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Abstract:

Gastrointestinal (Gl) ailments cover a wide variety of diseases involving the esophagus, stomach,
small intestine, large intestine or rectum. They bring about many inconveniences in daily life in
chronic diseases and can even be life-threatening in acute cases. Rapid and safe detection
approaches are essential for early diagnosis and timely managements. Contrast agents of Gl
imaging could enhance the contrast to distinguish the abnormal lesions from normal structures.
CT and MRI are two important diagnostic tools for the evaluation of Gl conditions. This review
mainly involves several common Gl diseases including inflammatory diseases, intestinal tumors,
diarrhea, constipation and gastroesophageal reflux diseases. Selected contrast agents are
summarized such as barium sulfate, iodine-based agents, gadolinium-based agents and others.
Going forward, continued endeavors are being made to develop more emerging contrast agents
for other imaging modalities.
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1. Introduction

Gastrointestinal (Gl) tract diseases are an extremely diverse group of conditions. For example,
Crohn’s disease (CD) and ulcerative colitis (UC) affect 1.2 million Americans with growing
incidence."? In the past, endoscopy and fluoroscopy were front-line diagnostic tests. However,
these techniques are limited to assessing the lumen and mucosal surface and are unable to
assess the submucosal layers of the bowel wall. Endoscopy is invasive, which is sub-optimal,
particularly if multiple follow-up studies are required over time.*=®! Other modalities for assessing
the bowel wall include cross-sectional imaging techniques such as computed tomography and
magnetic resonance imaging. Ultrasound (US) has also demonstrated a limited role. Numerous
studies demonstrate the performance of imaging such as magnetic resonance imaging (MRI),*"]
computed tomography (CT),®® and photoacoustic tomography (PAT)." However, anatomic
imaging techniques lack functional information. Molecular imaging of the bowel has the potential

to provide further functional information that would be useful for guiding management.
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The above-mentioned noninvasive imaging modalities have their own strengths and drawbacks.
For example, MRI and CT usually work in a complementary manner. The imaging time involved
in CT is short but the sensitivity is low and there is exposure to ionizing radiation, which is
concerning, especially in pediatric populations. On the other hand, MRI can provide high spatial
resolution but is expensive and time consuming.!" Molecular imaging is a rapidly emerging field
that encompasses various modalities, some of which overlap to form superior multi-modal
imaging necessary to diagnose, stage and treat conditions of all forms. Recent developments
have consisted of improving and combining modalities resulting in a product with more
sophisticated capabilities. Imaging of the Gl tract can play a pivotal role in the diagnosis and
treatment of these chronic diseases. There are a number of imaging modalities available to image
the Gl tract such as MRI, US, PAT, positron emission tomography (PET), and single photon

emission computed tomography (SPECT).

2 Common intestinal diseases

The gastrointestinal tract is an important organ in the human body and abnormal function causes
numerous diseases. Oesophageal diseases include gastroesophageal reflux diseases,
oesophagitis and others. Gastric diseases include gastritis, polyric stenosis, gastric antral
vascular ectasia and gastric cancers. Intestinal diseases include enterocolitis, inflammatory bowel
diseases, intestinal tumors, bowel obstruction, diarrhea and others. Below some common

intestinal diseases are summarized briefly (Table 1).
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Table 1: Examples of different imaging modalities for the diagnosis of various Gl ailments

1 Esophagus

a) Gastroesophageal reflux disease\
« CT (Barium sulfate) ['Z
+ MRI (Paramagnetic agents) ['*!
+ Endoscopy!'¥
b) Esophagitis
« CT (Barium sulfate) ['°
+  MRI(Gadolimium) ['€
+ Endoscopy ']
c) Esophageal Cancer
« CT (Betainhydrochlorid) ['3

+  MRI (Gadolinium) ['°

- PET(°F)

4 Large intestines

Colorectal Cancer
+ CT (lodinated contrast agent) [*']
« MRI (Paramagnetic contrast) 42
+  PET (Fluorodeoxyglucose) 43
+ Ultrasound (Microbubbles) 44

2.1 Inflammatory bowel diseases

2 Stomach

a) Gastric ulcer \
+ CT (Barium sulfate and air) 2]

+ Ultrasound (Cellulose-based agent) 122
b) Gastric bleeding
+ CT (Barium sulfate and air) (2%
MRI(Gadofosveset trisodium) [24
c) Gastric cancer

MRI (gadolinium chelates) [?°!
PET (18F-fluorodeoxyglucose) 127!

CT (Barium sulfate and air) [?°
\ + Ultrasound (SF6) 2

3 Small intestines

a) Small bowel cancer \
+ CT (lodinated agents) 12
b) IBD

CT (Barium sulfate) [30-31]
MRI(Gadolinium agents) 132
Ultrasound (Microbubbles) 3%

« Photoacoustic(Collagen) 4
c) Diarrhea

« CT (Water/lactulose) [*!

+  MRI (Gadolinium) (€

+ Ultrasound B7
d) Intestinal obstruction

« CT (Barium meal) [

« PAT (Nanonaps) "%

+ Ultrasound B

e) Bowel perforation
+ CT (lodinated contrast) 4

Inflammatory bowel disease (IBD) is an idiopathic inflammatory disease that impacts the

gastrointestinal tract. The major forms of IBD include Crohn’s disease (CD) and Ulcerative colitis

(UC). CD is characterized by mucosal inflammation, production of inflammatory mediators and

excessive neutrophils with crypts and lamina propria, whereas UC is characterized by

macrophage aggregates. These mucosal

immune responses are caused by genetic,

environmental and other factors. Genetically, it was found that NOD2, or designated CARD15

and IBD1 are susceptibility genes. Since then, a number of other loci were found to be implicated
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in IBD such as IBD5, IL23R and ATG16.°*" In addition, IBD was also associated with enteric
flora and it was found that the “healthy” bacteria or probiotic combinations can improve IBD

conditions.[484

2.2 Intestinal tumors

Cancers impact the Gl tract, including the esophagus, stomach and colorectal region. Small
intestine malignant tumor mainly includes adenocarcinoma, neuroendocrine tumors, sarcomas
and lymphomas. Adenocarcinoma of the small intestine, accounting for forty percent of all the
malignant small bowel cancers, mostly stems from duodenum, jejunum and ileum. Lymphomas
can be classified into three types, immunoproliferative small intestinal disease (IPSID) lymphoma,
enteropathy associated T cell (EATL) lymphoma and other western-type non-IPSID lymphomas.
In addition, coeliac disease could contribute to EATL lymphoma which may be derived from
chronic mucosal inflammatory response induced by gliadin exposure.®™® Carcinoid tumors could
be caused by serotonin that can be further transformed into malignant tumor. The factors below
are responsible for the malignancy: chromosomal instability, point mutations, dysfunction of tumor
suppressor pathways and methylation abnormalities. In addition, gastrointestinal stromal tumors
(GISTs) arise from interstitial cells of Cajal, mostly existing in stomach (60%-70%) and small
bowel (20%-25%), but there are a small number of GISTs in the duodenum (less than 5%).5°"
2.3 Diarrhea

Diarrhea is a type of irritable bowel syndrome (IBS) and IBS with diarrhea (IBS-D) accounts for
about 40% of IBS.%? The pathogenesis of IBS-D is closely associated with abnormal gut flora,
visceral hypersensitivity, dysfunctions in enteral motility, disorder in serotonin secretion, and
psychological stressors. In addition, other factors also could induce diarrhea such as change of
intestinal immune activation, alteration in intestinal permeability, adverse effects of medication
and gut microbiome such as bacterial, fungi, archaea, viruses and eukaryotes. Bacterial infection

can cause diarrhea symptoms, for example campylobacter, shigella nontyphoidal-salmonella, six
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subtypes of E. coli and clostridium perfringens. Rotavirus can cause severe diarrhea in infant and
children. Meanwhile, children with rotavirus infection could be treated with vaccination.!
Recently, many studies involving diarrhea treatment have been carried out. For example,
prebiotics could be used to inhibit the growth of potentially harmful bacteria and increase the
growth of bifidobacteria. Probiotics is able to reduce the visceral hypersensitivity and improve the
psychological symptoms. Furthermore, open-label rifaximin, an antibiotic has proven to be

significantly helpful in improving IBS-D symptoms with excellent safety and tolerability.** In

addition, alosetron treatment is a therapy method for the treatment of severe IBS-D for women.

