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REVIEW

Imaging pancreatic islet cells by positron emission
tomography
Junfeng Li, Johann Karunananthan, Bradley Pelham, Fouad Kandeel
persons in the United States - approximately 80
people per day - are diagnosed with type 1 diabetes
(T1D). T1D is caused by autoimmune destruction of the
pancreatic islet (β cells) cells. Islet transplantation has
become a promising therapy option for T1D patients,
while the lack of suitable tools is difficult to directly
evaluate of the viability of the grafted islet over time.
Positron emission tomography (PET) as an important
non-invasive methodology providing high sensitivity
and good resolution, is able to accurate detection of
the disturbed biochemical processes and physiological
abnormality in living organism. The successful PET
imaging of islets would be able to localize the specific
site where transplanted islets engraft in the liver, and to
quantify the level of islets remain alive and functional
over time. This information would be vital to estab
lishing and evaluating the efficiency of pancreatic islet
transplantation. Many novel imaging agents have been
developed to improve the sensitivity and specificity
of PET islet imaging. In this article, we summarize
the latest developments in carbon-11, fluorine-18,
copper-64, and gallium-68 labeled radioligands for the
PET imaging of pancreatic islet cells.

Junfeng Li, Johann Karunananthan, Bradley Pelham,
Fouad Kandeel, Department of Diabetes, Endocrinology and
Metabolism, Beckman Research Institute of the City of Hope,
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Core tip: Positron emission tomography (PET) is an
important non-invasive functional imaging modality that
is being explored for the purpose of quantifying engrafted
pancreatic islet. There are still several issues that must
be overcome before PET can be adopted as the gold
standard for the accurate, noninvasive, and non-toxic
evaluation of native β cells or pancreatic islet mass in
vivo , which remains a difficultly and highly challeng
ing goal. To complement the previous review published
in 2010 by our group, this review summarizes the
latest developments in PET tracers (such as carbon-11,

Abstract
It was estimated that every year more than 30000
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fluorine-18, copper-64 and gallium-68) for the imaging
of pancreatic islet cells.

Table 1 Representative beta-cell-specific biomarkers for
positron emission tomography imaging of islets
Biomarkers

Li J, Karunananthan J, Pelham B, Kandeel F. Imaging pancreatic
islet cells by positron emission tomography. World J Radiol
2016; 8(9): 764-774 Available from: URL: http://www.wjgnet.
com/1949-8470/full/v8/i9/764.htm DOI: http://dx.doi.org/10.4329/
wjr.v8.i9.764

Vesicular
monoamine
transporter
(VMAT2)
Glucagon-like
peptide-1

INTRODUCTION
Type 1 diabetes (T1D) remains the predominant form
of diabetes in childhood. Although disease onset may
occur at any time, the peak onset for diagnosis is in the
[1]
mid-teens . The prevalence of T1D in the United States
population under 20 years of age has increased by 30%
[2]
between 2001 and 2009 .
Pancreatic islets are comprised of clusters of cells,
of which there are five different types: Alpha, beta,
delta, gamma, and epsilon cells, all of which produce
hormones that are secreted directly into the blood
stream. However, the majority of the pancreatic islet
mass is made up of beta cells (65%-80%), which help
regulate blood glucose levels via their production of
insulin. T1D is caused by the autoimmune destruction
[3]
of the pancreatic beta cells , which limits or completely
eliminates the production and secretion of insulin. As
the result of long-term hyperglycemia, patients with
T1D may develop serious micro- and macrovascular
complications such as heart disease, stroke, kidney
failure, blindness, leg amputations, and premature
[4-6]
death .
Currently, there is no cure for T1D. Experimental treat
ments are based on strategies that aim to modify the
autoimmune processes responsible for beta cell destru
ction, replace beta cell mass, or both, including stem cell
and immunotherapy, as well as the transplantation of
[7]
islets . Compared to whole-pancreatic transplant, the
current standard of care for diabetes, the transplantation
[8]
of islets are much less invasive . Islet transplantation
using the Edmonton protocol can momentarily control
blood sugar levels with insulin independence in T1D
patients. Currently only one-tenth of patients have succ
[9]
essfully upheld insulin independence for five years .
Due to the lack of suitable methods for tracking
post-transplantation islet loss, detection of grafted islet
fate and functionality are restricted to indirect measure
ment of patient’s metabolism or exogenous insulin
requirements, which is not always accurate due to
vacillations in the metabolic state and insulin secretory
capacity of beta cells under various pathophysiologic
[10,11]
and physiologic condition
.
A noninvasive methodology monitoring transplanted
islets would localize its site in the liver and quantity the
viability level of islets and estimate their functionality

WJR|www.wjgnet.com

Glucokinase
Somatostatin
receptors

Probe name

Ref.

[ C] (+)-dihydrotetrabenazine
[(+)-11C-DTBZ]
18
F-FP-(+)-DTBZ
64
Cu-CB-TE2A-(+)-DTBZ
64
Cu-CB-TE2A-(-)-DTBZ
18
F-TTCO-Cys40-Exendin-4
18
F-FBEM-Cysx-exendin-4
68
Ga-DO3AVS-Cys40-Exendin-4
64
Cu-DO3A-VS-Cys40-Exendin-4
64
Cu-BaMalSar-Exendin-4
64
Cu-Mal2Sar-(Exendin-4)2
[Lys40(DOTA-64Cu)-NH2]-Exendin-4
[11C]AZ12504948
68
Ga-DOTA-octreotide

[13,39-41]

11

[14,15,42,43]
[44,45]
[44,45]
[23]
[26]
[19,27,56,57]
[55]
[22]
[22]
[58]
[20]
[63]

over time. This information would be crucial to creating
and assessing the effectiveness of pancreatic islet
transplantation, revealing why some islet transplants
are more successful that others, and would lead to new
methods for islet grafts to last longer periods of time on
a more widespread basis for every T1D patients.
Positron emission tomography (PET) is highly sensi
[12]
tive, noninvasive imaging methodology in biomedical
research, which uses the γ-rays associated with positron
annihilation events to localize positron-emitting targeted
tracers inside an organism. The low interaction of γ-rays
in the human body allows physicians to accurately
detect signals in patients even if they originate deep
below the body surface. Given an appropriate tracer,
PET can accurately detect the disturbed biochemical
processes and physiological abnormality in living
organism. Thus, the development of safe, effective
and highly specific PET tracers of pancreatic islets (i.e.,
primarily β cells) would help us the early diagnosis of
β-cell-associated metabolic diseases, as well as the
capability of monitoring the therapeutic efficacy of islet
transplantation. This information will greatly assist us in
developing new techniques for extending the survival of
islet grafts on a more widespread basis for every T1D
patients.
Many investigators are currently searching for and
evaluating beta-cell-specific biomarkers for PET imaging
[13-20]
of islets
. A number of potential candidates have
been reported, such as glucagon-like peptide-1 receptor
[19,21-28]
(GLP-1R)
, vesicular monoamine transporter
[14,29-32]
[33]
(VMAT2)
, sulfonylurea receptor (SUR1) ,
[20]
glucose transporter 2, glucokinase (GK) , reporter
[34]
[35]
gene , glycogen, zinc transporters, fluorodithizone ,
[34]
and monoclonal antibodies . To complement the
[36]
previous review published in 2010 by our group , this
review summarizes the latest developments since 2011
in C-11, F-18, Cu-64, and Ga-68 labeled radioligands
targeting these specific biomarkers for PET imaging
pancreatic islet cells (Table 1).
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cadaveric pancreas. This initial result supports their
hypothesis and currently, they are ongoing to focus on
directly measurement of VND in the healthy human and
T1D patient pancreas by (R) and (S) enantiomers.
11
18
Although C- and F-labeled DTBZ as VMAT2 PET
probes have been performed in the pancreas of animal
and human subjects, they would be limited in clinical
application due to non-specific issues. Currently, there
have only been limited reports using other PET nuclides.
[44]
64
Recently, Kumar et al reported synthesis of the Cuspecific bifunctional chelator scaffold DTBZ analogues:
64
Cu-CB-TE2A-(+)-DTBZ (IC50 = 16.8 ± 6.9 nmol/L) and
64
Cu-CB-TE2A-(-)-DTBZ (IC50 = 253.2 ± 107.8 nmol/
L). As we knew that, the IC50 values of (+)-DTBZ and
(-)-DTBZ were 0.97 ± 0.48 nmol/L and 2.2 ± 0.3 µmol/L,
[45]
respectively . The VMAT2 specific binding affinity of
64
Cu-CB-TE2A-(+)-DTBZ was not compromised by their
chemical modifications, while that of its (-) counterpart
11
18
[44]
remained low as in C- or F-labeled (±) DTBZ .
Currently, there are no further reports on PET imaging
64
using Cu-CB-TE2A-(+)-DTBZ in animal studies.
11
18
In conclusion, C- and F-labeled DTBZ analogues
for β cell imaging/pancreatic islet cells imaging have
been applied in primates and humans studies; however,
11
18
nonspecific binding of (+)- C-DTBZ and F-FP-(+)DTBZ in human pancreas overcasts their clinical appli
cations. The suitable imaging tracer should exhibit
selective binding to b-cells along with low non-specific
binding to adjacent tissues.

11

C-, 18F- AND 64Cu-LABELED DTBZ
ANALOGUES AS VMAT2 PROBES FOR
IMAGING PANCREATIC ISLET CELLS
VMAT2 is mainly responsible for carrying monoamines,
such as dopamine, from the neuron into the storage
granules. It was demonstrated that VMAT2 mainly
distributed in the central nervous system (CNS) and
b-cells in the pancreatic islets by histology studies of
[37]
gene expression . VMAT2 expression is correlative
with the insulin levels in monkey and human pancreatic
[38]
tissue . Therefore, VMAT2 could become a suitable
11
target for trapping â-cell function. [ C] (+)-dihydro
11
tetrabenazine [(+)- C-DTBZ, Figure 1] as VMAT2 ligand
[39]
was first synthesized by DaSilva et al
in 1993, and
has been applied for imaging VMAT2 in the pancreas of
[13,40]
mice, non-human primate and humans
. However,
11
recent findings of nonspecific binding of (+)- C-DTBZ
[41]
in human pancreas overcasts its clinical applications .
[42]
Kung et al
developed a novel DTBZ fluorine-18
18
probe, F-FP-(+)-DTBZ (Figure 1). It has been
evaluated of VMAT2 pancreatic binding sites of animals
and humans in PET imaging. In the in vivo rats biodistri
bution studies, the probe showed the highest pancreas
uptake (5% ID/g at 30 min p.i.). In the blocking study,
78% blockade of pancreas uptake in rats was observed.
PET imaging result indicated that F-18 tracer has avid
[43]
pancreatic uptake in health rats .
[14]
In healthy and T1D subject studies , pancreatic
uptake showed the significant difference uptake between
control and T1D subjects (Figure 2): (1) pancreas
uptake of T1D patients (10.7 ± 2.6) was lower than that
of control subjects (17.2 ± 4.0); and (2) there is not
different in the kidney cortex uptake (3.01 ± 0.34 vs 2.90
± 0.48).
18
However, the initial result of F-FP-(+) DTBZ-PET in
11
[41]
T1D patient, similarly with (+) C- DTBZ , indicated
that it has more VMAT2 value than expected. For
[15]
this reason, Harris et al
suggested that tracer nondisplaceable binding in T1D and health pancreas are
different. In the result indicted that it was distinctly
increased approximately two-fold in tissues of diabetic
individuals vs healthy individuals from fresh frozen
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18

F-, 68Ga-, AND 64Cu-LABELING
EXENDIN ANALOGUES AS GLP-1
PROBES FOR IMAGING PANCREATIC
ISLET CELLS
[46,47]

Discovered in the early 1980s
, GLP-1, an incretin
peptide secreted by the intestine as a response to
nutrient ingestion, plays a significant role in glucose
homeostasis. GLP-1 is an endogenous incretin peptide
released from the intestine in response to nutrient
ingestion and plays a significant role in glucose homeos
tasis. Although GLP-1R is found in pancreas, brain, heart,
[48,49]
kidney, and GI tract
, a recent study revealed that
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Figure 2 Representative 18F-FP-(+)-DTBZ positron emission tomography images in healthy control subject and type 1 diabetes patient. A: High uptake in
healthy pancreas; B: Compare with health control pancreas, lower uptake was observed in T1D patient. Both images PET data summed 0-90 min p.i. Reprinted with
permission from Ref.[14]. GI: Gastrointestinal tract; K: Kidney; L: Liver; M: Myocardium; PB: Pancreas body; PH: Pancreas head; PT: Pancreas tail; S: Spleen; V:
Vertebrae; T1D: Type 1 diabetes; PET: Positron emission tomography.

