven to
be highly effective contrast agents for the magnetic resonance imaging diagnosis of solid tumors. Magnetic iron oxide (IO) nanoparticles
with a long blood retention time, biodegradability and low toxicity have
emerged as one of the primary nanomaterials for biomedical applications in vitro and in vivo. Superparamagnetic iron oxide nanoparticles
(SPIO) used today can be conjugated with specific targeting ligands
and serve as molecular imaging probes [19]. SPIOs have a polymer coating which may be modified to specifically target receptor molecules or
proteins [20]. They have been successfully used to detect lymph node metastases in prostate cancer [21, 22]. Imaging tumor cells with SPIOs faces
some challenges because the nanoparticles tend to remain in the vasculature and are metabolized by the reticuloendothelial system. Nevertheless, studies with SPIOs have shown success targeting malignant cells
expressing elevated levels of transferrin receptors [23] and especially folate receptors [24, 25], which are overexpressed on certain types of cancer,
such as ovarian and breast cancers [26, 27].
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Current applications
Magnetic resonance imaging (MRI) has improved sensitivity for soft
tissue and subtle metastases in brain, liver, and pelvic structures and is
used as a problem solving tool in cancer diagnosis and imaging. MRI
uses magnetic fields with radiofrequency pulses to produce computer images based on stimulating water molecules in the body. MRI is
considered the best imaging modality for soft tissue pathology. MRI
is ideal for evaluating prostate cancer, gynecological cancers, hepatocellular cancer and liver metastases, renal cell carcinoma, pancreatic
adenocarcinoma, soft tissue sarcomas, certain primary bone cancers,
multiple myeloma, malignant melanoma, and other malignancies [28].
Background Whole-body magnetic resonance imaging (WB-MRI) has
become established for the management of patients with multiple epithelial and non-epithelial cancers, and recently its use has been extended to early cancer detection The earlier detection and appropriate
targeted interventions can modify the risk of disease development and
so promote precision health. Thereafter, highly specific imaging tests
such as WB-MRI are used for the detection and diagnosis of malignant
tumours [29].

Advantages and limitations
MRI offers high spatial resolution and excellent anatomical detail
without any exposure to radiation for the patient making it an essential
modality for the detection of solid cancers. MRI is useful in detecting brain and bone metastasis. MRI is an excellent anatomical imaging technique, but it is incapable of measuring molecular events such
as protease activity and gene expression. In some situations however,
MRI is not recommended, for instance in patients with a pacemaker or
other metallic implant, because of the magnetic field used during the
examination.

Fig.4. Positron emission tomography (PET) scans are used in the clinic
to assist with diagnosis and staging in lung cancer Adapted from The
Aspergillus website blog-Pulmonary aspergillus: an alternative to lung
cancer after a positive PET scan [31].
Positron emission tomography (PET) scans are a noninvasive imaging
modality utilizing positron emitting radioisotopes to label molecules
and create different images depending on its tissue concentrations. The
most common radiotracer used in oncology is F18 fluorodeoxyglucose
(FDG) that is a glucose analog with a half-life of 110 min. When these
tiny positive electrons encounter a regular negative electron they form
a nuclear reaction emitting two photons of high energy at 1800, annihilation rays, that can be detected by the PET crystal detector. FDG is
transported via different glucose transporters into the cell then phosphorylated by hexokinase but further glucose metabolism is prevented
by the fluorine atom and FDG is trapped inside the cell. Metabolically active cancer cells use more glucose and express higher levels of
glucose transporter (GLUT-1) than normal cells, hence, more FDG is
expressed in malignancies [32].

Current applications
Since the study of cancer cells in their normal environment within intact
living subjects is essential, PET is ideally suited for monitoring molecular events early in the course of a disease, as well as during pharmacological or radiation therapy. PET scans can be used to look at oncology indications, such as lymphoma, melanoma, lung cancer, colorectal
cancer, head and neck cancer, breast cancer, thyroid cancer, esophageal
cancer and others. PET is useful in systems biology studies related to
bone metabolism and metastasis.