2.4 Constipation

There is no clear definition of constipation but it could be defined as the condition of evacuating
stool spontaneously less than three times per week or incapability of evacuating stool
completely.®®>*® Constipation can be divided into three major types: normal-transit constipation,
slow-transit constipation and disorders of defecatory.” Typical symptoms of constipation include
the presence of hard stools or frequent sense of difficulty in evacuation. These can occur in
normal-transit and slow-transit constipation and they could be treated with dietary fiber.
Alternatively, osmotic laxatives should be used when the response of constipation to fiber therapy
is ineffective. For cases of severe constipation when both fiber and osmotic laxative fail, bisacodyl
or senna derivatives and prokinetic medications (e.g. tegaserod or a partial 5-hydroxytryptamine
4-receptor agonist) could be used.®® Defecatory disorders mostly arises from the dysfunction of
pelvic floor or anal sphincter. Defecatory disorders are associated with the transit of large, hard
stool or anal fissure or hemorrhoid. The corresponding methods of treating defecatory disorders
focus on biofeedback that can promote the entry of stool into the rectum.®® Other causes of
constipation include opioid use that can result in the delay of colonic transit, reduction of intestinal
motility and absorption, eventually forming constipation. Also, for chronic idiopathic constipation,

the relatively unbalanced expression of cyclic guanosine monophosphate (cGMP) signaling
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components can potentially cause constipation; meanwhile, the overexpression PDES5 can cause
refractory constipation as well, which could not be treated with linaclotide or plecanatide, but

PDES5 inhibitors can provide treatment for this type of constipation.®

2.5 Gastroesophageal reflux disease
Gastroesophageal reflux disease (GERD) is a digestive disorder that causes stomach contents

[60

to reflux back into the esophagus.®® GERD affects tens of millions of people worldwide and the

1 The cause of GERD is the abnormal

prevalence in North America is estimated to be 18-28%.
development of the lower esophageal sphincter (LES). Transient lower esophageal sphincter
relaxation (TLESRs) is the most common cause, because of the moments of LES tone inhibition,
particularly in postprandial phase, the occurrence of TLESRs becomes more frequent, leading to
acid reflux. In addition, other factors can also give rise to GERD such as the reduction of LES
pressure, delayed gastric emptying, hiatal hernias as well as impaired esophageal clearance.[62%%
The most common symptom of GERD is heartburn and other symptoms include bloating, belching,
nausea, and vomiting. If GERD is left untreated, complications may occur such as esophagitis
and Barrett’'s esophagus. Severe esophagitis can cause narrowing of the esophagus, erosions,
ulcerations and dangerous Gl bleeding. Chronic esophagitis may induce dysphagia. Another
complication of GERD, Barrett’s esophagus is caused by the persistent acid reflux condition, also
referred to as intestinal metaplasia of the esophagus, which may progress to esophageal
adenocarcinoma. Therefore, early detection and timely measurement are important to prevent

malignant transformation.®

3.1 Contrast agents for CT
Computed tomography (CT) or X-ray imaging are used as a standard Gl imaging method in many
instances. Radiocontrast agents are employed to absorb external X-rays for the decrease

exposure on the detector, providing contrast for imaging. Typical radiocontrast agents include
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iodine, barium sulfate and gadolinium-based compounds. Computed tomography colonography
(CT colonography), traditional double contrast barium enema (DCBE) and colonoscopy are
common approaches used to examine colons. Below we will briefly summarize some barium-

based imaging methods, DCBE, and CT colonography and others.

Figure 1 Computed tomography imaging of Gl using different contrast agents. a) Colon
visualization following a barium meal.’®® b) A submucosal tumor (arrows) detected by double-
contrast barium meal.” ¢) CT colonography following intravenous administration of
iohexol provides clear imaging of a corpus luteum cyst.%¢! d) Duodenal distension was
imaged by an iodinated contrast agent as shown by the bright regions.67]

3.1.1 Barium-based contrast agents

For the imaging of intestine, one of the imaging approaches is small bowel follow through (SBFT)
that uses fluoroscopy and barium-based (or iodine based) contrast agents to provide non-invasive
imaging of bowel diseases, bowel obstruction, polyps, cancers, neoplasm, blood in the stool and
others. When the contrast agents move from the stomach into intestine, X-ray imaging is used to
determine abnormalities. Historically, SBFT has been used as a standard radiologic approach for
the evaluation of active Crohn diseases.’*"! However, some studies also shows that SBFT is
not completely accurate.®®"% For example, enteroclysis is shown to be more accurate than SBFT
for the detection of early mucosal lesions.”"? But they both can only provide indirect and limited
information with respect to the state of the bowel, in addition, the effectiveness of these two

methods also are limited by the overlapping bowel loops.[>="®!
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A barium swallow test, also known as esophagram, is a barium examination of the throat and
esophagus. It can be used for the diagnosis of diseases such as esophageal motility disorders,
perforations, strictures, hiatal hernias or gastric volvulus. Barium sulfate is commonly used as a
contrast agent that can result in higher sensitivity compared to water soluble contrast agents such
as Gastrografin/diatrizoate. For patients with suspected gastroesophageal reflux disease (GERD),
barium esophagram examination is an essential part of patients’ workup process. Based on the
various symptoms and conditions of GERD patients, different density or forms of bariums can be
selected. A full esophgram examination includes various phases including timed barium swallow,
upright phase, motility phase, distension or full-column phase, mucosal relief phase, solid food
assessment and gastric findings. In the preoperative examination of barium esophagram, the
barium swallow could serve as the main means for dysphagia diagnosis resulting from the
dysmotility disorder of GERD. For severe dysphagia, barium swallow must be administered while
patients remain upright position, and a total of 250 mL low-density barium should be injected over
45 seconds before the spot film is taken. If high-density barium could not coat the esophagus of
patients adequately, the fold thickening of esophagus should be identified to diagnose the
esophagitis. In the reflux phase, it is important to keep barium reflux to the cervical esophagus in
a continuous, repeated and spontaneous manner. Solid food injection is another part before the
diagnosis. Administration of a 13-mm barium tablet with water can be carried out to ensure proper
tablet passage. Once the tablet passage is impaired, patients should inject low-density barium to

detect the precise site and cause./’®

The barium meal is used to image the stomach and small intestine, which is often carried out right
after a barium swallow examination. For example, a barium meal could be used to examine the
duodenum-biliary reflux (DBR) condition of patients with recurrent common bile duct stones
(CBDS). Prior to investigation, patients must undergo fasting for 6 to 8 hours and then receive 3

g aerogenic agents, and subsequently swallow 100 mL sulfate barium. When the barium meals
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moves, DBR can be observed in the supine position through fluoroscopy.’” Another example is
the barium suspension method that involves using 50 mL 200% (w/v) barium meal used for
determination of colonic transit time (CTT) to examine patients with slow-transit constipation
(STC). In general, the most popular method for STC measurement is radiopaque markers and
the evaluation of CTT is dispensable before surgical treatment of constipation. In comparison with
radiopaque markers, the location diagnosed by the suspension method is more accurate. The
colonic shape and location on the transit X-rays through barium suspension method could be
clearly visible (Figure 1a). More importantly, the barium suspension method is simple and
economical; the contrast agent of barium sulfate is easy to acquire and no other special drugs or
equipment is needed.’®® Although bowel obstruction was generally diagnosed by abdominal
roentgenogrames, it is difficult to differentiate bowel obstructions from proximal bowels filled with
fluid, partial obstruction, bowel strangulation or superior mesenteric artery syndrome. The barium
meal method can have rapid transit time to the obstruction position, detecting obstruction more

rapidly and clearly, which can also avoid the problems when using roentgenograms alone.®!