GLP-1R is highly expressed in β-cells in the pancreatic
[50]
islet , suggesting that ligands of GLP-1R could be
ideal tracers for imaging pancreatic islet. However,
native GLP-1 is degraded rapidly (half-life < 2 min) by
dipeptidyl peptidase-IV. Thus, dipeptidyl peptidase-IVresistant agonist or antagonist targeted GLP-1R are
[51,52]
suitable for PET imaging tracers
.
[52-54]
In 1992, Eng et al
discovered exendin-4, which
currently it is more attractive as a high-affinity probe.
Exendin-4 has a 53% similar sequence identity to
[51]
human GLP-1 and exhibits closely related properties ;
on the other hand, it is much more stability than GLP-1.
Thus exendin-4 has attracted significant attention on
developing promising PET tracers for imaging pancreatic
islet cells in rodent, primates and human studies since
18
40
[23] 18
2011, such as F-TTCO-Cys -exendin-4 , F-FBEMx
[26] 68
40
Cys -exendin-4 (x = 0 or 40) , Ga-DO3AVS-Cys [19,27]
64
40
[55]
exendin-4
, and Cu-DO3A-VS-Cys -exendin-4
(Figure 3).
We developed a novel fluorine-18 exendin-4 probe:
18
40
[23]
F-TTCO-Cys -exendin-4 (Figure 4)
with high
radiosynthesis yield (80%) and high radiochemical
purity (99%). An insulinoma INS-1 tumor model used
in PET images of small animals, the result indicated
18
40
that F-TTCO-Cys -exendin-4 has high specific bind
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to GLP-1R (Figure 4A). Additionally, in contrast to the
18
radiometal-labeled exendin-4 analogues, F-tracer
has a significantly lower uptake in kidney and quicker
[55]
clearance rate .
We also tested the probe in the islet (1000 IEQ)
graft in the liver in mice. The data indicated that the
mice with transplanted islets (Figure 4D) had signifi
cantly higher (P < 0.01) uptake into the liver post
injection as compared to the control mice (Figure 4E).
To the blocking study, it also demonstrated that the
tracer only specific GLP-1R in the liver. Currently, we
are undertaking the evaluation of 18F-TTCO-Cys40exendin-4 in non-human primates.
[27]
Recently, Selvaraju et al
developed a promising
68
40
gallium-68 probe: Ga-DO3AVS-Cys -exendin-4. Their
imaging results in primates indicated the pancreas was
68
easily visualized after injection Ga-DO3A-exendin-4 by
iv (injection dose, 0.05 µg/kg) (Figure 5). The probe was
excreted in the urine and trapped in the kidney cortex
(Figure 5, bottom row). No other organs displayed
accumulation similarly with the pancreas and kidneys.
The intestine, liver, spleen, heart, and lungs were
displayed lower uptake.
In the specific study (Figure 5), co-injection of
different doses of cold DO3A-exendin-4 (0.05-20 µg/kg)
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Figure 4 Representative 18F-TTCO-Cys40-exendin-4 positron emission tomography images in NOD/SCID mice. A: Representative microPET images of
18F-TTCOCys40-exendin-4 (top) and blocking (bottom) for NOD/SCID mice with INS-1; B: Tumor uptakes between control and blocking groups; C: Tumor to organs
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transplanted with human islets (Left: Control; Middle: Blocking and sham control mice at 1 h p.i.). Reprinted with permission from Ref.[23]. PET: Positron emission
tomography.

decreased the uptake in the pancreas from 9.2 to 0.8 in
SUV curve (0.05-20 µg/kg) at 90 min p.i. The highest
pharmacologic dose (20 µg/kg) was almost blocked
more than 90% uptake. These imaging and kinetic
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results indicated that the tracer has specific binding
to GLP-1R. The result of progressive competition with
exendin-4 exhibited it was dose-dependently inhibited.
[56]
Eriksson et al evaluated the first patient with pan
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Figure 5 Positron emission tomography/computed tomography images of 68Ga-DO3A-exendin-4 for cynomolgus monkeys. Increasing concentration of
unlabeled peptide resulted in competition for glucagon-like peptide-1 receptor in pancreas only. Transaxial images (dynamic sequences 30-90 min, top row) and
whole-body maximum-intensity projections (dynamic sequences 90-120 min, bottom row). Reprinted with permission from Ref. [27].
68

40

creatic insulinoma using Ga-DO3AVS-Cys -exendin-4.
68
40
PET/CT imaging of whole-body Ga-DO3AVS-Cys exendin-4 showed several small GLP-1R-positive lesions
in the liver and a lymph node. Neither of the lesions
had been conclusively detected by morphological
imaging with CT and ultrasound or molecular imaging
11
18
with [ C]5-HTP or [ F]FDG PET/CT. Native pancreas,
containing a large number of cells positive for GLP68
40
1R, exhibited marked uptake of Ga-DO3AVS-Cys exendin-4. The PET/CT imaging result indicated that
68
Ga-exendin-4 probe has more specific binding GLP-1R
than other imaging techniques and provided the basis
for continued systemic therapy.
68
Due to the renal excretion of [ Ga]Ga-DO3A-VS40
Cys -exendin-4 and the extensive intracellular retention
of radioactivity in the kidney cortex, which remains a
concern given the likelihood of repeated imaging studies
in humans, Eriksson thus evaluated the dosimetry of
[ Ga]Ga-DO3A-VS-Cys -exendin-4 in rats, pigs, non[57]
human primates and a human : (1) human whole
body effective dose: 0.014-0.017 mSv/MBq; (2) The
absorbed dose in the kidneys: 0.28-0.65 mGy/MBq;
and (3) The maximum yearly administered amounts:
536-455 MBq. More than 200 MBq of this probe can
be serviced yearly in clinical, allowing for repeated (2-4
times) scanning.
64
In addition, several Cu-labeled exendin-4 tracers
64
also were reported: (1) [Lys40(DOTA- Cu)-NH2][58]
exendin-4
showed high binding specificity to rodent
64
β cells by ex vivo autoradiography; (2) Cu-DO3A40
[55]
VS-Cys -exendin-4 (Figure 3) , demonstrated
the feasibility of in vivo PET imaging islets grafted in
mouse liver by virtue of a high and specific uptake in
64
INS-1 tumors despite high renal uptake; and (3) Cu64
[22]
BaMalSar-exendin-4 and Cu-Mal2Sar-(exendin-4)2 ,
indicated persistent and specific uptake in an INS-1
insulinoma model with high renal uptake.
Taken together, these results indicated that Exendin
68

analogues hold great potential for non-invasive imaging
of pancreatic islet cells/beta cells.
11

C-LABELED TRACER AS GK PROBE FOR
IMAGING PANCREATIC ISLET CELL
GK as an enzyme predominantly presents in β cells in
[59]
[60]
the pancreas and in hepatocytes , which plays a key
[20]
role on regulation of glucose homeostasis in blood . GK
could be a potentially biomarker for imaging pancreatic
islet since it expressed in pancreatic β cells, not in
exocrine cells.
[20]
Recently, Jahan et al
reported the synthesis
11
of [ C]AZ12504948 (Figure 6) as a new probe for
GK imaging in pancreas and liver. PET/CT imaging in
pigs indicated that moderate pancreatic uptake was
observed. The hepatic distribution was homogeneous
and followed similar kinetics as the pancreas but with
higher amplitude 30 min p.i. In the block study, coinjection of cold AZ12504948 with probe reduced
radioactivity uptake by 24% in pancreas and by 15%
in the liver after 30-60 min p.i. However, due to high
uptake in the liver, it was not suitable to quantify the
level of islet cells in liver for treatment of T1D by islet
transplantation.

40
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PANCREATIC SOMATOSTATIN
RECEPTORS (SSTRS) -TARGETED
PROBES FOR b-CELL IMAGING
Natural somatostatin as a peptide hormone, distributes
in the hypothalamus, adrenals and pancreas, which it
[61]
is a cyclic tetradecapeptide . In the pancreas, somato
statin is considered an important regulator of insulin and
[62]
other pancreatic endocrine hormones secretion . In
the rodent islets of Langerhans that consist of endocrine
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rapidly thereafter reaching 0.17% ± 0.08% ID at the
68
end of the PET scans. The accumulation of Ga-DOTAoctreotide was much higher in the kidney and urinary
bladder. Blocking studies indicated that the pancreatic
68
accumulation of Ga-tracer was significantly decreased
in the unlabeled octreotide-treated group. In the STZtreated DM model rats, it exhibited lower accumulation
68
in the pancreas than that in normal rats. Thus Gatracer could be a potential PET tracer for quantifying
islet cells.

OTHER PROBES FOR ISLET CELLS
IMAGING
L-3,4-Dihydroxy-6-18F-fluoro-phenylalanine
[35]

Sweet et al
discovered the scaffolds of L-Dihydro
xyphenylalanine could become b-cell probes for PET
18
imaging. [ F]F-DOPA (Figure 7) was successfully
radiosynthesized and its biochemical mechanism
18
was researched. The mechanism of [ F]F-DOPA was
18
changed to F-dopamine by decarboxylation in the
aromatic amino decarboxylase has been confirmed
by blocking study, which resulted in back diffusion
of the PET probe from the neuroendocrine cells into
extracellular spaces.
[16]
18
In 2014, Eriksson et al
attempted to use [ F]FDOPA as the probe for imaging transplanted islet cells.
In vivo imaging revealed irregular distribution of the
transplantation islet mass in the abdominal wall, since
the probe was excreted in biliary excretion, which could
be potentially effect of graft map (Figure 7).