Fig.3. CT scan of kidney cancer. Adapted from Cancer, Continence &
Robotics Surgery by Dr. Chin Chong Min [30].

Positron emission tomography (PET)
PET is a highly sensitive, minimally-invasive technology that is ideally
suited for pre-clinical and clinical imaging of cancer biology. By using
radioactive tracers, three dimensional images can be reconstructed to
show the concentration and locations of metabolic molecules of interest. PET is an espe¬cially sensitive imaging tool, which relies on the
unusually high rate of metabolic activity that occurs in cancer tissue
to pro¬duce three-dimensional images of particu¬lar functional processes. The combination of PET with CT or MR provides far superior
images, which help the radiologist to accu¬rately localise the active
cancer tissue to a particular site or organ.

Fig.5. Positron emission tomography (PET) scan of breast cancer.
Adapted from About cancer- PET Scans in cancer cases [33].

Advantages and limitations
PET with offers the advantage of providing high tissue resolution, without contrast agents or additional ionizing radiation. This is an important
advantage for patients with renal impairment because of superior tissue
contrast without imaging agents. It is also an advantage for imaging
of the urinary tract, because the high concentration of excreted iodine
4/8
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contrast agent, which hampers the appropriate attenuation correction
with contrast-enhanced CT combined with PET, is avoided.
Unlike computed tomography (CT) or magnetic resonance imaging
(MRI), which show anatomic detail, PET images biochemical or physiologic phenomena. Because of this, PET offers substantial advantages
over anatomic imaging modalities in oncologic imaging. PET can often
distinguish between benign and malignant lesions when CT and MRI
cannot. Combining CT and PET may provide a more complete picture
of a tumor’s location and growth or spread than either test alone. The
combined procedure may improve the ability to diagnose cancer, to determine how far a tumor has spread, to plan treatment, and to monitor
response to treatment. Combined PET/CT may also reduce the number
of additional imaging tests and other procedures a patient needs.
PET imaging alone has several limitations. There is low spatial resolution and difficulty interpreting abnormalities in the setting of physiological FDG uptake in normal anatomical structures, as well as normal
variants. In addition, not only does malignancy show abnormal uptake,
but other pathological processes including inflammation and infection
can also have prominent FDG uptake [34]. Also the degree of malignancy
correlates with the intensity of FDG uptake. Highly aggressive tumors
have intense uptake while less aggressive tumors such as prostate cancer or low grade lymphoma have only mild uptake. In addition, many
benign tumors, most notably thyroid adenomas and benign primary parotid tumors, may have intense focal uptake [35].
To compensate for all these limitations, CT was added to the PET scan
to provide both higher sensitivity as well as higher specificity. PET-CT
is currently used for initial staging of cancer, evaluating the response
to chemotherapy and radiation therapy, provide prognosis, and surveillance of recurrent disease. Combining PET with CT reduces the limitations of PET imaging alone, such as poor spatial resolution and difficulty in differentiating tumour from infection or inflammation. Since
functional imaging can provide much faster response than anatomic
changes to targeted therapies, PET has been incorporated in development of new cancer drug discovery and has been used in early clinical
trial development [36]. However, use of PET-CT has a relatively high
radiation exposure level that is often 2–3 times the administered FDG
radiation levels depending on the CT protocol used and may lack anatomic details in soft tissue of head and neck and pelvic structures [37].
Similarly, combined PET and MRI is currently being developed [38, 39].
MRI has shown to have higher sensitivity in soft tissue, head and neck
pathology, and pelvic disease, as well as, detecting small metastases
in the liver and bone compared to CT. Positron emission tomography
(PET) can early detect pathophysiological changes in affected tissues in
oncological patients, including patients with lung cancer (LC) or pleural tumours (PT) [40]. Combining MRI with PET allows for detection of
metastases that may have been missed with current imaging modalities.