3.1.2 Double contrast methods

Double contrast barium enema is often applied to CT imaging of colon, and the gas administered
orally could help to distend the bowel for the contrast enhancement to better differentiate
abnormal morphology from normal tissues. ¥ Barium is used to outline the colon and rectum,
and air is pumped into the rectum and colon to further enhance the imaging by distending the
colon. Barium enemas can be used for the diagnosis of inflammatory bowel diseases, diverticulum
and intestinal structural changes. Double contrast barium meal (DCBM) is another form of
radiocontrast for the imaging of colon and rectum, using two contrast agents to visualize the
intestinal structure more easily. DCBM can be used to acquire CT imaging of gastro tumor. An
effervescent powder was orally administered to distend gastro tissue adequately. And butyl

scopolamine was intramuscularly injected in order to minimize peristaltic activity.”® Double
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contrast barium meal can also be used for examination of acute upper gastrointestinal bleeding.
By the double contrast barium meal technique, 70% of the presumed bleeding sites were
identified. The radiological features were also clearly seen including blood clot located in the ulcer,
an artery in the base of ulcer and active bleeding during the course of the examination.® In
addition, DCBM can also be used for the evaluation of gastric tumors, as shown in Figure 1b;
Double contrast barium meal can image a submucosal tumor with mucosa coating in a 59-year-
old woman with gastrointestinal stromal tumors.* Similarly, gadolinium chelate substances were
also intravenously administered to enhance the sensitivity of MRI imaging in Gl. This type of
double contrast method can have the most benefits for the diagnosis of inflammatory process of

the bowel. 9

3.1.3 Computed tomographic colonography (CTC)

Computed tomographic colonography (CTC), or termed colonoscopy is an emerging radiological
technique for the imaging of intestine, mostly of large bowel. It is recommended as a screening
test®8 and used for the investigation of patients suspected with colorectal cancer.®? For gut
imaging, many studies have compared barium enema, colonography and CT colonography. In
general, CTC has higher sensitivity than barium enema and patients mostly prefer it over barium
enema.® CTC uses X-rays and computers to generate 2-D or 3-D images of the colon and the
rectum. It can be used for the evaluation of polyps, diverticulosis and cancers. During imaging, a
small tube for inflation with gas (e.g. carbon dioxide) is inserted into the rectum. Intravenous
contrast agent could be used for the enhancement to better distinguish between the stool and
submerged polyps, as well as flat or assessible polyps that are easy to be overlooked. For
example, in order to determine if intravenous contrast is necessary for detection of extracolonic
findings, iohexol (Ominipaque™ 350) was used as intravenous contrast agent for the patients

undergoing CT colonography (CTC). It was found that with iohexol intravenously administered,
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additional extracolonic findings (extracolon cysts) are found (Figure 1c), even though no increase

in number of patients with significant lesions was observed.®®

3.1.4 lodine as contrast for CT

Bowel cleansing and distention are important for intestinal imaging such as computed
tomographic colonography. Fecal tagging by orally administered contrast agents can be used for
the differentiation of fecal materials from polyps. lodinated contrast agent can be used as tagging
agent of residual feces in bowel and iodinated contrast could be classified into nonionic iodinated
contrast and ionic iodinated contrast. Both nonionic and ionic iodinated contrast generally have
better performance than barium-based contrast in terms of the tagging homogeneity of feces
material and the attenuation detection values.®* Nonionic iodinated contrast could be used safely
for the case of gastrointestinal tract perforation because of its rapid absorption process.*” The
outstanding features include low risk of dehydration, diarrhea and good patient compliance. On
the other hand, the cost might be expensive compared with barium and ionic iodinated contrast.
Compared to other contrast agents, iodine-based contrast agents are well-tolerated and can
achieve satisfactory bowel distention and fold visibility (Figure 1d).°” For lonic iodinated contrast
agents, except for high safety and water solubility that are similar to nonionic contrast, tagging
performance for bowel is superior to nonionic ones. However, high concentration of ionic iodinated
contrast agents can cause gastrointestinal discomfort such as nausea, vomiting, cramps, diarrhea
and poor taste, hence small quantity of ionic iodinated contrast is recommended in fecal tagging

of CT bowel.[®

3.2 Contrast agents for MRI
Compared with other imaging tools, MRI has excellent characteristics such as minimal ionizing

86,87

radiation, noninvasiveness and high resolution.®®"! |ntraluminal contrast agents of Gl can

enhance the contrast of bowel and pancreas and especially the bowel wall. An ideal intraluminal
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Table 2: Comparison of different imaging modalities and common contrast agents

Imaging
modality

CT

MRI

PET

Ultrasound

Fluorescence

Photoacoustic

Examples of Contrast
agents
Barium mealt
DCBM
lodinated agentt

38,41]

85]

Gadolinium agents?®?
Barium sulfate €88
Water®%

Natural contrast agents®®"%

18 [(27.43]
640 [1093]

Microbubbles®

ICG®!
Red chlorophyil!
Pheophytin !

96]

Naphthalocyanines!"”

Pheophytin®®

Advantages

High resolution;
High acquisition speed;
Low cost

Minimal radiation;
Noninvasiveness;
High resolution

High sensitivity;
High specificity;
High resolution

Non-invasiveness;
Low cost;
High safety profile

High sensitivity;

Easy operation;

Noninvasiveness;
High resolution

Disadvantages

Radiation exposure

Time consuming

High cost

Poor sensitivity

Susceptive to interference,
Very poor penetration
depth

Restricted penetration
depth

contrast agent for Gl imaging needs to meet these criteria below: 1) should have good patient

compliance, for example, they are palatable, easy for administration and do not stimulate

peristalsis. 2) contrast agent must not be absorbable systematically or diffuse into the adjacent

tissues or organs and ideally, they are able to excrete from Gl tract in a timely manner; 3) the

enhancement characteristics of agents need to be unchanged and the homogenous marking of

Gl is preferred while going through Gl tract. 4) High sensitivity, specificity and safety profile but

low cost are desired.”! In general, intraluminal MRI contrast agents for gastrointestinal imaging

can be classified into positive contrast agent and negative contrast agents.!®®*! Positive contrast

agents can contribute signal to bowel lumen whereas negative contrast agents reduce signal

associated with lumen. Positive contrast agents include paramagnetic substances such as
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el and ferric ammonium citrate!'°". Negative contrast agents include

gadopentetate dimeglumin
clays (e.g. kaolin'®?), iron oxides”*'%, magnesium sulfate!"®, barium sulfate®. To obtain
optimal MR imaging, intraluminal contrast agent should display high T1-weighted signal intensity
and low T2-weighted signal intensity. Also, biphasic agents can show positive and negative
effects for signal intensity; some representative biphasic agents are as follows: clay suspensions,
paramagnetic chelates and manganese chloride. Some foodstuff agents have also used as
intraluminal imaging because of their advantages such as low cost, miscibility and positive
enhancement effects on both T1- and T2- weighted images. In addition, some natural products
such as green tea and blueberry may be used for the enhancement of Gl tract because they
contain high manganese concentration®®" %!, In addition, miscible agents or immiscible agents

are used to mix or replace the bowel contents. Below some representative examples will be

mentioned.

Figure 2: Magnetic resonance imaging using various contrast agents. a) The parietal
enhancement of the distal ileal loop (arrows) was depicted with administration of gadolinium
chelate intravenously.®® b) MR Enterography examination with oral administration of barium
sulfate displayed a smooth enhancement of the wall of loop of sigmoid (arrow).[*®1'%¢! ¢) Small-

£ 1107

I'd) Imaging of

[92]

bowel loops and folds were clearly seen using water as a contrast agen
stomach after gavage of blackberry as a positive contrast agent as shown in the bright region.
3.2.1 Gadolinium-based agents

Gadolinium-based contrast agents are likely the most commonly used compound for MRI contrast
enhancement. They can be administered orally for Gl tract scans or intravascularly for most other

scans. There are many gadolinium-containing contrast agents are commercially available

14
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including gadoterate, gadodiamide, gadobenate, gadoteirtol, gadofosveset, godopentetate,
gadoversetamide, gadobutrol, gadoxetate. Also, there are many oral contrast agents that have
been developed for Gl imaging. For example, gado-based contrast agents were used for the
diagnosis of patients with Crohn’s disease (CD).*? To diagnose inflammation of the distal ileum
in children with CD and to differentiate them from other inflammatory intestinal diseases,
gadolinium chelate was intravenously administered as a bolus with a dose of 0.1 mmol/kg body
weight. Polyethylene glycol (PEG) solution (CE-PEG-MRI) was orally given for small bowel
distention. Seventy-five children with suspected CD participated in this study. In all CD patients,
an increased wall thickness and parietal contrast enhancement were observed. In addition,
gadolinium enhanced MRI could also be used to differentiate active CD from ulcerative colitis

(Figure 2a).