Figure 7 Positron emission tomography imaging of L-3,4-Dihydroxy-6-18Ffluoro-phenylalanine for detection of sites of viable islet cells transplanted
in STZ-induced type 1 diabetes nu/nu mouse model. The images shown
irregular distribution of radiotracer uptake at the site of the grafted islet cells in
the abdominal wall (black arrows). Reprinted with permission from Ref. [16].

cells, the insulin-secreting beta cells are the majority
of the cell population and abundantly express SSTRs.
Therefore, the expression of SSTRs is considered a
potential biomarker for the measurement of beta cells.
[63]
Sako et al developed a novel gallium-68 analogue:
68
Ga-DOTA-octreotide. In normal and diabetic rats
68
studies, high accumulation of Ga-tracer was observed
68
in the urinary bladder and kidney. Accumulation of Gatracer was apparent in the normal pancreas, while weak
68
radioactivity was detected in the liver. The Ga-DOTAoctreotide radioactivity in the pancreas showed a rapid
increase within 1 min p.i. and then gradually increased
and reached 0.99% ± 0.24% ID at the end of the
68
PET scans. In contrast, Ga-tracer radioactivity in the
liver quickly reached a peak at 15 s p.i. and decreased
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11

C-5-hydroxy-Ltryptophan
11

11

5-hydroxy-L- C-tryptophan ([ C]5-HTP, Figure 6) as
biogenic precursor, was first applied for evaluation of
rate of serotonin biosynthesis by dopa decarboxylase
[64]
(DDC) in CNS . High pancreas uptake of the
probe in the health human has not previously been
systematically investigated.
[65]
Recently, Eriksson et al
reported that in vitro
11
binding assay for [ C]5-HTP in endocrine cells, and
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exocrine cells. The result showed that only specific
binding in insulinoma cell line and human islets, namely
endocrine cells. The further studied indicated that the
probe targeted serotonin, which was produced by
intracellular. In the non-human primate studies, they
were pretreated by inhibition of DDC enzyme, which the
11
probe was converted to C-serotonin, and inhibition of
monoamine oxidase-A (MAO-A), which was responsible
for serotonin degradation (Figure 8). In the result
indicated that it was distinctly decreased in DDC and
increased in MAO-A in primates pancreas. It displayed
the similarly result in the rat by inhibition of MAO-A, and
uptake was decreased in rodent with induced diabetes.
11
Therefore, [ C]5-HTP as PET probe could be suitable
to quantitative the level of the serotonergic system in
pancreas.

candidates for islet cell imaging have been reported,
such as VMAT2, GLP-1R, SUR1, and GK. Carbon-11,
fluorine-18, gallium-68 and copper-64 labeled PET
tracers targeting these biomarkers have been evaluated
in rodents, non-human primates, and humans. Among
them, some tracers displayed great potential for noninvasive imaging of pancreatic islet cells. For example,
18
40
F-TTCO-Cys -exendin-4 demonstrated specific binding
to GLP-1R and was suitable to quantity the level of islet
68
40
cells in the rodent; [ Ga]Ga-DO3AVS-Cys -exendin-4
displayed promising data of PET imaging in human
studies and evaluated the dosimetry in rats, pigs,
monkey and one patient for transfer into clinic study.
However, the accurate, noninvasive, and safe dete
ction of β-cell mass or grafted islet mass in vivo remains
a highly and difficultly challenging goal. Developing PET
tracers with nontoxic, high specific binding to β-cell in
the pancreatic islet is an important objective for future
studies.

CONCLUSION
Ideal islet and β cell imaging probes would have a
suitable washout and residence time in the subjects, be
able to provided high specific binding for PET images
with lowest non-specific binding in surrounding tissues
without toxic to islets, and without pretreatment of
islets before transplanted islet.
Currently, many research investigators are develop
ing and evaluating biomarkers specific for pancreatic
islet cells, particularly beta cells. A number of potential
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Abstract

Daniela Catalano, Postgraduate School of Clinical Echography,
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Italy

Imaging workup of patients referred for elective assess
ment of chest disease requires an articulated approach:
Imaging is asked for achieving timely diagnosis. The
concurrent or subsequent use of thoracic ultrasound
(TUS) with conventional (chest X-rays-) and more ad
vanced imaging procedures (computed tomography
and magnetic resonance imaging) implies advantages,
limitations and actual problems. Indeed, despite TUS
may provide useful imaging of pleura, lung and heart
disease, emergency scenarios are currently the most
warranted field of application of TUS: Pleural effusion,
pneumothorax, lung consolidation. This stems from its
role in limited resources subsets; actually, ultrasound
is an excellent risk reducing tool, which acts by: (1)
increasing diagnostic certainty; (2) shortening time
to definitive therapy; and (3) decreasing problems
from blind procedures that carry an inherent level of
complications. In addition, paediatric and newborn
disease are particularly suitable for TUS investigation,
aimed at the detection of congenital or acquired chest
disease avoiding, limiting or postponing radiological
exposure. TUS improves the effectiveness of elective
medical practice, in resource-limited settings, in small
point of care facilities and particularly in poorer countries.
Quality and information provided by the procedure
are increased avoiding whenever possible artefacts
that can prevent or mislead the achievement of the
correct diagnosis. Reliable monitoring of patients is
possible, taking into consideration that appropriate
expertise, knowledge, skills, training, and even adequate
equipment’s suitability are not always and everywhere
affordable or accessible. TUS is complementary imaging
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procedure for the radiologist and an excellent basic
diagnostic tool suitable to be shared with pneumologists,
cardiologists and emergency physicians.

and of another extremely useful tool in resource-limited
settings and in hostile and dangerous situations. It also
represents an organizational paradigm supported by
ethical reasons. Despite Marie Curie and other heroic
pioneers of radiology suffered from long-term radiation
damage, the concept of maximum security for that
time was highly respected. If claims of clinical risk
management criteria, so often warranted nowadays,
are not inspired to ethically, medically and scientifically
proven aims and evidence, a botched management
may ultimately damage doctors and patients, as well as
society and population within an organizational machine
scarcely productive if not harmful.
Emergency or elective assessment of chest disease
requires often an articulated clinical approach to chest
imaging, addressed also to the diagnosis of co-morbidi
ties. Clinicians are often facing complex conditions, due
to uncertainty or severity of the clinical presentation or to
[2-4]
the hurry in which they are called to operate .
Indeed, despite elective thoracic ultrasound (TUS)
may provide useful imaging of pleura, lung and heart
disease, emergency scenarios are its current most
developed field of application for detecting unsuspected,
or for confirming physical signs of, pleural effusion,
[5-7]
pneumothorax, and lung consolidation . Paediatric
and newborn disease are particularly suitable for TUS
investigation aimed at the detection of congenital
or acquired chest disease avoiding, limiting or post
[8,9]
poning radiological exposure . TUS can improve the
effectiveness of elective and emergency medical practice
in resource-limited settings, in small point of care facilities
[10]
and particularly in poorer countries . Ultrasound is an
excellent risk-reducing tool, which acts by: (1) increasing
diagnostic certainty; (2) shortening time to definitive
therapy; and (3) decreasing risks from blind procedures
[11-15]
that carry an inherent level of complications
.
Actually, the help of skilled ultrasound approaches in
emergency or elective medicine is a pivotal component
for preventing overdiagnosis and wastebasket diagnosis,
apart avoiding as much as possible the risk of missing
or erroneous diagnosis. Overdiagnosis, is the diagnosis
of “disease” that will never cause symptoms, distress,
or death during a patient’s lifetime, or that are not the
real determinant of a clinical presentation. Wastebasket
diagnosis, is a vague, or even completely fake, medical
label given for essentially non-medical reasons, such as
to reassure the patient by providing an official-sounding
label, to make the provider look effective, or to obtain
approval for treatment; wastebasket diagnosis often
and likely represents a heterogeneous group of disease
[16]
and conditions . The diagnostic refinements that can
quickly provide a timely and expert patient’s assessment
by ultrasound are, in our experience, a significant corner
stone fostering precision, clarity and quality in any
medical approach.
An important step toward the management of risk
is insuring that physicians are properly trained and cre
dentialed according to national guidelines such as those

Key words: Thoracic ultrasound; Pneumonia; Pleural
effusion; Pneumothorax; Clinical risk management;
Overdiagnosis; Wastebasket diagnosis
© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Thoracic ultrasound (TUS), with some technical
limitations, may provide useful imaging of pleura, lung
and heart disease. The field of application of TUS are
pleural effusion, pneumothorax, and lung consolidation.
Paediatric and newborn disease are suitable for TUS
investigation aimed at the detection of congenital or
acquired chest disease avoiding or limiting radiological
exposure. TUS improves the effectiveness of medical
practice in resource-limited settings, in small pointof-care facilities, in hostile environment and in poorer
countries. Monitoring of patients is possible, depending
on disease and context, not asking to the procedure
more than it can give.
Trovato FM, Catalano D, Trovato GM. Thoracic ultrasound: An
adjunctive and valuable imaging tool in emergency, resourcelimited settings and for a sustainable monitoring of patients.
World J Radiol 2016; 8(9): 775-784 Available from: URL: http://
www.wjgnet.com/1949-8470/full/v8/i9/775.htm DOI: http://
dx.doi.org/10.4329/wjr.v8.i9.775

FOREWORD
The history of imaging in medicine is an adventurous
and generous history of high impact ideas, of courage
and ingenious translation. This story originates from
Marie Curie and her family, especially her daughter,
[1]
Irene, a Nobel laureate too . They, at the beginning
and during the First World War, on 1914, developed
and worked inside the mobile field hospitals that Marie
Curie had established, training radiographers and
technicians and convincing the surgeons to trust in the
new technology: It was estimated that over one million
wounded men were X-rayed in her units throughout the
[1]
War . It may be now easy to ignore, but this history,
here briefly summarized, can help us to understand the
root and the link between genius, emergency, limited
resources and quality of training in a field which is
the daily work of most physicians working with chest
imaging.

OVERVIEW
The recall above reported is needed, even writing of
ultrasound, since depicts a detailed model of practice
and application of a sustainable innovative diagnostic
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set by ACEP . Proper quality assurance and improve
ment programs should be in place to identify and cor
rect substandard practice, due to some variability of
information of the published reports. Lastly, the standard
of care for emergency ultrasound is the performance
and interpretation of ultrasound by a physician certified
in other specialties or in different settings: In these
conditions credentials should have different goals,
scope of practice, documentation requirements, and
consequently should not be comparable to emergency
[12]
medicine .

reference to a diffuse “good practice” for TUS diagnosis
could still be a slippery slope. “The essence of risk
management is to survey all potential reasons for an
inaccurate report in advance so that procedures can
[20]
be put in place to prevent them” . There are still
relevant variations in imaging tests accuracy, due to
technical reasons of the procedure itself or to inconclu
sive results and reports due to organization or individual
professional limitations; therefore, even the analysis of
associated risks has lacked uniformity in the cost-utility
[21-26]
literature
.
The central themes of the relevance of TUS in the
cost-benefit analysis are the difficult appreciation of the
times, ways, quality and consequences which are related
to a systematic use of the procedure in emergency and
the topics related to contexts, in elective, specialized,
intensive or primary care, and in other areas yet.
Frequent and relevant applications, by which TUS
may affect beneficially modulating the diagnostic and
therapeutic pathways, are summarized in Table 1.
Also in these cases, the integration with more
advanced radiological procedure is mandatory. This
is true in emergency TUS, in which field the topic of
unexpected clues is more frequently reported, but it is
equally true in elective TUS, performed by radiologists
or by internists-pneumologists.