Fig.6. PET-CT scan of cervix cancer. Adapted from: About cancer- PET
scans are even better than CT scans [41].

Compared to PET-CT, PET- MRI provides a better background image
with improved soft tissue contrast without radiation exposure. Moreover, integration of molecular and functional information generated
from PET and MRI could provide useful information in characterizing
the cancer. MRI provides high spatial resolution without ionising radiation. MRI is superior to CT for the detection of liver, bone marrow,
and CNS lesions [42, 43] and combined PET and MRI may prove better
than PET with CT in the diagnosis and management of cancers within
these anatomical regions [44-48]. Hybrid imaging utilizing PET-CT and
PET-MRI are novel imaging modalities that are changing the current
landscape in cancer diagnosis, staging, and treatment response.

Fig. 7. This MRI scan shows how cancer would grow in the future.
Adapted from rediff news October 2014 08:44 IST [49].
PET-MRI has a significant reduction in radiation exposure compared
to PET-CT which may benefit younger patients or patients that require
frequent repeat PET imaging. MRI offers superior soft tissue resolution compared to CT in rectal and pancreatic cancer. As novel hybrid
imaging technology improves, PET-MRI has great potential in the assessment of esophageal cancer, colorectal cancer, stomach cancer, and
pancreatic cancer in terms of primary lesion evaluation, nodal involvement, and liver metastases with a high degree of diagnostic accuracy
and specificity.

Optical imaging techniques
Optical imaging consists mostly of NIRF (near-infrared fluorescence),
reflectance imaging, and bioluminescence imaging. Optical imaging is
a novel imaging technique that uses near-infrared (NIR) light to assess
optical properties of tissues, and is expected to play an important role in
breast cancer detection. The light used in optical imaging is commonly
monochromic and in the near-infrared (NIR) range permitting imaging
up to several centimeters deep in soft tissue. Different tissue components have unique scattering and absorption characteristics for each
wavelength. NIR in the wavelength range of 600–1000 nm is used to
allow for sufficient tissue penetration. After passing through the breast,
the remaining light is registered by detectors and advanced computer
algorithms are used to reconstruct the images [50, 51].
Non-invasive, in-vivo optical imaging with activatable technology can
be achieved with near-infrared emission range agents. Such probes
include indocyanine-green, the absorption and emission peaks of indocyanine-green (780 nm and 820 nm, respectively) provide adequate
tissue penetration for non-invasive imaging and has lower associated
autofluorescence. Indocyanine-green-labelled activatable humanised
EGFR antibodies, which are approved by FDA, do not fluoresce. However, upon target binding and internalisation by tumour cells expressing
HER1 or HER2, the fluorescence intensity of the probe is regained, thus
selectively imaging tissues with specific molecular profiles [52].
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When fluorescent probes are excited by NIR light, they emit photons at
predefined wavelength ranges, detectable by an optical imaging system.
Until now, studies have focused on using the intrinsic optical properties
of the breast to visualize lesions without the use of fluorescent contrast agents. These studies described higher absorption for carcinomas
than for the surrounding parenchyma due to increased blood content
associated with angiogenesis [53–56]. In a malignant tumor, hemoglobin
concentration is directly related to angiogenesis, the key factor required
for tumor growth and metastases [57]. In addition, the proportions of oxyand deoxyhemoglobin change in such a tumor due to its metabolism [58].
By measuring concentrations of the breast components, discrimination
of benign and malignant tumors may be possible with diffuse optical
imaging.

the promise to improve outcome and reduce collateral effects. The most
desired improvements in cancer imaging include earlier detection of
disease, improved accuracy in molecular characterisation of tumours
and the tumour microenvironment, and earlier detection of response to
therapy. Molecular imaging and technology like positron emission tomography (PET) could be used more widely to discern the precise metabolism of cancer tumours, giving oncol¬ogists more detailed information regarding the nature of the cancer. The benefits imaging brings
to cancer care at present are clear. It allows the physi¬cian, in cooperation with the radiologist, to discern signs of cancer, non-invasively
and efficiently. Improvements within the field of medical imaging could
have the potential to buy valuable time for patients by pinpointing a
possible recurrence earlier than is cur¬rently possible. While this ability
by itself makes a huge impact on cancer care, it is constantly developing
and new techniques to improve patient care should emerge in the years
ahead.