Similarly, cystic fibrosis (CF) could also be diagnosed by the same approach, CF is a disease that
is associated with pancreatic enzymes. To evaluate the effect of pancreatic enzymes on CF, MR
imaging was applied for monitoring the pathologic condition of CF in twenty-five patients.!'%! In
this study, FezO4 and Gadopentetate dimeglumine GD-DTPA (0.2 mmol/kg of body weight) were
used as contrast agents. MRI findings showed that a wall thickening of the terminal ileum and
ascending colon was found in twenty-two patients; Nine of them showed hyperintensity of bowel
wall on T2-weighted sequences; Wall enhancement was observed in 13 patients after intravenous
administration of gadolinium on T1-weighted fat-suppressed sequences. Then the therapeutic
adjustment over 3 months was carried out and therapeutic adjustment with pathologic

improvement could be seen clearly by MRI.

Sufficient distention of the intestine is important for the imaging of gut. In another gadolinium-
based contrast agent example, a new distention agent was proposed.'” A non-invasive

distention method using ispaghula was used for MR imaging of intestine. For every dose, 5 mL

15
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meglumine gadoterate (0.5mol/L) was mixed with ispaghula (0.2kg/kg of body weight). The
mixture was orally administered four hours prior to MRI in ten volunteers. It was shown that the
mixture can achieve excellent intestinal lumen distension, homogeneous distribution of contrast
signal. And the intraluminal bowel content can be better differentiated from surrounding tissues

with less artefacts.

3.2.2 Barium sulfate contrast agent

Barium sulfate is another important contrast agent for MR imaging of intestine.®®#°! Barium sulfate
in high concentration acting as negative contrast agent can be used to decrease intraluminal
signal intensity on T2-weighted MRI. The bowel wall is able to be detected by MRI using barium
sulfate because of decreased signal intensity of the bowel lumen resulting in the enhancement of
bowel wall thickness. As such, barium sulfate, as a negative contrast agent, can be used to
visualize inflamed bowel wall and circumambient fat."'% For assessing pediatric CD, Magnetic
resonance enterography (MRE) is commonly used because of minimal radiation exposure and
output excellent images.['% Barium sulfate with sorbitol (0.1%) was employed as contrast agent
that is administered orally in 119 children with CD on the MRE scans operated on a present-
generation 3-Tesla MRI system. A bottle (450 cm?®) of the contrast mixture was administered 90
min prior to imaging and one more bottle was administered 30 min before imaging. Smooth wall
enhancement of the sigmoid loop in patients with chronic CD was observed with barium sulfate
orally administered as contrast agent (Figure 2b). Furthermore, C-reactive protein (CRP),
erythrocyte sedimentation rate (ESR), platelets and albumin were described to evaluate the active
inflammation and erythema. Friability were depicted to evaluate the mild mucosal diseases. The
active inflammation of children with CD on MRE showed a higher CRP, ESR and platelets and a
lower albumin, which is in agreement with the presence of ulcers on endoscopy, however, data

of MRE displayed a poor agreement with mild mucosal, hence MRE with barium sulfate
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enhancement is able to assess moderate to severe mucosal diseases as well as inflammation of

small bowel and colon in CD.

Recently, a mixture of ferumoxsil and barium sulfate was used for fecal tagging in MR
colonography. Using intravenous administration of that contrast mixture in T1-weighted MRI of
colon could enhance fecal tagging, so that polyp can be clearly seen at the range of over 6 mm
with high accuracy with respect to both sensitivity and specificity.!"'"! Another example was that
for the comparison of MR colonoscope (MRC) comparing with conventional colonoscope (CC),
200 mL of a contrast mixture (barium sulfate/ferumoxsil) was selected as fecal tagging agent in
MRC and was injected with four meals each day two days prior to MRC. Among all the patients,
the discomfort rating of MRC is significantly lower than that of CC and the acceptance degree of
experiment using contrast mixture for fecal tagging is higher than that of bowel purgation,!''?
although an earlier it was found that barium sulfate/ferumoxsil could cause nausea, the discomfort
degree is lower than barium sulfate alone, which may be ascribed to the thinner texture and better
taste of ferumoxsil than barium sulfate.'"® Hence, MRC examination with ferumoxsil/barium

sulfate for fecal tagging is preferred to CC.

3.2.3 Water as a contrast agent

External magnetic fields cause the hydrogen nuclei of water to become polarized, hence water
can be used as contrast agent for intestinal MRI. MR imaging of the small bowel was reported to
acquire information on bowel obstruction and other various pathologic conditions!"'*'". However,
due to lack of a large quantity of intestine fluid, the small bowel lumen has not been well visualized.
In such case, water can be used as a contrast agent to more clearly image the bowel lumen and
bowel folds using a fast advanced spin echo sequence, a method similar as half-Fourier

acquisition single-shot turbo spin echo (HASTE) (Figure 2¢)."") Water was also used as contrast
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agent in the MRI evaluation of small bowel obstruction and extraluminal changes in Crohn’s

diseases.®’

Although MRI has many excellent characteristics for gut imaging, slow acquisition speed makes
imaging of dynamic processes challenging. As such, higher performance gradient subsystems
could achieve sub-second imaging acquisition speeds to capture bowel peristalsis. Rapid
acquisition with relaxation enhancement (RARE) based sequences could generate imaging
based on the native contrast alone, termed MR hydrography.''"'® For example, water contrast
medium can solve the MRI limitation in assessing the luminal small bowel using rapidly heavily
T2-weighted techniques. 1-2 L water was administered orally in eight volunteers and MRI images
of the duodenum, jejunum and ileum were clearly depicted with apparent valvulae conniventes,
providing valuable information to identify the strictures and intraluminal abnormalities of small
bowel.""! Also, mannitol and locust bean gum and a combination of these two could be used in
combination with water for better imaging of the small bowel, since they can increase distension
of the small bowel and decrease water reabsorption. Water contrast has minimal side effects, is

inexpensive and enables accurate delineation of bowel loops.[''®

3.2.4 Others

Natural contrast agents can be present in the form of fruit juice, pulps or tea, which have been
found to have minimal side effects but better palatability compared with artificial ones.!"'® For
example, Euterpe Oleracea (Acai) significantly enhanced the contrast of MRI in the GI.°? Another
fruit contrast example is blueberry juice, that can also enhance the contrast when the dosage is
adequate, but the application of blueberry is limited due to the high cost and low availability.!°"
Moreover, it was reported that blackberry has excellent performance in enhancing contrast

efficacy in T1-weighted MRI of Gl, because of the content of paramagnetic metal in blackberry.