CLINICAL RISK ANALYSIS
The most relevant field of possible application of TUS
is the diagnosis of lung consolidation, which is also
one of the most critical diagnostic field of radiology.
TUS may become a reliable tool capable of diagnosing
pneumonia with high accuracy. Nonetheless, in the
meanwhile, it is still a complementary source of informa
tion more than a promising attractive alternative to
chest radiography and thoracic computed tomography
(CT) scan: Most published studies, aimed at the
definitions of the usefulness of lung ultrasound as a
lone procedure for the diagnosis of pneumonia, are
seemingly limited by methodological biases. Actually,
[17]
as excellently summarized in a recent metanalysis ,
the most reputed studies on this topic, were “conducted
to identify the usefulness of lung ultrasound for the
diagnosis of pneumonia, but with inconsistent and
[17]
inconclusive results” . Nonetheless, the same accurate
metanalysis reports the results in 1080 subjects from
a selected group of nine studies and concludes that
“lung ultrasound is a capable of diagnosing pneumonia
with high accuracy and is a promising attractive alterna
tive to chest radiography and thoracic CT scan”, with a
“97% sensitivity and a 94% specificity”. In this regard,
several matter of concern persists: There are many
part of the lung which are blinded to the ultrasound
imaging since, due to skeletal barrier no more than
[14]
70% of lung is realistically explorable by TUS . The
other not minor concern is that lung consolidation due to
any cause - pneumonia or cancer - is not discriminated
by ultrasound, also using more advanced ultrasound
[18]
techniques, such as transient elastography . In both
cases the need of a radiological approach, after the
preliminary diagnosis of consolidation and mainly if the
clinical and/or the ultrasound picture persists, is evident,
and the claimed high sensitivity and specificity may need
[14]
some mitigation .
“Risk management in radiology is primarily developed
and fostered to help safeguard patients, working per
sonnel and the entire organisation. Protection of the
organisation is largely grasped in terms of finance man
agement. Potential drawbacks are linked to unreliable
[19]
results that could damage its reputation” . This is a
particularly sensitive topic, since, apart the scientific
foundation of some well conducted clinical trial, the

WJR|www.wjgnet.com

EMERGENCY: OPPORTUNITIES AND RELIABILITY
Emergency ultrasound is a standard emergency medi
cine procedure and is included in any definitions of the
[15,16]
practice of emergency medicine
. Since several
years, also TUS is a component of this framework,
which should be articulated within the specificity of
the subsets in regards to risk management and to the
clinical scenario, differently demanding according to
[14,27-29]
affordability and policies
.
The most relevant and relatively recent application
of TUS in emergency is the quick detection of pneumo
thorax, by the significantly wide disappearance of the
[30-32]
pleural line sliding
; this is a preliminary clinical
diagnosis. It is precious in conditions of extreme facility
shortage, where urgent intervention may be required
[33,34]
and no timely confirm is available
. Nonetheless,
TUS diagnosis of pneumothorax usually requires an
urgent confirm, by CXR or CT, better to be available
[35]
before any intervention procedure .
There is a widespread indication to TUS, and notably
using the information derived by a great number of
[36]
artefact, for the diagnosis of acute heart failure .
Actually, for this purpose, the detection of a great number
of B-lines by TUS is not an imaging technique, but a
bulk indication of chest-pulmonary pathology. These
artefacts, preventing the view of details of the underlying
condition, provide a generic information: Patients with
congestive heart failure, COPD, pulmonary fibrosis and
many other conditions, including the normal lung and
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Table 1 Thoracic ultrasound - main indications
The physical examination by a non-radiologist MD can be usefully completed by a thorough and fast chest exploration. The aims are
To clarify symptoms already known (dyspnea, chest pain, fever, cough) or detected signs, such as rales, crackles or dullness
To detect unexpected chest abnormalities such as pleural effusion or lung consolidation in subjects with few or no evident respiratory symptom
Information and clues derived by TUS may focus better to further diagnostic definition, by radiology or by other procedures, avoiding time-wasting and
even detrimental choices
The detection of pneumothorax by TUS is a quite simple and direct diagnosis of a not rare condition (see below), which should be usefully addressed to
radiology, often including CT, for confirm. TUS has the great merit of making possible this direct pathway avoiding or postponing the more usual steps
of chest pain work-up: Cardiological and laboratory investigations and preventive pharmacological drugs
In addition, the detection of subpleural infiltrates after a blunt thoracic trauma, apparently relatively uneventful, can address to a subsequent better
focused diagnostic workup
Signs and symptoms initially addressing to different organs or body areas
Upper abdominal pain, easily attributable to gallbladder
Lumbar-flank pain, usually attributable to kidneys or spine, should prompt also to a TUS examination, since, with or without fever, the detection of
pleural effusion or of downward areas of lung consolidation may address, as not infrequently happens, to a different diagnosis
TUS: Thoracic ultrasound; MD: Medical doctors; CT: Computerized tomography.
[57-59]

investigations
. Moreover, also the detection of
[60]
congenital abnormalities and the investigation for the
more frequent conditions, first of all pleural effusion,
is a great opportunity for the paediatrician and for the
radiologist, addressing appropriately to more in-depth
[61,62]
investigations by radiological procedures, if needed
.
Despite it was claimed that most chest radiological
investigation are useless for the diagnosis of pneumonia
in children, in our view there is a persistent need of CXR
in several cases, particularly in immune-compromised
[63-66]
patients
. The advantage of a systematic screening
in paediatric units for an early diagnosis of ventilatorassociated pneumonia may become one of the most
relevant indication for the dissemination of the proce
[67,68]
dure
, even with the persisting limitations of the
[14,18,69]
reliability of this tool
. Developing Countries too
often have very limited resources for imaging facilities,
particularly for the care of low-income population.
Wasting and even lethal chest disease are still epidemic
in many Regions, and the use of TUS is found precious in
[70-74]
. Patterns of sub-pleural granularity are
tuberculosis
described in patients with pulmonary miliary tuberculosis
diagnosed by chest radiography, in acquired immuno
[75-81]
, as a complementary tool
deficiency syndrome
for any type of chest involvements, and in parasitic
[82]
disease , particularly in cystic and alveolar echinococ
cosis, frequent in endemic areas, both in adults and in
children.

the empty chest cavity in lung resection patients, may
[37,38]
present numerous and diffuse B-lines (ring-down)
.
Moreover, it is unpractical the semi-quantitative use
of this criterion for monitoring congestion in intensive
[39-42]
care
. These limitations are well summarized in
[43,44]
several reviews and commentaries
. Also the obser
vation of the increase of the B-lines with ageing, in
[45,46]
subjects without specific heart or chest disease
, is
a further argument against any great expectation from
this criterion. The use of a criterion with so relevant
limitations is not neutral, since it averts from the use
of more suitable criteria, such as echocardiography or
[47-52]
radiology, or TUS itself, more adequately performed
.
Despite it was claimed that TUS is a basic application in
intensive care units and that can become a useful daily
tool in these subsets, such application is not generally
used and, actually and quite unexpectedly, after so
many years, is still under assessment and evaluation.
Reasonably, as smartly and not only polemically com
mented by an outstanding radiologist, “lung ultrasound
in the intensive care unit is an idea that may be too
[53]
good to be true” . Actually, limitations of the proce
dure should be taken in account even more in subsets
which may increase the source of errors and even the
[14]
accessibility of the structures to ultrasound imaging .
Similarly, ultrasound diagnosis of pulmonary emboli
zation does not fulfil definite criteria, and a great caution
is needed and further efforts are warranted - CT - for
[54]
reaching a conclusive diagnosis .

OCCUPATIONAL AND SPORT MEDICINE,
MILITARY AND MOBILE RESCUE
SUPPORT

NEWBORN AND SMALL CHILDREN
The use of chest ultrasound in paediatrics is probably
the most important, while still the less developed. The
most relevant studies were often pioneered in children,
since there is a greater easiness for the procedure,
much alike the investigation by ultrasound (US) of
abdomen in newborns, where so much is visible by
ultrasound, with the obvious advantage of not using
[55,56]
ionizing radiations
. The search for lung diffuse or
lobar consolidation was and is the most relevant field
of practice, and can allow the avoidance of radiological
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This is a field of a possible rewarding use of TUS, which
is nonetheless still quite neglected. Of the occupational
disease that may benefit from an early detection of
pleural-lung abnormalities, the most relevant are the as
bestos-associated disease, in which an early thickening
of the pleural line, above 3 mm, is a clue that can
advise for scheduling more timely, if not urgent, CT
[14]
investigations . Actually, this sign was found useful
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[126,127]

because associated with pulmonary fibrosis in systemic
[83,84]
sclerosis
; moreover, the detection of nodes in
asbestos exposed patients can be managed safely by US
[85]
guided fine needle aspirate biopsy .
TUS in sport medicine, where there is a great use
of musculoskeletal US procedures, is still limited, even
if the feature of the procedure make it suitable for
the early onsite diagnosis of pneumothorax and lung
contusions, of pleural effusion and of lung consolidation,
all conditions that are more ominous in a subject per
[86]
forming competitive sport activities .
Military rescue support is an important sector of
application and of experimental development of TUS,
due to the frequent occurrence of traumatic or infectious
[87-94]
chest disease in war scenarios
. Its use is warranted
[33,95-100]
in many mobile facilities, including helicopters
,
even if an integrated use with other procedures, mainly
[101]
cardiological, deserves a greater level of precision .

books
, which are also available as e-books. The
question of the possible use of TUS as a screening tool is
[128,129]
the same question of lung CT
as a screening tool
for lung cancer: Population and individuals at risk should
be screened, but the use of TUS as a tool useful for
addressing earlier more in depth CT controls is a matter
[83,116]
of active current investigation
.
The professionals performing TUS must be optimally
[130]
trained . In our view, and experience, teaching clinical
rd
ultrasound along the 3 year curriculum of the School
of Medicine is the optimal choice, beginning as earlier
as possible, provided that adequately skilled teachers
[131-135]
are available
; physical examination skills and
ultrasound proficiency between trained and untrained
[136-139]
medical students improve together
. Differently, it
is quite questionable that very brief periods of training in
[140,141]
TUS
could provide sufficient knowledge and skills,
unless they are articulated within a comprehensive US
[142,143]
diagnostic and teaching curriculum
. This is a very
important issue since the relevance of a widespread
expertise among medical doctors is of pivotal relevance
for a sustainable and reliable approach to the diagnosis
[61]
and management of youngsters with pneumonia , an
advancement that is a valuable medical breakthrough
[144]
in children and limited resources subsets
. Quoting
Thomas Huxley, the biologist, we should say: “Economy
does not lie in sparing money, but in spending it wisely”.
It is exactly what a wise and expert dissemination of
knowledge, skills and machine focused to TUS may
achieve, if no unrealistic claim will be placed in the pro
cedure, leading to skipping, when needed, i.e., often,
the step of conventional or advanced radiology.

ASSESSMENT AND MANAGEMENT OF
COMPREHENSIVE ELECTIVE WORKUPS
Since from its beginning, more than 50 years ago,
TUS was developed in association with echocardio
[102-106]
graphy
. There where and there are limitations
related to artefacts, to the type of transducers, to the
[107]
setting of the equipments
and only recently a greater
care is devoted in the investigation of the more suitable
[108]
probes . Considering the mostly debated area of the
monitoring of congestion in heart failure patients, the use
of pleural effusion as a reference remains still the most
[109-114]
objective clue, if present
. Nonetheless, this area of
application is quite far from the tasks of the radiologist,
and closer to the job of the cardiologist.
Monitoring is possible in several disease and context,
with different degrees of reliability related to specific
disease (the procedure is highly suitable for the diagnosis
of pleural effusion, fairly suitable for the diagnosis of
lung consolidation - superficial pneumonitis or cancer-,
and pneumothorax). It is warranted not asking to the
procedure more than it can give, because available
expertise, knowledge, skills and training, but also the
equipment’s suitability, are not always affordable or
accessible; the risk of misunderstanding and of interpre
ting misleading artefacts that may impair quality and
information of the procedure must be limited as much
[115-117]
as possible
. The use of TUS for guided chest pro
cedure was and is mainly devoted to pleura and other
[118-120]
chest cavities drainage by needle insertion
. Equally
important are the procedures aimed at a precision nodule
[121-124]
biopsy
or to other diagnostic and therapeutic pro
[125]
cedures related to diaphragm neuro-muscular disease .