References
[1] Weissleder R, Pittet MJ. Imaging in the era of molecular oncology.
Nat. 2008; 452(7187): 580–589.

Fig.8. An optical imaging technique help to reduce the number of unnecessary biopsies in breast cancer screening. As shown on the right,
the technique reveals the hemoglobin concentrations associated with
the formation and growth of tumors. A scan with the X-ray-based technique digital breast tomosynthesis is shown on the left. The arrow in
each image points to the 2-cm invasive carcinoma in the breast. Adapted from Athinoula A.Martinos Center for Biomedical imaging - Optical
imaging could lead to fewer biopsies in breast cancer screening by Gary
Boas February 9, 2015. [59].

Advantages and limitations
A novel optical spectroscopy-based imaging tools can provide real-time
imaging of human tissues in vivo to reveal the biochemical and/or molecular information; therefore they could significantly improve the identification of malignancies at curable stages in case of breast cancer [60].
Major advantages of optical imaging are that it does not use any radioactive components (as in PET) which can result in repeated use even in
young women, and that its sensitivity is very high (nanomolar to picomolar concentration range) compared to MRI, it is relatively inexpensive, and is easily accessible. However, this technique is still in a very
early phase of development. In contrast to X-ray, computed tomography
(CT) and positron emission tomography (PET), optical imaging uses
no ionizing radiation. Repeated imaging is therefore possible without
radiation risks.
Main challenges in optical imaging are depth penetration, signal quantification, and development, validation and approval of relevant imaging
agents for human use. Light penetration in tissue is limited, but with
the use of near infrared light, and the development of more sensitive
detection equipment, penetration in human tissue is now possible up to
15 centimeters deep.

Conclusion
Early detection, accurate staging and complete surgical removal are
crucial in order to successfully treat and potentially cure patients with
solid cancers. Where cancer is concerned, sooner is always better and
this is particularly true in terms of the initial detection of tumours and
recurrence following treatment. Hybrid imaging techniques are able to
supply complementary information for improved staging and therapy
planning. Image guided and targeted minimally invasive therapy has

[2] Kircher M F, Willmann J K. Molecular body imaging: MR imaging,
CT, and US. part I. principles. Radiology. 2012; 263(3): 633–643.
[3] Kircher M F, Willmann J K. Molecular body imaging:MR imaging,
CT, and US. Part II. Appl. Radiology. 2012; 264(2): 349–368.
[4] Kircher M F, Hricak H, Larson S M. Molecular imaging for personalized cancer care. Mol oncol. 2012; 6(2): 182–195.
[5] Juweid M E, Cheson B D. Positron-emission tomography and assessment of cancer therapy. The New England J of medicine. 2006;
354(5): 496–507.
[6] Gessner R, Dayton P A. Advances in molecular imaging with ultrasound. Mol Imaging. 2010; 9(3): 117–127.
[7] Blana A, Walter B, Rogenhofer S, Wieland WF. High intensity focused ultrasound for the treatment of localized prostate cancer: 5-year
experience. Urology. 2004; 63(2): 297–300.
[8] Ilovitsh T, Feng Y, Foiret J, Kheirolomoom A, Zhang H, et al.
Low-frequency ultrasound-mediated cytokine transfection enhances T
cell recruitment at local and distant tumor sites. Proceedings of the National Academy of Sciences. 2020; 117 (23): 12674.
[9] Ovarian cancer diagnosis using ultrasound which detect malignant
adnexal masses better than MRI. 2016.
[10] Deshpande N, Needles A, Willmann J K. Molecular
ultrasound imaging: current status and future directions. Clin Radiol.
2010; 65(7): 567–581.
[11] Kohl G. The evolution and state-of-the-art principles of
multis-lice computed tomography. Proceedings of the Am Thoracic
Soc. 2005; 2(6): 470–476. 499–500.
[12] Awulachew E, Diriba K, Anja A, Getu E, Belayneh F.
Computed Tomography (CT) Imaging Features of Patients with
COVID-19: Sys-tematic Review and Meta-Analysis. Hindawi
Radiology Research and Practice. 2020; 2020: 1-8.
[13] A 2-dimensional image of a brain tumour which allows the
neu-rosurzeon to assess the relationship between the tumour and the
motor
6/8