A significant positive contrast of stomach was clearly seen after injection of 200 g blended
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blackberry as contrast agent (Figure 2d).['?? In addition, it was found that pineapple juice marked
with gadolinium could suppress the signal intensity of stomach or duodenum."?"! A recent screen
of 200 foodstuffs identified roasted barley as a promising photoacoustic contrast agent in mice
and human.['?? Another imaging example is '°F-magnetic resonance imaging that highly selective
images of Gl tract can be generated using perfluorononan on a mouse model. Each mouse was
orally gavaged 0.3 mL of perfluorononane after fasting for 1h. Subsequently, '°F resonator was
used for MR imaging with prone position. Perfluorononane has been approved to be an ideal
contrast agent with excellent properties such as biochemical inertness, immiscible characteristics
with water, high content of fluorine, low viscosity and good surface tension. Especially the low
viscosity and surface tension are significant for forming perfluorononane film covering the mucosa.
In addition, perfluorononane administered in large quantity is found to be well tolerated and safe
for the delineation the Gl tract. Compared with 'H-MRI, "*F-MRI could better differentiate between
contrast agents and proton voids and eliminate the deficiency of 'H-MRI, displaying strong

positive contrast effects with a high spatial resolution.!'?124

4 Perspectives

Beyond MRI and CT, there are some emerging imaging methods that can achieve great imaging
quality (e.g. fluorescence and photoacoustic imaging). For example, ICG was intravenously
administered and secreted into bile from liver, therefore, it can be used as contrast agent to enable
the fluorescence imaging of intestine. Using this approach, intestinal motility can be quantified by
dynamic NIR fluorescence imaging.®® In addition, red chlorophyll was also used to non-invasively
and dynamically image the intestinal motion. Peristaltic and segmental motion could effectively
observed in mice, providing a method to monitor motility disorders.®® Recently, a novel low
temperature surfactant stripping method was develop to generate the most absorbing materials

[0

as the first contrast agent for photoacoustic imaging of intestine (Figure 3a).l'” The contrast agent

was termed nanonap or induced frozen micelles (infroms). Nanonap was made by

19

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201800589

naphthalocyanines encapsulated in pluronic micelles. Because micellization process of pluronic
is temperature sensitive, excess surfactant could be removed at low temperature after excess
micelles turn into unimers. As a result, low temperature processing generates purified and
concentrated nanonaps with tunable wavelengths (Figure 3b), which can provide ideal and strong
contrast for photoacoustic imaging of intestine (Figure 3c). Moreover, ®*Cu can be chelated in the
center of naphthalocyanines, nanonaps could be also used for contrast agent for positron
emission tomography (PET) imaging (Figure 3d). Furthermore, using the low temperature
processing method, pheophytin extracted from naturally existing dyes in green vegetables can
also be encapsulated in pluronic micelles. Pheophytin informs, unlike the first generation of
nanonap, can also be used as contrast agent for fluorescence imaging, besides photoacoustic
imaging and PET (Figure 3e-g).*® Therefore, informs represent a novel nanoplatform that can
be used for the multimodal imaging of intestine.!'” Beyond that, other novel imaging strategies

are also adding new possibilities to field of theranostics and molecular imaging.['2>-13%

Generally, there are several considerations when choosing a contrast agent for intestinal imaging:
1 it should have superior Gl physiological stability. Given the acidic condition in the stomach and
enzymatic environment in intestine, an ideal contrast agent should maintain its physiological
stability in the harsh condition with minimal systemic absorption. For example, perfluorooctyl
bromide was the first oral contrast agents approved by FDA that can rapidly move through the Gl
tract without systemic absorption!™"; 2 It should have high safety profile. For example,
introduction of heavy metals into body can cause safety concerns, despite the proven track record
of barium for gutimaging. It has been shown that oral administration of silver nanoparticles leads
to significant accumulation of silver in the liver and kidney.[*¥ Some contrast agents are found to
be associated with adverse effects such as nausea, vomit, diarrhea or dysentery, which should

be avoided;"** 3 It should provide good contrast with high sensitivity and specificity. For example,

MRI contrast agents should either greatly enhance the bright areas by shortening the T1
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relaxation time or obtain darken areas by shortening of T2 relaxation time. ®”! Also, for better
enhancement, intravenous agents were also used to improve the sensitivity in the double contrast
method. 4 Other considerations include wide availability, easy preparation procedure, low cost.
Also the contrast agent itself should not stimulate peristalsis or be associated with artifacts. Ideally
it should evenly distribute in GL.I""® Compared to other administration routes, ingestible contrast
agents have better patient compliance, however, there are also many challenges and limitations
when designing ingestible contrast agents. Besides Gl physiological stability, safety is another
issue when using ingestible contrast agent. For example, some adversely side effects such as
nausea, vomiting, diarrhea and hypersensitivity reaction might be induced. "** Also, after
administration of Gadopentate dimeglumine or Gadodiamide, the accumulation of gadolinium was

observed in cerebral tissues. ['*°

The Gl tract represents one of the biggest and most complicated organ, and is associated with
numerous diseases. CT and MRI are the most common imaging modalities and there are many
potential future directions for the diagnosis of the Gl diseases such as precisely targeting
diseased sites, designing smart contrast agents and multimodal imaging methods. For example,
gadolinium-acid was loaded in chitosan nanoparticles that can be used for targeted detection of
colon mucosa diseases by MRI."**! Electrospun core-shell fibers was also designed for sustained
release of contrast agent and for the detection of colonic abnormities.!'*”! Some emerging
magnetic nanoparticles such as superparamagnetic nanoparticles enabled multiple imaging
modalities including optical coherence tomography, photoacoustic and ultrasound. ['*® Therefore,
smart contrast agents for targeting multimodal imaging show promise for the diagnosis of Gl

diseases more accurately and comprehensively.
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a) Pluronic F127 micelles Nc addition CMC switching (4 °C) Remove free F127
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Figure 3: Emerging contrast agent, induced frozen micelles (termed infroms or nanonaps)
used as contrast agent for gut imaging.''>%® a) Schematic illustration of formation of infroms
by nanoprecipitation and low-temperature CMC switching process; b) Digital photo of nanonaps
with various wavelengths; ¢) Depth-encoded, 3-D photoacoustic images of intestine; d) PET
imaging of intestine using nanonaps as contrast agent; e) Fluorescence imaging of intestine using
pheophytin infroms as contrast agent; f) Photoacoustic imaging of intestine using pheophytin
infroms as contrast agent; g) PET imaging of intestine using pheophytin infroms as contrast agent.
5 Conclusion

Biomedical imaging for the evaluation of Gl tract diseases remains an important clinical diagnostic
service and has attracted much attention past decades. MRI contrast agents have gained focus
since there is no ionization radiation involved. CT and CT colonography with barium remains a
standard approach. Future research should be focused on improving the imaging capabilities and
targeting efficacy for improved imaging results. More efforts have been directed towards the

development of universal contrast agents which can be used for multiple imaging techniques.

Also, clinical translation of the contrast agents developed in the laboratory are strongly
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encouraged since most of the contrast agents never get translated from bench to clinic. There
might be several reasons for this including but not limited to toxicity, complex design and cost
effectiveness. Incorporating multiple ligands for multimodal imaging could be a new direction for

exploration.

References:

[1]1 M. D. Kappelman, K. R. Moore, J. K. Allen, S. F. Cook, Dig. Dis. Sci. 2013, 58, 519-525.
[2] N. A. Molodecky, S. Soon, D. M. Rabi, W. A. Ghali, M. Ferris, G. Chernoff, E. |. Benchimol,
R. Panaccione, S. Ghosh, H. W. Barkema, et al., Gastroenterology 2012, 142, 46-54.

[8] M. S. Gee, M. G. Harisinghani, J. Magn. Reson. Imaging 2011, 33, 527-534.

[4] G. Costamagna, S. K. Shah, M. E. Riccioni, F. Foschia, M. Mutignani, V. Perri, A. Vecchioli,
M. G. Brizi, A. Picciocchi, P. Marano, Gastroenterology 2002, 123, 999—-1005.

[5] A.L.Buchman, F. H. Miller, A. Wallin, A. A. Chowdhry, C. Ahn, Am. J. Gastroenterol. 2004,
99, 2171-2177.

[6] L. R. Carucci, M. S. Levine, Gastroenterol. Clin. North Am. 2002, 31, 93—117.

[7] D. K. Kadayakkara, S. Ranganathan, W.-B. Young, E. T. Ahrens, Lab. Invest. 2012, 92,
636-645.

[8] K. M. Horton, E. K. Fishman, Radiol. Clin. North Am. 2003, 41, 199-212.

[9] S. R. Paulsen, J. E. Huprich, J. G. Fletcher, F. Booya, B. M. Young, J. L. Fidler, C. D.
Johnson, J. M. Barlow, F. Earnest IV, Radiographics 2006, 26, 641-657.