CONCLUSION
The field of application of TUS are pleural effusion,
pneumothorax, and lung consolidation, both in emer
gency and in elective subsets. Paediatric and newborn
disease are greatly suitable for TUS investigation aimed
at the detection of congenital or acquired chest disease
avoiding or limiting radiological exposure. This is a still
neglected area of application, and its dissemination must
be warranted and supported. In any field of application,
TUS improves the effectiveness of medical practice in
resource-limited settings, in small point-of-care facilities,
in hostile environment and in poorer countries. This is
true for all the ultrasound diagnostic applications, and
the specific knowledge and skills must be adequately
propagated, providing advantages for limiting or
more appropriately referring patients in any hospital
[144,145]
facility
.
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REVIEW

Diffusion weighted imaging: Technique and applications
Vinit Baliyan, Chandan J Das, Raju Sharma, Arun Kumar Gupta
se evaluation and assessment of disease progression.
Ability to detect and quantify the anisotropy of diffusion
leads to a new paradigm called diffusion tensor imaging
(DTI). DTI is a tool for assessment of the organs with
highly organised fibre structure. DWI forms an integral
part of modern state-of-art magnetic resonance imaging
and is indispensable in neuroimaging and oncology.
DWI is a field that has been undergoing rapid technical
evolution and its applications are increasing every day.
This review article provides insights in to the evolution of
DWI as a new imaging paradigm and provides a summary
of current role of DWI in various disease processes.
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Core tip: Diffusion weighted imaging has revolutionised
the magnetic resonance imaging. There is wide use of
this technique in neuroimaging, body imaging as well
as in oncoimaging. This article reviews the current role
of diffusion weighted imaging in medical imaging and
highlights the current challenges and limitations to this
technique.
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Abstract

INTRODUCTION

Diffusion weighted imaging (DWI) is a method of signal
contrast generation based on the differences in Brow
nian motion. DWI is a method to evaluate the molecular
function and micro-architecture of the human body. DWI
signal contrast can be quantified by apparent diffusion
coefficient maps and it acts as a tool for treatment respon

Approximately 60%-70% of the human body is com
posed of water. Diffusion is the random Brownian
motion of the molecules driven by thermal energy. In a
perfectly homogenous medium diffusion is random and
isotropic; i.e., equal probability in all directions. But in a
complex environment of human body, water is divided

Manuscript source: Invited manuscript
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between cells and extracellular compartments. Water
molecules in extracellular environments experience
relatively free diffusion while intracellular molecules show
relatively “restricted diffusion”. Different tissues of the
human body have a characteristic cellular architecture
and proportions of intra and extracellular compartments;
and hence have characteristic diffusion properties. The
relative proportion of the water distribution between
these compartments is affected by the pathologic
processes. For example in high grade malignancies
and acutely infarcted tissues, intracellular proportion
is increased, so the diffusion becomes relatively
more restricted. Diffusion weighted imaging provides
qualitative and quantitative information about the
diffusion properties. It adds a new dimension to the
magnetic resonance imaging (MRI) examinations by
adding functional information to the largely anatomical
information gathered by the conventional sequences.
Water diffusion is anisotropic in brain white matter,
because axon membranes limit molecular movement
perpendicular to the fibers. Diffusion tensor imaging (DTI)
exploits this property to produce micro-architectural
detail of white matter tracts and provides information
about white matter integrity.

al established DWI as a cornerstone for early detection
of acute stroke.
In a DWI sequence diffusion sensitization gradients
are applied on either side of the 180° refocusing pulse.
The parameter “b value” decides the diffusion weighting
2
and is expressed in s/mm . It is proportional to the
square of the amplitude and duration of the gradient
applied. Diffusion is qualitatively evaluated on trace
images and quantitatively by the parameter called
apparent diffusion coefficient (ADC). Tissues with res
tricted diffusion are bright on the trace image and hypoin
tense on the ADC map.

DTI evolution

Technical evolution of diffusion weighted imaging

The goal of all imaging procedures is generation of an
image contrast with a good spatial resolution. Initial
evolution of diagnostic imaging focussed on tissue
density function for signal contrast generation. In
1970s, the work of Lauterbur PC, Mansfield P and Ernst
[1]
R, modern clinical MRI came into the field of medicine .
MRI provided an excellent contrast resolution not
only from tissue (proton) density, but also from tissue
relaxation properties. After initial focus on T1 and
T2 relaxation properties researchers explored other
methods to generate contrast exploiting other properties
of water molecules. Diffusion weighted imaging (DWI)
was a result of such efforts by researchers like Stejskal,
[2]
Tanner and Le Bihan .
In 1984, before MRI contrast became available,
Denis Le Bihan, tried to differentiate liver tumors from
angiomas. He hypothesized that a molecular diffusion
measurement would result in low values for solid
tumors, because of restriction of molecular movement.
Based on the pioneering work of Stejskal and Tanner in
the 1960s, he thought that diffusion encoding could be
accomplished using specific magnetic gradient pulses.
It was a challenging task to integrate the diffusion
encoding gradients in to the conventional sequences and
initial experience in the liver with a 0.5T scanner was
very disappointing. Firstly diffusion MRI was a very slow
method and it was very sensitive to motion artifacts due
[2]
to respiration .
It was not until the availability of Echo-Planar Imaging
(EPI) in the early 1990s, that DWI could become a reality
[2,3]
in the field of clinical imaging . EPI based diffusion
sequences were fast and solved the problems of motion
[4]
artifacts. Early work by Moseley et al and Warach et

WJR|www.wjgnet.com

[4]

Moseley et al observed that white matter contrast
on diffusion images changes according to the spatial
direction of the diffusion encoding gradients. Douek et
[6]
al suggested that this was due to the fact that water
diffusion in white matter fibres was faster in the direction
of the fibers and slower perpendicular to them, i.e.,
anisotropic. The initial attempts were not very impressive,
because diffusion measurements were done only along
two directions. With the use of a tensor formalism by
[7]
Basser et al and development of 3D representation
algorithms for fibre bundle depiction modern DTI came
into existence. Initial clinical applications of DTI were
limited to the central nervous system. Imaging artefacts
and the small calibre of peripheral nerves hampered
its use in the peripheral nervous system. However
recent advances in MRI technology have extended its
[8]
application to the peripheral nervous system .

CLINICAL APPLICATIONS OF DWI
Acute brain ischemia

Ever since its inception acute brain ischemia has been
the most successful application of DWI (Figure 1).
Diffusion MRI today is the imaging modality of choice
[9]
for stroke patients . The use of DWI in combination
with perfusion MRI, which outlines salvageable areas of
ischemia and MR angiography, provides a useful guide
for stroke management. The b-values up-to 1000 are
used for standard neuroimaging application. Despite
the historical success the interpretation of the molecular
basis behind the diffusion restriction has been poorly
understood. The relationship of diffusion restriction with
the severity of the ischemia and the clinical outcome
[10]
remains unresolved .

Brain tumors

ADC values have been shown to be decreased in
highly cellular tumors such as CNS lymphoma, medullo
blastoma, and high-grade glioma. Lower ADC values
have been reported to be associated with higher-grades
and poorer prognosis. Quantitative ADC measurements
have also been helpful in prediction of therapeutic
response. It is especially useful in detecting pseudoresponse and pseudo-progression. Pseudo-response is a
phenomenon seen after anti-angiogenic therapy where
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A

B

C

Figure 1 Acute infarct. Axial FLAIR image (A) shows geographic hyperintensity involving right parieto-occipital region and basal ganglia. Diffusion weighted imaging
shows restricted diffusion with high signal on b1000 image (B) and low signal intensity on apparent diffusion coefficient map (C).

tumor doesn’t enhance despite the intact viability or
actual progression. DWI may be useful to demonstrate
persistent or progressive tumor despite the lack of
contrast enhancement. Pseudo-progression is seen in
the setting of edema associated with the inflammatory
response rather than progression of the true tumor. ADC
values have been reported to be have an accuracy of up[11]
to 80% in resolving the two entities . DTI is helpful for
intraoperative navigational purposes in order to avoid
[12]
injuring the corticospinal tracts .

and hence water diffusion properties of white matter
in the brain change dramatically during development.
Diffusion metrics are isotropic in the adult brain cortex
but there is a short time window of anisotropy. This
transient anisotropy effect probably reflects the cellular
migration and organization process within the cortical
[10]
layers . DTI can be used to monitor the myelination
process during the different phases of development in
[20,21]
fetuses, infants and childhood
. Similarly DTI can
also be used to characterize white matter disorders and
[22,23]
grey matter migration disorders in children
.

White matter diseases

Oncological applications

The exquisite sensitivity of DW MRI to microstructural
changes enables us to detect the abnormalities much
before changes on conventional images. In white matter,
any change in tissue orientation patterns inside the MRI
voxel results in a change in the degree of anisotropy
and there is growing evidence in literature to support
this assumption. Clinical studies carried on patients
with white matter diseases have shown the sensitivity
of DTI to detect abnormalities at an early stage and to
demonstrate the microstructural abnormalities in various
white matter diseases. Examples include multiple
sclerosis, Alzheimer disease, leukoencephalopathies,
Wallerian degeneration, Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and Leukoen
[13-18]
cephalopathy and HIV-1 encephalopathy
.
Anisotropy measurements may highlight more subtle
anomalies in the organization of white matter tracks
otherwise not visible on anatomical imaging. This property
extends the potential of DTI in detecting more subtle
changes, e.g., functional disorders that do not necessarily
have an anatomical basis. The potential is enormous and
covers cognitive impairment, schizophrenia, dyslexia and
[10]
various other psychiatric disorders .

Diffusion-weighted imaging has got immense potential
in the field of onco-imaging. It is easy to implement
and adds very little time to a standard MR examination.
Malignant lesions have lower ADC values compared
to surrounding normal tissue, edema and benign
tumors in brain, head and neck malignancies, prostate
[24]
and liver cancer . Malignant tumors differ in their
cellularity and biologic aggressiveness, which can be
[24,25]
quantified in terms of ADC values
. Whole-body
DWI, i.e., diffusion weighted whole body imaging with
background suppression (DWIBS) is performed using a
STIR EPI sequence with a high b value for background
suppression. Imaging is performed at multiple stations
and then post-processed to form a composite image of
the whole body. The images are displayed as maximum
[26]
intensity projections with a reversed gray scale .
Signals from majority of normal tissue are suppressed
with some exceptions such as the prostate, spleen,
ovaries, testes, spinal cord and endometrium. Areas
showing restricted diffusion such as highly cellular
lymph nodes are strikingly highlighted. Small foci of
tumors within the abdomen or peritoneum may also get
[26,27]
highlighted by using this technique
. Recent appli
cations of DWI in oncology include evaluation of response
to chemoradiotherapy. Increase in ADC value can be
[28,29]
detected before the size of the tumor decreases
.