Dr. Satinder Pal Kaur Malhotra, (2020)
cortex and plan a safer operation. 2012.
[14] Lowe M P, Parker D, Reany O, Aime S, Botta M, et al. pH-dependent modulation of relaxivity and luminescence in macrocyclic gadolinium and europium complexes based on reversible intramolecular
sulfonamide ligation. J. Am Chem Soc. 2001; 123(31): 7601–7609.
[15] Rabin O, Manuel Perez J, Grimm J, Wojtkiewicz G, Weissleder R.
An X-ray computed tomography imaging agent based on long-circulating bismuth sulphide nanoparticles. Nat Mater. 2006; 5(2): 118–122.
[16] Kim C K, Park B K, Lee H M, Kwon G Y. Value of diffusion-weighted imaging for the prediction of prostate cancer location at
3T using a phased-array coil: preliminary results. Invest Radiol. 2007;
42(12): 842–847.
[17] Jacobs R E, Cherry S R. Complementary emerging techniques:
high-resolution PET and MRI. Current opinion in neurobio. 2001;
11(5): 621–629.
[18] Kim C K, Park B K, Lee H M, Kwon G Y. Value of diffusion-weighted imaging for the prediction of prostate cancer location at
3T using a phased-array coil: preliminary results. Invest Radiol. 2007;
42(12): 842–847.
[19] Islam T, Josephson L. Current state and future applications of
active targeting in malignancies using superparamagnetic iron oxide
nanoparticles. Cancer Biomark. 2009; 5(2): 99–107.
[20] Thorek D L, Chen A K, Czupryna J, Tsourkas A. Superparamagnetic iron oxide nanoparticle probes for molecular imaging. Ann Biomed
Eng. 2006; 34(1): 23–38.
[21] Harisinghani M G, Barentsz J, Hahn P F, Deserno W M,
Tabatabaei S, et al. Noninvasive detection of clinically occult lymphnode metasta-ses in prostate cancer. N Engl J Med. 2003; 348(25):
2491–2499.

screening in asymptomatic subjects of the general population: review
and recommendations, Cancer Imaging. 2020; 20: 34.
[30] CT scan of kidney cancer. Adapted from Cancer, Continence &
Robotics Surgery by Dr. Chin Chong Min.
[31] Positron emission tomography (PET) scans are used in the clinic
to assist with diagnosis and staging in lung cancer. Adapted from The
Aspergillus website blog-Pulmonary aspergillus: an alternative to lung
cancer after a positive PET scan.
[32] Ford EC, Herman J, Yorke E, Wahl R L. 18F-FDG PET/CT for
Image-Guided and Intensity- Modulated Radiotherapy. J. Nucl Med.
2009; 50(10): 1655–1665.
[33] Positron emission tomography (PET) scan of breast cancer. Adapted from About cancer- PET Scans in cancer cases
[34] Metser U, Even-Sapir E. Increased 18F-fluorodeoxyglucose uptake in benign, nonphysiologic lesions found on whole-body positron
emission tomography/computed tomography (PET/CT) Semin. Nucl.
Med. 2007; 37(3): 206–222.
[35] Griffeth L K. Use of PET/CT scanning cancer patients:Tech. and
pract. considerations. Proceedings. 2005; 18(4): 321–330.
[36] Kelloff G, Hoffman J M, Johnson B, Scher H I, Siegel B A, et al,
Progress and promise of FDG-PET imaging for cancer patient management and oncologic drug development. Clin. Cancer Res. 2005; 11(8):
2785–2808.
[37] Antoch G, Stattaus J, Nemat A T, Marnitz S, Beyer T, et al,
Non-small cell lung cancer: Dual modality PET/CT in preoperative
staging. Radiology 2003; 229(2): 526–533.