[10]Y. Zhang, M. Jeon, L. J. Rich, H. Hong, J. Geng, Y. Zhang, S. Shi, T. E. Barnhart, P.
Alexandridis, J. D. Huizinga, et al., Nat. Nanotechnol. 2014, 9, 631-638.

[11]J. Rieffel, U. Chitgupi, J. F. Lovell, Small 2015, 11, 4445-4461.

[12]B. E. Lacy, K. Weiser, J. Chertoff, R. Fass, J. E. Pandolfino, J. E. Richter, R. |. Rothstein, C.
Spangler, M. F. Vaezi, Am. J. Med. 2010, 123, 583-592.

[13]J. Curcic, A. Schwizer, E. Kaufman, S. Banerjee, A. Pal, Z. Forras-Kaufman, M. Fried, W.
Schwizer, P. Boesiger, A. Steingoetter, et al., Gastroenterology 2012, 142, S-92-S-93.

[14]V. K. Sharma, Gastroenterol. Clin. North Am. 2014, 43, 39-46.

[15]M. J. Nelson, F. H. Miller, N. Moy, A. Zalewski, N. Gonsalves, D. L. Gregory, I. Hirano,
Gastrointest. Endosc. 2018, 87, 962—-968.

[16]M. Dumont, L. Conklin, R. Sze, R. Fernandes, Pediatric Radiology, 2014, 44, S74.

[17]H. Neumann, K. Ménkemdiller, Video J. Encycl. GI Endosc. 2013, 1, 23-24.

[18]K. I. Ringe, S. Meyer, B. P. Ringe, M. Winkler, F. Wacker, H.-J. Raatschen, Eur. J. Radiol.
2015, 84, 215-220.

[19]S. E. Heethuis, P. S. van Rossum, I. M. Lips, L. Goense, F. E. Voncken, O. Reerink, R. van
Hillegersberg, J. P. Ruurda, M. E. Philippens, M. van Vulpen, Radiother. Oncol. 2016, 120,
128-135.

[20]P. S. N. Van Rossum, A. van Lier, I. M. Lips, G. J. Meijer, O. Reerink, M. van Vulpen, M.
Lam, R. van Hillegersberg, J. P. Ruurda, Clin. Radiol. 2015, 70, 81-95.

[21]A. H. Baghdanian, A. A. Baghdanian, S. Puppala, M. Tana, M. A. Ohliger, in Semin.
Ultrasound CT MRI, Elsevier, 2018, pp. 183-192.

[22]Z. Liu, J. Guo, S. Wang, Y. Zhao, Z. Liu, J. Li, W. Ren, S. Tang, L. Xie, Y. Huang,
Ultrasound Med. Biol. 2017, 43, 1364—-1371.

[23]G. M. Fraser, Clin. Radiol. 1978, 29, 625-634.

23

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201800589

[24]R. F. Hanna, W. F. Browne, L. G. Khanna, M. R. Prince, E. M. Hecht, Clin. Imaging 2015,
39, 1052—-1055.

[25]B.-B. Chen, P.-C. Liang, K.-L. Liu, J.-K. Hsiao, J.-C. Huang, J.-M. Wong, P.-H. Lee, C.-T.
Shun, Y. Ming-Tsang, J. Formos. Med. Assoc. 2007, 106, 943—-952.

[26]L. Ma, X. Xu, M. Zhang, S. Zheng, B. Zhang, W. Zhang, P. Wang, Magn. Reson. Imaging
2017, 37, 27-32.

[27]C. Marcus, R. M. Subramaniam, PET Clin. 2017, 12, 437-447.

[28]M. Filip, S. lordache, A. Saftoiu, Video J. Encycl. GI Endosc. 2013, 1, 164—-166.

[29]L. Hristova, V. Placé, J. Nemeth, M. Boudiaf, V. Laurent, P. Soyer, Clin. Imaging 2012, 36,
104-112.

[30]S. S. Lee, A. Y. Kim, S.-K. Yang, J.-W. Chung, S. Y. Kim, S. H. Park, H. K. Ha, Radiology
2009, 251, 751-761.

[31]S. P. L. Travis, E. F. Stange, M. Lémann, T. Oresland, Y. Chowers, A. Forbes, G. D’Haens,
G. Kitis, A. Cortot, C. Prantera, et al., Gut 2006, 55, i16—i35.

[32]A. Laghi, O. Borrelli, P. Paolantonio, L. Dito, M. B. de Mesquita, P. Falconieri, R.
Passariello, S. Cucchiara, Gut 2003, 52, 393-397.

[33]R. Wilkens, A. Wilson, P. N. Burns, S. Ghosh, S. R. Wilson, Ultrasound Med. Biol. 2018, 44,
2189-2198.

[34]G. Xu, L. A. Johnson, J. Hu, E. Rodansky, J. R. Dillman, X. Wang, P. Higgins,
Gastroenterology 2015, 148, S-581-S-582.

[35]M. El-Kalioubie, R. Ali, Egypt. J. Radiol. Nucl. Med. 2015, 46, 275-286.

[36]R. M. Yazdani, S. Kayfan, J. Cao, R. L. Clarke, C. M. Pfeifer, Radiol. Case Rep. 2019, 14,
75-78.

[37]C.-P. Chen, M.-C. Chiang, T.-H. Wang, C. Hsueh, S.-D. Chang, F.-J. Tsai, C.-N. Wang, S.-
R. Chemn, W. Wang, Taiwan. J. Obstet. Gynecol. 2010, 49, 487—-494.

[38]S. Y. Han, H. L. Laws, J. S. Aldrete, South. Med. J. 1979, 72, 1519-1523.

[39]M. Gottlieb, G. D. Peksa, A. V. Pandurangadu, D. Nakitende, S. Takhar, R. R. Seethala,
Am. J. Emerg. Med. 2018, 36, 234-242.

[40]F. Laerum, A. Stordahl, K. E. Solheim, J. R. Haugstvedt, H. E. Roald, K. Skinningsrud,
Invest. Radiol. 1991, 26, S177.

[41]G. A. Jiménez Londoio, A. M. Garcia Vicente, V. Sanchez Pérez, F. Jiménez Aragon, A.
Ledn Martin, J. M. Cano Cano, E. Dominguez Ferreras, O. V. Gbmez Lépez, J. Espinosa
Arranz, A. M. Soriano Castrejon, Eur. J. Radiol. 2014, 83, 2224-2230.

[42]M. P. van der Paardt, J. Stoker, Radiol. Clin. North Am. 2018, 56, 737—-749.

[43]S. T. Laurens, W. J. Oyen, PET Clin. 2015, 10, 345-360.

[44]J. L. Freeling, K. Rezvani, Mol. Ther.-Methods Clin. Dev. 2016, 3.

[45]J. Hampe, A. Franke, P. Rosenstiel, A. Till, M. Teuber, K. Huse, M. Albrecht, G. Mayr, F. M.
D. L. Vega, J. Briggs, et al., Nat. Genet. 2007, 39, 207-211.

[46]R. H. Duerr, K. D. Taylor, S. R. Brant, J. D. Rioux, M. S. Silverberg, M. J. Daly, A. H.
Steinhart, C. Abraham, M. Regueiro, A. Griffiths, et al., Science 2006, 314, 1461-1463.

[47]P. Goyette, C. Labbé, T. T. Trinh, R. J. Xavier, J. D. Rioux, Ann. Med. 2007, 39, 177-199.

[48]L. Sutherland, J. Singleton, J. Sessions, S. Hanauer, E. Krawitt, G. Rankin, R. Summers, H.
Mekhjian, N. Greenberger, M. Kelly, Gut 1991, 32, 1071-1075.

[49]P. Gionchetti, F. Rizzello, U. Helwig, A. Venturi, K. M. Lammers, P. Brigidi, B. Vitali, G.
Poggioli, M. Miglioli, M. Campieri, Gastroenterology 2003, 124, 1202—1209.