Pediatric brain development and aging

Brain’s microstructure is not static, white matter tracts
mature during early life and then degenerate with aging.
Effects of aging on white matter organization have
[19,20]
been studied
. DTI has a potential in the evaluation
pediatric population. The degree of diffusion anisotropy
in white matter increases during the myelination process
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Head and neck malignancies

DW-MRI has been applied in head and neck neoplasms
(Figure 2). There is a significant difference in ADC
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Figure 2 Non-hodgkin’s lymphoma. Axial b0 (A), b1000 (B) and apparent diffusion coefficient map are showing multiple enlarged neck nodes. Nodes are showing
slightly hyperintense signal on b0 images and retaining their signal on b1000 image with low signal on corresponding ADC (C). ADC: Apparent diffusion coefficient.

values of carcinomas, lymphomas, benign salivary gland
[30]
tumors and benign cysts. Wang et al
reported that
-3
2
ADC less than 1.22 × 10 mm /s has 86% predictive
accuracy for malignancy with 84% sensitivity and 91%
specificity. DWI helps in the differentiation of benign
from malignant tumors, lymphoma from squamous cell
cancer, and benign from metastatic lymphadenopathy.
It also helps in differentiation of necrotic tumors from
abscesses and selection of appropriate site for biopsy.
ADC value of necrosis is especially helpful in discrimina
[31]
ting metastasis from lymphadenitis. Kato et al reported
significantly lower ADC value in suppurative lympha
denitis (0.89 ± 0.21) than in malignancies (1.46 ± 0.46).
[32]
In another study Zhang et al reported additional value
of ADC measurements in necrotic and solid portions.
ADC calculations are also useful in monitoring the patient
after chemo-radiotherapy and differentiation of recurrent
[28,29,33,34]
tumors from post-treatment changes
.

an adjunct to dynamic contrast enhanced (DCE)-MRI.
[41]
Wang et al
have reported that compared to DCEMRI used alone this strategy significantly improves the
diagnostic performance of MRI for differential diagnosis
between ductal carcinoma in situ (DCIS) and invasive
[42]
breast cancer . The sensitivity of the DTI parameters to
detect breast cancer was found to be high, particularly
in dense breasts.

Hepatobiliary pancreatic cancers

DWI is helpful in focal liver lesion detection and chara
cterization and can be used as an alternative to Gado
linium enhanced MRI in patients with renal dysfunction
[25]
(Figures 4-7) . Clinical applications of DW MRI include
treatment response monitoring and prognostication in
patients receiving systemic and focal ablative therapies
[43-46]
for hepatic and pancreatic malignancies
. Hardie
[47]
et al
compared the utility of DWI in detection of
liver metastases. They reported that DWI has 66.3%
sensitivity compared to 73.5% for CE-MRI and hence it
can serve as a useful alternative for this purpose. DW
MR imaging has been investigated in diffuse hepatic
parenchymal disease such as non-alcoholic fatty
liver disease and hepatic fibrosis. However its clinical
applicability is questionable as it suffers from multiple
confounders making quantifying liver fibrosis through
[48]
[48]
ADC difficult . In a recent meta-analysis, Hong et al
reported that DWI has a sensitivity and specificity of
0.83 (95%CI: 0.79-0.87) and 0.77 (95%CI: 0.70-0.83)
for differentiation of malignant from benign pancreatic
[49]
lesions. In another meta-analysis, Niu et al
reported
pooled sensitivity of 0.86 (95%CI: 0.80-0.91) and
the pooled specificity of 0.82 (95%CI: 0.72-0.89) for
differentiation of pancreatic carcinoma from massforming chronic pancreatitis. For most abdominal appli
cations b-values of 0, 400 and 800 are standard except
for prostate imaging where use of values up-to b1600 is
considered more suitable.

Thoracic malignancies

DWI can be used for distinguishing malignant from
benign and inflammatory lung lesions and helps in differen
tiation of small cell cancers (SCLC) from non-small cell
[35,36]
cancers (NSCLC)
. In a recent meta-analysis by
[35]
Shen et al reported that malignant pulmonary lesions
have significantly lower ADC values than benign lesions
2
[1.21 (95%CI: 1.19-1.22) mm /s vs 1.76 (95%CI:
2
1.72-1.80) mm /s]; and there is a significant difference
between ADC values of small cell lung cancer and nonsmall cell lung cancer although differentiation of various
[35,37]
histological subtypes were not possible
. Nomori et
[38]
al
showed that signal intensity and heterogeneity of
DWI reflect the histologic heterogeneity and biological
aggressiveness in NSCLC. DWI also has a high
[39]
specificity in the lymph node staging of NSCLC .

Breast cancer

2

[40]

Using b values up-to 400 s/mm , Sinha et al reported
that malignant breast lesions have significantly lower
than the ADC values than benign diseases (1.36 ± 0.36
-3
-3
x 10 vs 2.01 ± 0.46 x 10 ). It is now a routine part of
multi-parametric MR evaluation of breast masses (Figure
3). Quantitative DTI measurements have been used as
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Bowel disorders

DWI is useful for detection of colorectal cancer, nodal
and hepatic metastases and prediction of response
after radio-chemotherapy for locally advanced rectal
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C

E

Figure 3 Carcinoma breast. Axial T2W fat saturated image (A) is showing a heterogeneously hyperintense mass lesion in right breast. Mass is showing hyperintense
signal on b800 image (B), with low signal on apparent diffusion coefficient map (C); dynamic post-contrast MIP image (D) is showing contrast enhancement within the
mass with type 3 enhancement curve (E).

A

B

C

D

Figure 4 Hepatocellular carcinoma in cirrhotic liver. Axial T2W image is showing a hyperintense lesion in segment 5 of liver (A); lesion is enhancing in arterial
phase (B); and it shows hyperintense signal on b800 image (C) and hypointense on apparent diffusion coefficient map (D).
[50-52]

[53,54]

cancer
. DWI detects therapy-induced modifications
in lesion vascularity during anti-angiogenic therapy
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before significant changes in size are evident
.
DWIBS has been reported a useful tool in detection of
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D

Figure 5 Liver metastases. Patient with gall bladder carcinoma is showing a large T2 hyperintense mass in gall bladder fossa (A) showing restricted diffusion on
b1000 image (B); there are multiple metastatic lesions in liver in segments 2, 3 and 4. These lesions are also showing restricted diffusion. Another important point is
the fact that a b500 image (D) is showing more lesion compared to a corresponding b0 image (C).

A

B

C

D

Figure 6 Carcinoma gall bladder. Axial T2W image showing a large heterogeneously hyperintense mass in gall bladder fossa of liver. It is showing hyperintense
signal on b700 image (B) and are showing peripheral hyperintense signal on apparent diffusion coefficient map (C); coronal projectional MRCP image is showing
biliary obstruction with involvement of primary and right secondary biliary confluence.
[55]

[56]

nodal metastasis of colorectal cancer . In addition to
its utility in abdominal malignancies, DWI has also been
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found useful in inflammatory bowel disease. Qi et al
reported that DWI combined with MR enterography
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D

Figure 7 Pancreatic adenocarcinoma. Axial CECT images showing a hypo-enhancing mass in the neck and head region of pancreas (A) with a dilated pancreatic
duct (B); multiple hypodense lesions can be noted within the liver parenchyma. Mass in the neck and head region of pancreas is showing hyperintense signal on b800
image and so are the focal liver lesions (C); corresponding apparent diffusion coefficient map shows hypointense signal within the mass (D).

A

B

Figure 8 Renal cell carcinoma vs simple cyst. Axial contrast-enhanced magnetic resonance image shows non-enhancing bosniak category I cyst in right kidney
(arrowhead) and Bosniak category IV cyst (enhancing mural nodules) in left kidney (arrow). Former shows free diffusion with high ADC while latter depicts restricted
diffusion with low ADCs. Latter was found to be clear cell renal cell carcinoma. ADC: Apparent diffusion coefficient.

(MRE) has higher diagnostic accuracy (92%) than
MRE alone (79%) for disease activity. It has also been
found to be useful in detection and characterization of
[57]
extraintestinal manifestations and complications . Use
of DWI with MR enterography improves mesenteric and
small bowel tumor detection compared to unenhanced
[58]
MR-enterography .

transitional cell cancer, histological grade is the most
important factor determining biological aggressiveness.
ADC values correlate very well with histopathological
grades of TCC, and hence predict the biological
behaviour of bladder cancer and tumour recurrence
[59]
(Figures 10 and 11) . DWI helps to detect carcinoma
in the transition zone and increases the diagnostic
confidence in detection of peripheral zone cancer (Figure
12). DWIBS is useful in detection of skeletal metastasis
[59]
(Figure 13) .
DWI improves the diagnosis of cervical and endo
[62]
metrial tumors . DW MR imaging is especially useful
for accurate determination of the depth of myometrial
[63]
invasion in patients with endometrial cancer . It has

Genito-urinary applications

DWI can easily distinguish benign renal cysts from
[59]
solid neoplasms (Figures 8 and 9) . There have been
attempts to distinguish various histological subtypes,
but due to overlap in the ADC values such predictions
[59-61]
have been found to be difficult
. In patients with

WJR|www.wjgnet.com

791

September 28, 2016|Volume 8|Issue 9|

Baliyan V et al . Diffusion weighted imaging

A

B

Figure 9 Renal cell carcinoma with malignant inferior vena cava thrombus. Apparent diffusion coefficient maps (A and B) of a patient with large left renal mass
with contiguous extension into renal vein (arrows) and inferior vena cava (arrowhead) (malignant thrombosis). Both the renal mass and intravascular thrombus had
similar apparent diffusion coefficient values.

A

B

C

D

Figure 10 Transitional cell cancer. Computed tomography urography image (A) shows a filling defect within the mid-pole calyx and infundibular region. Axial T2W
image (B) showing a corresponding hypointense lesion showing restricted diffusion on diffusion weighted imaging (C, D).

also been suggested to be a potential response bio
[64]
marker in cervical cancer . DWI is highly sensitive
for detection of peritoneal dissemination in gynecolo
gical malignancy and plays an important role in the
management of gynecological malignancies especially
[65]
ovarian cancer (Figure 11) . ADC changes have also
been shown to be useful in prediction of uterine leiom
yoma volume response after uterine artery emboli
[66]
zation , preoperative differentiation between uterine
[67]
leiomyoma and leiomyosarcoma .

its application to peripheral nervous system (Figure
14). DTI adds value to conventional MR Neurography
as it is capable of axonal and myelin compartment
differentiation. DTI parameters “axial diffusivity” and
“fractional anisotropy” are considered as markers of
axon integrity and myelin sheath integrity respectively.
DTI has been used to quantitatively evaluate spinal
nerve entrapment with foraminal stenosis. The entrap
ped roots and distal spinal nerve show increased diffusi
vity and significantly lower FA values than the normal
[68,69]
nerves
. DTI has also been studied in animal models
for monitoring peripheral nerve degeneration and rege
[70]
neration . The experience of DTI in nerve imaging is

Peripheral nerve imaging

Advancements in DTI technology have expanded
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A

B

C

Figure 11 Carcinoma ovary. Coronal T2W image shows right adnexal mass with gross ascitis (A); B800 image (B) showing a focal hyperintense peritoneal nodule in
left iliac fossa region with corresponding dark signal on apparent diffusion coefficient map (C).