[22] Wunderbaldinger P, Josephson L, Bremer C, Moore A, Weissleder

[38] Judenhofer M S, Wehrl H F, Newport D F, Catana C, Siegel S B,
et al. Simultaneous PET-MRI: a new approach for functional and morphological imaging. Nat Med. 2008; 14(4): 459–465.

R. Detection of lymph node metastases by contrast-enhanced MRI in an
experimental model. Magn Reson Med. 2002; 47(2): 292–297.

[39] Pichler B J, Judenhofer M S, Wehrl H F. PET/MRI hybrid imaging:
devices and initial results. Eur Radiol. 2008; 18(6): 1077–1086.

[23] Kresse M, Wagneret S, Pfefferer D, Lawaczeck R, Elste V, et al,
Targeting of ultrasmall superparamagnetic iron oxide (USPIO) particles
to tumor cells in vivo by using transferrin receptor pathways. Magn
Reson Med. 1998; 40(2): 236–242.
[24] Choi H, Choi SR, Zhou R, Kung HF, Chen IW. Iron oxide
nanopar-ticles as magnetic resonance contrast agent for tumor imaging
via folate receptor-targeted delivery. Acad Radiol. 2004; 11(9): 996–
1004.
[25] Konda SD, Aref M, Brechbiel M, Wiener E C. Development of a
tumor-targeting MR contrast agent using the high-affinity folate receptor: work in progress. Invest Radiol. 2000; 35(1): 50–57.
[26] Antony AC. Folate receptors. Annu Rev Nutr. 1996; 16: 501–521.
[27] Lu Y, Low P S. Folate-mediated delivery of macromolecular anticancer therapeutic agents. Adv Drug Deliv Rev. 2002; 54(5): 675–693.
[28] Chaudhry AA, Gul M, Gould E, Teng M, Baker K, et al. Utility of
positron emission tomography-magnetic resonance imaging in musculoskeletal imaging. World J. Radiol. 2016; 8(3): 268–274.

[40] Lococo F, Muoio B, Chiappetta M, Nachira D, Ciavarella LP, et al.
Diagnostic Performance of PET or PET/CT with Different Radiotracers
in Patients with Suspicious Lung Cancer or Pleural Tumours according
to Published Meta-Analyses. Hindawi Contrast Media & Molecular Imaging 2020; 2020: 5282698.
[41] PET-CT scan of cervix cancer. Adapted from: About cancer- PET
scans are even better than CT scans.
[42] Domingues R C, Carneiro M P, Lopes F C R, Domingues R C,
Barbosa da Fonseca L M, Gasparetto E L, et al. Wholebody MRI and
FDG PET fused images for evaluation of patients with cancer. AJR Am
J Roentgenol. 2009; 192(4):1012–20.
[43] Lauenstein T C, Semelka R C. Emerging techniques: whole-body
screening and staging with MRI. J Magn Reson Imaging.2006; 24(3):
489–498.
[44] Beyer T, Weigert M, Quick H H, Pietrzyk U, Vogt F, et al. MRbased attenuation correction for torso-PET/MR imaging: pitfalls in
mapping MR to CT data. Eur J Nucl Med Mol Imaging. 2008; 35(6):
1142–1146.