[50]l. Reynolds, P. Healy, D. A. Mcnamara, The Surgeon 2014, 12, 263-270.

[51]A. D. Levy, H. E. Remotti, W. M. Thompson, L. H. Sobin, M. Miettinen, RadioGraphics 2003,
23, 283-304.

[52]L. Yue, M. Chen, T.-C. Tang, T.-W. She, Y.-Y. Chen, H. Zheng, Medicine 2018, 97, e11682.

[53]J. Sell, B. Dolan, Prim. Care 2018, 45, 519-532.

[54]S. Menees, W. Chey, F1000Research 2018, 7, DOI 10.12688/f1000research.14592.1.

24

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201800589

[55]W. F. Stewart, J. N. Liberman, R. S. Sandler, M. S. Woods, A. Stemhagen, E. Chee, R. B.
Lipton, C. E. Farup, Am. J. Gastroenterol. 1999, 94, 3530-3540.

[56]R. S. Sandler, D. A. Drossman, Dig. Dis. Sci. 1987, 32, 841-845.

[57]D. C. N. K. Nyam, J. H. Pemberton, D. M. lIstrup, D. M. Rath, Dis. Colon Rectum 1997, 40,
273-279.

[58]A. Lembo, M. Camilleri, N. Engl. J. Med. 2003, 349, 1360—1368.

[59]B. N. Islam, S. K. Sharman, D. D. Browning, Int. J. Gen. Med. 2018, 11, 323-330.

[60]N. Vakil, S. V. van Zanten, P. Kahrilas, J. Dent, R. Jones, Am. J. Gastroenterol. 2006, 1017,
1900-1920.

[61]D. M. Clarrett, C. Hachem, Sci. Med. 2018, 115, 214-218.

[62]E. Ferriolli, R. B. Oliveira, N. M. Matsuda, F. J. H. N. Braga, R. O. Dantas, J. Am. Geriatr.
Soc. 1998, 46, 1534-1537.

[63]J. E. Richter, Am. J. Gastroenterol. 2000, 95, 368-373.

[64]H. Khademi, A.-R. Radmard, F. Malekzadeh, F. Kamangar, S. Nasseri-Moghaddam, M.
Johansson, G. Byrnes, P. Brennan, R. Malekzadeh, PloS One 2012, 7, e39173.

[65]H.-M. Xu, J.-G. Han, Y. Na, B. Zhao, H.-C. Ma, Z.-J. Wang, Eur. J. Radiol. 2011, 79, 211—
213.

[66]T. Y. Yau, L. Alkandari, B. Haaland, W. Low, C. H. Tan, Br. J. Radiol. 2014, 87, 20130667.

[67]K. Prakashini, C. Kakkar, C. Sambhaji, C. M. Shetty, V. R. Rao, Indian J. Radiol. Imaging
2013, 23, 373-378.

[68]A. K. Hara, J. A. Leighton, R. I. Heigh, V. K. Sharma, A. C. Silva, G. De Petris, J. G. Hentz,
D. E. Fleischer, Radiology 2006, 238, 128—134.

[69]P. B. Wold, J. G. Fletcher, C. D. Johnson, W. J. Sandborn, Radiology 2003, 229, 275-281.

[70]S. L. Triester, J. A. Leighton, G. I. Leontiadis, S. R. Gurudu, D. E. Fleischer, A. K. Hara, R. I.
Heigh, A. D. Shiff, V. K. Sharma, Am. J. Gastroenterol. 2006, 101, 954—-964.

[71]J. S. Wills, I. F. Lobis, F. J. Denstman, Radiology 1997, 202, 597-610.

[72]D. D. Maglinte, S. M. Chernish, F. M. Kelvin, K. W. O’Connor, J. P. Hage, Radiology 1992,
184, 541-545.

[73]J. G. Albert, F. Martiny, A. Krummenerl, K. Stock, J. Lesske, C. M. Gobel, E. Lotterer, H. H.
Nietsch, C. Behrmann, W. E. Fleig, Gut 2005, 54, 1721-1727.

[74]C. N. Bernstein, H. Greenberg, I. Boult, S. Chubey, C. Leblanc, L. Ryner, Am. J.
Gastroenterol. 2005, 100, 2493-2502.

[75]A. Furukawa, T. Saotome, M. Yamasaki, K. Maeda, N. Nitta, M. Takahashi, T. Tsujikawa, Y.
Fujiyama, K. Murata, T. Sakamoto, RadioGraphics 2004, 24, 689-702.

[76]M. E. Baker, D. M. Einstein, Gastroenterol. Clin. North Am. 2014, 43, 47—68.

[77]R. Zhang, H. Luo, Y. Pan, L. Zhao, J. Dong, Z. Liu, X. Wang, Q. Tao, G. Lu, X. Guo,
Gastrointest. Endosc. 2015, 82, 660—665.

[78]V. Lohsiriwat, W. Suthikeeree, World J. Gastroenterol. WJG 2013, 19, 8709-8713.

[79]R. N. Low, I. R. Francis, Am. J. Roentgenol. 1997, 169, 1051-1059.

[80]S. Halligan, D. G. Altman, S. A. Taylor, S. Mallett, J. J. Deeks, C. |. Bartram, W. Atkin,
Radiology 2005, 237, 893-904.

[B1]E. M. Stoop, M. C. de Haan, T. R. de Wijkerslooth, P. M. Bossuyt, M. van Ballegooijen, C.
Y. Nio, M. J. van de Vijver, K. Biermann, M. Thomeer, M. E. van Leerdam, et al., Lancet
Oncol. 2012, 13, 55-64.

[82]V. A. Fisichella, M. Hellstrom, Acta Radiol. 2010, 51, 4-8.

[83]S. Halligan, K. Wooldrage, E. Dadswell, I. Kralj-Hans, C. von Wagner, R. Edwards, G. Yao,
C. Kay, D. Burling, O. Faiz, et al., The Lancet 2013, 381, 1185-1193.

[84]K. Nagata, A. K. Singh, M. J. Sangwaiya, J. Nappi, M. E. Zalis, W. Cai, H. Yoshida, Acad.
Radiol. 2009, 16, 1393—-1399.

[85]G. Diederichs, T. Franiel, P. Asbach, V. Romano, B. Hamm, P. Rogalla, ROFO. Fortschr.
Geb. Rontgenstr. Nuklearmed. 2007, 179, 1061-1067.

25

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201800589

[86]F. Dambha, J. Tanner, N. Carroll, Best Pract. Res. Clin. Gastroenterol. 2014, 28, 421-436.

[87]B. Liu, M. Ramalho, M. AlObaidy, K. K. Busireddy, E. Altun, J. Kalubowila, R. C. Semelka,
World J. Radiol. 2014, 6, 544-566.

[88]K. C. P. Li, R. P. Tart, J. R. Fitzsimmons, B. L. Storm, J. Mao, R. J. Rolfes, Magn. Reson.
Imaging 1991, 9, 141-150.

[89]P. F. Hahn, Am. J. Roentgenol. 1991, 156, 252—-254.

[90]O. Emst, T. Asselah, X. Cablan, G. Sergent, AUJR Am. J. Roentgenol. 1998, 170, 127-128.

[91]K. Hiraishi, I. Narabayashi, O. Fujita, K. Yamamoto, A. Sagami, Y. Hisada, Y. Saika, I.
Adachi, H. Hasegawa, Radiology 1995, 194, 119-123.

[92]T. Cordova-Fraga, D. B. de Araujo, T. A. Sanchez, J. Elias, A. A. O. Carneiro, R. Brandt-
Oliveira, M. Sosa, O. Baffa, Magn. Reson. Imaging 2004, 22, 389-393.

[93]Y. Zhang, D. Wang, S. Goel, B. Sun, U. Chitgupi, J. Geng, H. Sun, T. E. Barnhart, W. Cai, J.
Xia, et al., Adv. Mater. 2016, 28, 8524—8530.

[94]J. L. Tlaxca, J. J. Rychak, P. B. Ernst, P. R. Konkalmatt, T. |. Shevchenko, T. T. Pizarro, T.
T. Pizzaro, J. Rivera-Nieves, A. L. Klibanov, M. B. Lawrence, J. Control. Release Off. J.
Control. Release Soc. 2013, 165, 216—-225.