A

B

C

Figure 12 Carcinoma prostate. Axial T2W image (A) showing central T2 corresponding hypointensity on apparent diffusion coefficient map (C) and high signal on
b1000 image (B) suggesting a central gland prostate cancer.

A

the differentiation of acute osteoporotic from malignant
[72]
compression fractures (Figure 15) . Structural integrity
of the spinal cord can be assessed by DTI. Quantitative
analysis of anisotropy and diffusivity detects subtle
abnormalities that can be easily missed on conventional
imaging. DTI has been found to be useful tool in various
conditions involving spinal cord. Such conditions include
spinal cord injury, multiple sclerosis, amyotrophic lateral
[73]
sclerosis, myelitis, and spinal cord tumors .

B

LIMITATIONS
The algorithms used in DWI acquisition make several
assumptions, e.g., perfect field homogeneity, infinitely
fast gradient changes, and perfectly shaped RF pulses,
etc. However, with the available technology, the gradient
coils can generate gradient magnitudes and switch rate
-1
-1 -1
of the order of 40 mTm and 200 Tm ·s respectively.
Such discrepancies limit DWI accuracy and result in
[74]
lower image quality and image artifacts . Major limi
tations of DWI are experienced in body imaging and are
[59,60]
largely because of it being an EPI sequence
. DWI is
susceptible to various artifacts, e.g., T2 shine through,
T2 black out, ghosting, blurring and distortions. Tissues
with very long relaxation times might tend to retain
signal on high b value images. This is known as “T2

Figure 13 Carcinoma prostate metastases. DWIBS images showing multiple
metastatic lesions within the vertebral bodies, pelvic bones, B/L proximal femur
and humerus.
[71]

limited and it is yet to achieve its full potential

.

Musculoskeletal applications

DWI improves diagnostic accuracy of MR imaging in
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Figure 14 Diffusion tensor imaging images. It shows ulnar nerve (A) and sacral plexus (B); (C) is showing diffusion tensor imaging of nerve fibers of nerves around
elbow.
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B

C

D

E

F

G

Figure 15 Vertebral metastasis. Sagittal T1W image (A) is showing diffuse T2 hypointese signal within the L5 vertebral body with corresponding hyperintese signal
and associated prevertebral and extradural soft tissue on STIR image (B). Diffusion weighted imaging images (C, D) are showing hyperintense signal with low signal
on apparent diffusion coefficient map (E). There is contrast enhancement within the involved vertebra (F) and intense uptake on positron emission tomography image
(G).

shine through” effect. Corresponding bright signal on
ADC map by such lesions helps to differentiate it from
restricted diffusion, which appears dark on ADC maps.
T2 blackout effect is the term used for low signal on
ADC map due to lack of enough water protons and not
due to restricted diffusion. Low signal on T2 weighted
fat saturated images is the diagnostic sign for such an
effect.
Image quality provided by single shot EPI is limited
and has a low spatial resolution and a poor SNR. 3T
MRI has an inherent high SNR, but presents several
limitations as well. Susceptibility artifacts are more
pronounced at 3T and uniform fat suppression is also a
[75]
challenge with 3 Tesla magnets . Parallel imaging techni
[76]
que improves SNR by allowing a decrease in TE .
Another bothersome limitation of DWI is the ques
tionable reproducibility of ADC values. ADC values
can vary even with the use of same MR system. Such
variability has been attributed to the inherent low SNR,
artifacts and distortions related to SS EPI sequence.
Rapid on/off transition of diffusion gradients during
EPI sequence causes eddy-current related distortions
resulting in image degradation and systemic errors in
[77]
ADC calculations .

WJR|www.wjgnet.com

ADDRESSING CURRENT CHALLENGES
AND FUTURE DIRECTIONS
Most of the challenges encountered during DWI acquisi
tions can be minimized by optimizing the DW-MR proto
col. Researchers have been focusing on further optimi
zation of DWI sequences and have been making new
advancements to enhance the utility of DWI. NonEPI sequences (turbo-FLASH, HASTE, SSFP) or dualsource parallel RF excitation DWI are novel strategies
[78,79]
to overcome the disadvantages of 3T systems
.
Periodically rotated overlapping parallel lines with
enhanced reconstruction technique based on the fast
spin echo (FSE) sequence has been used for DWI
[80]
acquisitions to nullify the geometric distortion of EPI .
It is of advantage in temporal bone and spinal cord
[81]
imaging . ‘‘TRacking Only Navigator echo’’ (TRON) is a
new acquisition technique for DWI to address the motion
related distortions. It allows continuous real-time slice
tracking and position correction without use of any kind
[82]
of gating . Refocused spin echo preparation (bipolar
EPI sequence) is an emerging approach to minimize
[83]
distortions related to the eddy currents . Fast advanced
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spin-echo sequence DWI has been reported to be more
sensitive and/or accurate than those obtained with EPI[84]
DWI for N-stage assessments of NSCLC patients .
Intravoxel incoherent motion with bi-exponential
diffusion model is a method of harnessing perfusion
[27]
information from diffusion acquisitions . Routine DW
imaging assumes that water in biological environment
follows Gaussian laws (normal distribution), which is
an oversimplification. Actually water molecules in such
environments have non-gaussian properties that can
be quantified by diffusion kurtosis imaging (DKI). DKI
provides a measure of tissue heterogeneity and indicate
the complexity of the microstructural environment. It
provides complementary information to that acquired
with traditional diffusion imaging and may lead to
[85]
broadening of DWI applications .
Recent work in the field of diffusion MRI has focused
on its application to study the function of brain. Until
recently positron emission tomography (PET) and
functional BOLD MRI have been used for measurement
[86]
of brain activity. Le Bihan et al have shown that water
diffusion properties are modulated by the brain activity.
The changes on diffusion functional MRI are faster than
the changes with BOLD functional MRI, which measure
[87]
the reactive increase in blood flow . The introduction
of diffusion functional MRI has opened a new paradigm.
It has got huge potential for resolving complex
mysteries of neurophysiology.

6
7
8

9

10
11

12
13

14

CONCLUSION
DWI has become an indispensable imaging tool. It has
well established roles in the fields of stroke imaging,
white matter diseases and oncology. While conventional
imaging provided only anatomical information, DWI
has opened a new paradigm with information about
molecular activity and cellular function. Recent advances
in this field have touched new horizons with the arrival
of functional diffusion MRI. Researchers believe that
DWI has still not achieved to its full potential and it is
expected that in future DWI may be able to solve the
most complex puzzles of brain functioning.
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MINIREVIEWS

Evaluation of DNA synthesis with carbon-11-labeled
4′-thiothymidine
Jun Toyohara

vivo is to measure DNA synthesis rates. The cellular

Jun Toyohara, Research Team for Neuroimaging, Tokyo
Metropolitan Institute of Gerontology, Tokyo 173-0015, Japan

proliferation rate is one of the most important cancer
characteristics, and represents the gold standard of
pathological diagnosis. Positron emission tomography
(PET) has been used to evaluate in vivo DNA synthetic
activity through visualization of enhanced nucleoside
metabolism. However, methods for the quantitative
measurement of DNA synthesis rates have not been
fully clarified. Several groups have been engaged in
11
11
research on 4′-[methyl- C]-thiothymidine ( C-4DST) in
an effort to develop a PET tracer that allows quantitative
measurement of in vivo DNA synthesis rates. This minireview summarizes the results of recent studies of the
in vivo measurement of cancer DNA synthesis rates
11
using C-4DST.
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Core tip: There is a continuous demand to measure in
situ DNA synthesis rates in living human cancer. The
11

thymidine derivative 4′-[methyl- C] thiothymidine
11
( C-4DST) has the potential to visualize in vivo DNA
synthesis rates with positron emission tomography
11
(PET). To confirm whether C-4DST is a valid DNA
synthesis marker, clinical and basic research is being
conducted at several PET centers in Japan, European
Union, and the United States. This mini-review sum
marizes the progress of recent studies involving the in
vivo imaging of cancer DNA synthesis using 11C-4DST
PET.
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Abstract
In the cancer research field, the preferred method for
evaluating the proliferative activity of cancer cells in
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C-4DST might be used as a valid in vivo DNA synthesis
11
marker. C-4DST was developed at the National Institute
of Radiological Sciences (NIRS; Chiba, Japan) and has
been approved for clinical use by the committee for
medical use of cyclotron-produced radiopharmaceuticals
of NIRS, as well as the medical use of cyclotron-pro
duced radiopharmaceuticals and ethics committees
of Tokyo Metropolitan Institute of Gerontology (TMIG;
Tokyo, Japan). The first-in-human study was performed
11
at TMIG in March 2010. C-4DST was also described
11
[8,9]
as C-S-dThd , however, the names have since been
11
unified to C-4DST with the commencement of its
[10]
clinical use .

INTRODUCTION
Rationale for DNA synthesis imaging

The basic principle of DNA synthesis measurement
using positron emission tomography (PET) and the
rationale for tracer development for DNA synthesis
[1]
imaging were extensively reviewed by Bading et al ,
[2]
and Toyohara et al , respectively.
Briefly, thymidine is the only nucleoside that is
exclusively incorporated into DNA. Therefore, DNA
3
incorporation using [methyl- H]-thymidine is used as
the gold standard for a cell proliferation marker. The
challenge in visualizing in vivo DNA synthesis with
11
[3]
C-thymidine has been pursued since 1972 . Extensive
developments in the 1990s and early 2000s realized
the estimation of thymidine flux from blood to DNA
[4-7]
in somatic and brain tumors . From these studies,
11
it became clear that the routine use of C-thymidine
has several limitations, including issues related to the
11
use of radiolabeled catabolites, the short half-life of C,
11
and relatively difficult synthesis. While C-thymidine
is effectively incorporated into DNA, it is also rapidly
catabolized by thymidine phosphorylase, which com
plicates image analysis. Thymidine is a substrate for
mitochondrial thymidine kinase 2 as well as cytosolic
thymidine kinase 1, which leads to the absence of
cell proliferation related uptake in tissues with high
mitochondria content, such as the heart. Therefore,
the ideal tracer for DNA synthesis imaging requires
resistance to catabolism by thymidine phosphorylase,
selective phosphorylation by thymidine kinase 1, and
ready incorporation into DNA (Figure 1).