[29] Zugni F, Padhani AR, Koh DM, Summers PE, Bellomi M, et
al. Whole-body magnetic resonance imaging (WB-MRI) for cancer
7/8

Dr. Satinder Pal Kaur Malhotra, (2020)
[45] Hofmann M, Pichler B, Scholkopf B, Beyer T. Towards quantitative PET/MRI: a review of MRbased attenuation correction techniques.
Eur J Nucl Med Mol Imaging. 2009; 36: 93–104.
[46] Hofmann M, Steinke F, Scheel V, Charpiat G, Farquhar J, et al.
MRI-based attenuation correction for PET/MRI: a novel approach combining pattern recognition and atlas registration. J. Nucl Med. 2008;
49(11): 1875–1883.
[47] Martinez-Moller A, Souvatzoglou M, Delso G, Bundschuh R A,
Chefd’hotel C, et al. Tissue classification as a potential approach for
attenuation correction in whole-body PET/MRI: evaluation with PET/
CT data. J Nucl Med. 2009; 50(4): 520–526.
[48] Zaidi H, Montandon M L, Slosman D O. Magnetic resonance imaging-guided attenuation and scatter corrections in three-dimensional
brain positron emission tomography. Med Phys. 2003; 30(5): 937–948.
[49] This MRI scan shows how cancer would grow in the future. Adapted from rediff news October 2014 08:44 IST.
[50] Arridge S R Schweiger M. Image reconstruction in optical tomography. Philosophical Transactions of the Royal Society B. 1997;
352(1354): 717–726
[51] Schweiger M, Nissil¨a I, Boas D A, Arridge S R. Image
reconstruc-tion in optical tomography in the presence of coupling
errors. Applied Optics, 2007; 46(14): 2743–2756.
[52] Ogawa M, Kosaka N, Choyke PL, Kobayashi H. In vivo
molecular imaging of cancer with a quenching near-infrared
fluorescent probe us-ing conjugates of monoclonal antibodies and
indocyanine green. Can-cer Res. 2009; 69(4): 1268–72.
[53] Floery D, Helbich TH, Riedl CC, Jaromi S, Weber M, et al. Characterization of benign and malignant breast lesions with computed tomography laser mammography (CTLM): initial experience. Investigative Radio.2005; 40(6): 328–335.
[54] Ntziachristos V, Yodh A G, Schnall M D, Chance B. MRI-guided diffuse optical spectroscopy of malignant and benign breast lesions.
Neoplasia. 2002; 4(4): 347–354.
[55] Tromberg BJ, Cerussi A, Shah N, Compton M, Durkin A, et al.
Diffuse optics in breast cancer: detecting tumors in pre-menopausal
women and monitoring neoadjuvant chemotherapy. Breast Cancer Res.
2005; 7(6): 279–285.
[56] Zhu Q, Cronin E B, Currier AA, Vine H S, Huang M, et al. Benign
versus malignant breast masses: optical differentiation with US guided
optical imaging reconstruction. Radiol.2005; 237(1): 57–66.
[57] Rice A, Quinn CM. Angiogenesis, thrombospondin, and ductal
carcinoma in situ of the breast. J.of Clin. Path. 2002; 55(8): 569–574.
[58] Vaupel P Harrison L. Tumor hypoxia: causative factors, compensatory mechanisms, and cellular response. Oncologist. 2004; 9: 4–9.
[59] Athinoula A.Martinos Center for Biomedical imaging - Optical imaging could lead to fewer biopsies in breast cancer screening by Gary
Boas. 2015.
[60] Pal UM, Saxena M, Vishnu GKA, Parsana D, Sarvani BSR, et
al. Optical spectroscopy-based imaging techniques for the diagnosis of
breast cancer: A novel approach, Applied Spectroscopy Reviews, 2020;
55(8): 778-804.
8/8