[95]S. Kwon, E. M. Sevick-Muraca, Neurogastroenterol. Motil. 2011, 23, 881-e344.

[96]S. Kwon, C. Davies-Venn, E. M. Sevick-Muraca, Neurogastroenterol. Motil. 2012, 24, 494—
497.

[97]T. H. Pels Rijcken, M. A. Davis, P. R. Ros, J. Magn. Reson. Imaging JMRI 1994, 4, 291—
300.

[98]A. Laghi, P. Paolantonio, F. lafrate, F. Altomari, C. Miglio, R. Passariello, Top. Magn.
Reson. Imaging 2002, 13, 389.

[99]A. Rieber, A. Aschoff, K. Nussle, D. Wruk, R. Tomczak, M. Reinshagen, G. Adler, H.-J.
Brambs, Eur. Radiol. 2000, 10, 1377—-1382.

[100]S. Kaminsky, M. Laniado, M. Gogoll, W. Kornmesser, W. Clauss, M. Langer, C. Claussen,
R. Felix, Radiology 1991, 178, 503-508.

[101]G. E. Wesbey, R. C. Brasch, B. L. Engelstad, A. A. Moss, L. E. Crooks, A. C. Brito,
Radiology 1983, 149, 175-180.

[102]J. J. Listinsky, R. G. Bryant, Magn. Reson. Med. 1988, 8, 285-292.

[103]P. F. Hahn, D. D. Stark, J. M. Lewis, S. Saini, G. Elizondo, R. Weissleder, C. J. Fretz, J. T.
Ferrucci, Radiology 1990, 175, 695-700.

[104]H. Shi, C. Liu, H. Y. Ding, C. W. Li, Eur. J. Radiol. 2012, 81, e370-375.

[105]N. Papanikolaou, A. Karantanas, T. Maris, N. Gourtsoyiannis, J. Comput. Assist. Tomogr.
2000, 24, 229-234.

[106]C. G. Sauer, J. P. Middleton, A. Alazraki, U. K. Udayasankar, B. Kalb, K. E. Applegate, D.
R. Martin, S. Kugathasan, J. Pediatr. Gastroenterol. Nutr. 2012, 55, 178.

[107]O. Minowa, Y. Ozaki, S. Kyogoku, N. Shindoh, Y. Sumi, H. Katayama, Am. J. Roentgenol.
1999, 173, 581-582.

[108]M. Almberger, E. lannicelli, M. Antonelli, M. Matrunola, G. Cimino, R. Passariello, Clin.
Imaging 2001, 25, 344-348.

[109]M. A. Patak, J. M. Froehlich, C. von Weymarn, M. A. Ritz, C. L. Zollikofer, K.-U. Wentz,
The Lancet 2001, 358, 987-988.

[110]A. Kayhan, J. Oommen, F. Dahi, A. Oto, World J. Radiol. 2010, 2, 113-121.

[111]M. P. Achiam, V. B. Lagager, E. Chabanova, B. Eegholm, H. S. Thomsen, J. Rosenberg,
Abdom. Imaging 2009, 34, 483—490.

[112]M. P. Achiam, V. Lggager, E. Chabanova, H. S. Thomsen, J. Rosenberg, Eur. J. Radiol.
2010, 73, 143-147.

[113]M. P. Achiam, E. Chabanova, V. B. Lagager, H. S. Thomsen, J. Rosenberg, Acad. Radiol.
2008, 15, 576-583.

[114]J. K. Lee, H. B. Marcos, R. C. Semelka, Am. J. Roentgenol. 1998, 170, 1457-1463.

26

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201800589

[115]F. Regan, D. P. Beall, M. E. Bohlman, R. Khazan, A. Sufi, D. C. Schaefer, AUR Am. J.
Roentgenol. 1998, 170, 1465-14609.

[116]H. Jara, M. A. Barish, E. K. Yucel, E. R. Melhem, S. Hussain, J. T. Ferrucci, AUJR Am. J.
Roentgenol. 1998, 170, 873—-882.

[117]D. J. Lomas, M. J. Graves, Br. J. Radiol. 1999, 72, 994-997.

[118]T. C. Lauenstein, H. Schneemann, F. M. Vogt, C. U. Herborn, S. G. Ruhm, J. F. Debatin,
Radiology 2003, 228, 279-283.

[119]M. Zarrini, F. S. Toosi, B. Davachi, S. Nekooei, Rev. Clin. Med. 2015, 2, 200-204.

[120]M. G. Espinosa, M. Sosa, L. M. De Ledén-Rodriguez, T. Cérdova, J. Bernal-Alvarado, M.
Avila-Rodriguez, J. A. Reyes-Aguilera, J. J. Ortiz, F. A. Barrios, Magn. Reson. Imaging
2006, 24, 195-200.

[121]E. Coppens, T. Metens, C. Winant, C. Matos, Eur. Radiol. 2005, 15, 2122-2129.

[122]D. Wang, D. H. Lee, H. Huang, T. Vu, R. S. A. Lim, N. Nyayapathi, U. Chitgupi, M. Liu, J.
Geng, J. Xia, et al., Biomaterials 2018, 175, 72-81.

[123]R. Schwarz, A. Kaspar, J. Seelig, B. Kiinnecke, Magn. Reson. Med. 2002, 48, 255-261.

[124]R. Schwarz, M. Schuurmans, J. Seelig, B. Kiinnecke, Magn. Reson. Med. 1999, 41, 80—
86.

[125]Y. Jiang, P. K. Upputuri, C. Xie, Y. Lyu, L. Zhang, Q. Xiong, M. Pramanik, K. Pu, Nano
Lett. 2017, 17, 4964—4969.

[126]X. Zhen, J. Zhang, J. Huang, C. Xie, Q. Miao, K. Pu, Angew. Chem. 2018, 57, 7804-7808.

[127]Q. Miao, C. Xie, X. Zhen, Y. Lyu, H. Duan, X. Liu, J. V. Jokerst, K. Pu, Nat. Biotechnol.
2017, 35, 1102.

[128]Y. Jiang, K. Pu, Acc. Chem. Res. 2018, 51, 1840-1849.

[129]Q. Miao, K. Pu, Adv. Mater. 2018, 1801778.

[130]Q. Miao, Y. Lyu, D. Ding, K. Pu, Adv. Mater. 2016, 28, 3662—3668.

[131]C. Giraudeau, J. Flament, B. Marty, F. Boumezbeur, S. Mériaux, C. Robic, M. Port, N.
Tsapis, E. Fattal, E. Giacomini, et al., Magn. Reson. Med. 2010, 63, 1119-1124.

[132]K. Loeschner, N. Hadrup, K. Qvortrup, A. Larsen, X. Gao, U. Vogel, A. Mortensen, H. R.
Lam, E. H. Larsen, Part. Fibre Toxicol. 2011, 8, 18.

[133]S. F. Keevil, Phys. Educ. 2001, 36, 476.

[134]L. Caschera, A. Lazzara, L. Piergallini, D. Ricci, B. Tuscano, A. Vanzulli, Pharmacol. Res.
2016, 110, 65-75.

[135]R. J. McDonald, J. S. McDonald, D. F. Kallmes, M. E. Jentoft, D. L. Murray, K. R. Thielen,
E. E. Williamson, L. J. Eckel, Radiology 2015, 275, 772—-782.

[136]J.-d. Cheng, J. Zhu, X.-S. Liu, D.-N. He, J.-R. Xu, L.-M. Wu, J. Zhou, Q. Feng, Acta Radiol.
Stockh. Swed. 1987 2012, 53, 900-907.

[137]M. Jin, D.-G. Yu, X. Wang, C. F. G. C. Geraldes, G. R. Williams, S. W. A. Bligh, Adv.
Healthc. Mater. 2016, 5, 977-985.

[138]M. O’Donnell, Phys. C Supercond. 2018, 548, 103-106.

27

This article is protected by copyright. All rights reserved.