4′-[methyl-11C] thiothymidine
11

INITIAL CLINICAL TRIAL
11

An initial clinical trial of C-4DST, which was equivalent
to a phase 1 trial, was performed according to guide
lines approved in January 2008 by the institutional
committee of TMIG for first-in-human use of novel
radiopharmaceuticals. Briefly, five brain tumor patients
volunteered to participate in a study of the side effects
11
associated with administration of C-4DST, which
were assessed by clinical symptoms, physical findings,
11
and blood tests. Concurrently, C-4DST dynamic PET
measurements were performed to assess the efficacy
with which the desired function (DNA synthesis) can
be measured. In addition, radiation dosimetry was
estimated through whole-body PET measurement in
three healthy volunteers.
The results of the initial clinical trial revealed no
11
adverse events accompanying administration of C-4
DST, and the effective dose was calculated as 4.2 µSv/
11
MBq. Whole-body PET indicated C-4DST accumulations
in bone marrow and spleen, where DNA synthesis is
active in the adult. These observations suggest that
11
C-4DST uptake reflects the dynamics of DNA synthesis
activity (Figure 3). In addition, physiological accumu
lation of radioactivity was observed in the liver, kidney,
and salivary glands, which are components of the meta
11
bolic excretion pathway. The levels of C-4DST accumu
lation in the mediastinum, cerebral parenchyma, lungs,
cardiac muscles, and skeletal muscles were very low.
11
The distribution of C-4DST within the human
body was different from that in rodents, and a high
11
level of C-4DST accumulation was observed in the
human liver. This may have been due to species differ
11
ences in C-4DST metabolism; the metabolism of
11
C-4DST in humans is faster than that in rodents and
produces hydrophilic metabolites. Treatment of the
main component of the hydrophilic metabolites with
11
β-glucuronidase results in the formation of C-4DST.
11
Therefore, the high level of C-4DST accumulation in
11
the human liver is due to conjugation of C-4DST.
11
C-4DST is a nucleoside derivative and therefore
does not readily pass through the blood-brain barrier.
Thus, accumulation of radioactivity in normal brain is
low. However, the majority of brain tumor lesions could
11
be imaged, and the accumulation of C-4DST in brain

11

4′-[methyl- C] thiothymidine ( C-4DST) is a derivative
of thymidine in which the 4′-oxygen is replaced with
sulfur and the 5-methyl group is radiolabeled with
11
[8,9]
C by the C-C cross-coupling reaction (Figure 2) .
The first synthesis conditions reported involved using
5-tributylstannyl-4′-thio-2′-deoxyuridine (precursor)/tris
(dibenzylideneacetone) dipalladium (0) [Pd2(dba)3]/tri(otryl) phosphine [P(o-CH3C6H4)3] (1.5:1:3.9 in molar ratio)
at 130 ℃ for 5 min in N,N-dimethylformamide (DMF),
which gave the desired products at only 30% decay11
[9]
corrected yields based on [ C]CH3I . Subsequently,
slight modifications of the conditions, using precursor/
Pd2(dba)3/P(o-CH3C6H4)3/CuCl/K2CO3 (1.5:1:3.9:4:3.6)
at 80 ℃, resulted in greatly improved decay-corrected
11
[10]
yields (70%) based on [ C]CH3I . Other reported
conditions using precursor/Pd2(dba)3/P(o-CH3C6H4)3/
CuCl/K2CO3 (25:1:32:2:5) at 80 ℃ also gave improved
decay-corrected yields (42%-60%) using the two-pot
method, and 65% by the one-pot method based on
11
[11,12]
C-CH3I
.
Preclinical evaluation indicated that the stability
11
of C-4DST within the body is higher than that of
18
thymidine, and unlike 3′-deoxy-3′-[ F]fluorothymidine
18
( F-FLT), it is taken up into DNA as a substrate for DNA
[8,9]
synthesis. Therefore, Toyohara et al
postulated that
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Figure 1 Rationale for designing an ideal DNA synthesis tracer for cell proliferation imaging. The ideal tracer must block catabolism by thymidine
phosphorylase, while retaining anabolism by the salvage pathway. ENT1: Equilibrative nucleoside transporter 1; TDP: Thymidine di-phosphate; TMP: Thymidine
monophosphate; TTP: Thymidine tri-phosphate; TK1: Thymidine kinase 1; TK2: Thymidine kinase 2; TP: Thymidine phosphorylase.

fits the two-tissue three-compartment model, and k4
is negligibly small. The value of k3 (k4 = 0) obtained by
the analysis showed a strong correlation with Ki (k4 =
11
0), which reflects the rate of C-4DST incorporation flux
(Pearson’s r = 0.925, P = 0.001), and no correlation was
observed with K1 (k4 = 0), which reflects intracellular
transport. In addition, the standardized uptake value
(SUV) showed the best correlation with Ki (Patlak) and
also showed good correlations with Ki (k4 = 0) and k3 (k4
= 0) (Pearson’s r = 0.942, P = 0.0005; r = 0.857, P =
0.0065, respectively). The above results suggest that
images of DNA synthesis might be obtained through
non-quantitative analysis using SUV images.
In addition, we performed a basic validation study
11
of C-4DST accumulation kinetics into the DNA. The
time course of the DNA uptake ratio in proliferating
tissues in rats was illustrated by a Michaelis-Mententype hyperbolic curve, and 50% of the radioactivity
was taken into DNA at 5 and 8 min after administration
in the duodenum and spleen, with maximum uptake
ratios of 99% and 94%, respectively. The TACs of these
tissues as a whole were almost identical to the TACs of
DNA incorporated radioactivity (DNA fraction) and were
different from the soluble non-DNA fraction (unchanged
form + phosphorylated form) (Figure 5). On the other
hand, in the AH109A rat liver cancer transplantation
model, significant variation in DNA uptake rates bet
ween sampling sites was due to heterogeneity in the
tumor tissues, with some regions exhibiting 60%
DNA uptake at 1 min after administration (where cell
proliferation is active). The above results indicate that
the process of DNA uptake is the rate-limiting step in
11
C-4DST accumulation.
[13]
Furthermore, Plotnik et al
evaluated the kinetics
3
of H-4DST transport and metabolism in the human

11
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Figure 2 Radiosynthesis of 4’-[methyl-11C]-thiothymidine. The imaging
agent 11C-4DST was synthesized by methylation of 5-tributylstannyl-4'-thio2'-deoxyuridine via a palladium-mediated Stille cross-coupling reaction
with 11C-methyl iodide. 11C-4DST: 4’-[methyl-11C]-thiothymidine; DMF: N,NDimethylformamide; P(o-tolyl)3: Tri(o-tryl)phosphine; Pd2(dba)3: Tris(dibenzylide
neacetone)dipalladium(0).

tumor lesions varied depending on the treatment condi
11
tions. In some cases, the accumulation of C-4DST was
11
11
clearly different from C-methionine ( C-MET) images
acquired at the same time. The images in Figure 4A
shows a case that was resistant to the anticancer agent
temozolomide, while the Figure 4B shows a case that
was responsive to temozolomide. As can be seen in this
11
figure, C-4DST sensitively captures the responsiveness
of the tumor cells toward radiotherapy or chemotherapy.

KINETIC ANALYSIS
11

Time-activity curves (TACs) of C-4DST accumulation in
brain tumors indicated irreversible kinetics, suggesting
11
that C-4DST might be metabolically trapped. In
addition, Patlak graph analysis showed a linear plot,
[8,9]
which supports the above suggestion . The results of
11
the preliminary kinetic analysis indicated that C-4DST
11
was irreversibly taken up into the DNA because C-4DST

WJR|www.wjgnet.com

801

September 28, 2016|Volume 8|Issue 9|

Toyohara J. Progress of 4DST PET research
11

SUV
0
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24-34 min
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Figure 3 Representative whole-body decay-corrected maximum intensity-projection images of 4’-[methyl-11C]-thiothymidine positron emission tomography
images. 11C-4DST showed high uptake in the excretory organs, such as the kidneys, liver, and urinary bladder. Moderate uptake was observed in the proliferative
organs, such as bone marrow, spleen, and small intestine. The lowest uptake was observed in the non-proliferating tissues, such as muscle and lungs. This research
was originally published in JNM[10]. 11C-4DST: 4’-[methyl-11C]-thiothymidine; SUV: Standardized uptake value.

Gd-MRI

11

C-MET

11

C-4DST

A

B

Figure 4 Brain tumor imaging in temozolomide-resistant (A) and -responsive (B) patients. DNA synthesis images provide completely different information from
those obtained with an amino acid transport agent. In the case of recurrent anaplastic oligodendroglioma (A), both 11C-MET and 11C-4DST showed high uptake in
the gadolinium-enhanced region of the MRI. However, the distribution pattern of each tracer in the tumor region was not identical. The tumor in this patient showed
progressive enlargement despite continuous treatment with the DNA alkylating agent temozolomide. In the case of recurrent anaplastic astrocytoma (B), the patient
received one course of treatment with temozolomide 3 d before PET examinations, and it was found that the 11C-4DST uptake was negligible in the gadoliniumenhanced region where high uptake of 11C-MET was observed. The enhanced tumor mass in this patient remained unchanged over 6 mo after commencement of
temozolomide treatment. These observations suggest that DNA synthesis in the tumor was suspended by temozolomide treatment. Reprinted from Nariai et al[14],
with the permission of Springer. 11C-4DST: 4’-[methyl-11C]-thiothymidine; 11C-MET: 11C-Methionine; Gd-MRI: Gadolinium-enhanced magnetic resonance image; PET:
Positron emission tomography.
11

fulness because of the relatively short half-life of the C
label, especially in the case of slow-growing tumors like
prostate cancer.

adenocarcinoma cell line A549 under exponential3
growth conditions. H-4DST behaved qualitatively
similar to endogenous thymidine in terms of equilibra
tive nucleoside transporter dependent cellular transport,
shapes of cellular uptake curves, and relative DNA
incorporation levels. As 4DST closely mimics thymidine
11
metabolism, C-4DST should provide a robust measure
3
ment of DNA synthesis. However, overall H-4DST meta
bolism was significantly lower than that of thymidine,
which may reflect its lower affinity toward thymidine
kinase 1. This slower metabolism might limit its use
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CLINICAL STUDY IN VARIOUS TUMOR
TYPES
Although the presence of metabolites in blood was not
desirable in terms of quantitative measurement, the
11
results of the C-4DST early clinical trials indicated that
its usability exceeded the drawbacks. In addition, as
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Figure 5 Time courses of 4’-[methyl-11C]-thiothymidine activity in the
mouse duodenum. The data is presented as the SUVmean in the indicated
fractions (n = 3-5). Rapid DNA separation was performed using the DNAzol
reagent[30]. The increase in total tissue radioactivity paralleled that of DNA
incorporated radioactivity. The soluble fraction (4DST itself, phosphorylated
4DST, and other metabolites) was low and stable at 30 min after tracer
injection. The contribution of the DNA incorporation process overshadows both
the phosphorylation and dephosphorylation rates at later phases of the PET
scan. PET: Positron emission tomography; SUV: Standardized uptake value.

Figure 6 Early evaluation of the effectiveness of radiosurgery with
4’-[methyl-11C]-thiothymidine positron emission tomography. A marked
decrease in 11C-4DST uptake into metastatic lung cancer was observed 5 d
after gamma knife radiosurgery. Although ring form enhancement with cystic
formation did not disappear completely, tumor growth was halted by this
treatment and the patient has maintained favorable activity of daily living 1 year
after treatment. These observations indicated that the effectiveness of gamma
knife therapy was correctly monitored by 11C-4DST only 5 d after treatment.
Reprinted from Nariai et al[14], with the permission of Springer. 11C-4DST:
4’-[methyl-11C]-thiothymidine; Gd-MRI: Gadolinium-enhanced magnetic resonance
image.

11

high usability of C-4DST was expected from the basic
[8,9]
data obtained in animal experiments , collaborative
research was initiated with the National Center for
Global Health and Medicine (NCGM; Tokyo, Japan) and
Kagawa University (Kagawa, Japan). In this collaborative
research, technology transfer of radiosynthesis was first
performed and then an application was submitted to
the ethics committee. The clinical trial was started at
approximately the same time as the early clinical trial
performed at TMIG. A study to fundamentally support
the clinical data is also being conducted in collaboration
with the University of Groningen Medical Center (UMCG;
Groningen, The Netherlands) and the University of
Washington (Seattle, WA).

oligodendroglioma causes the increased uptake of
11
C-MET despite low proliferation of the tumor cells.
11
This case study suggests that C-4DST accumulates
in growing tumors but not in tumors stabilized by treat
11
ment. C-4DST uptake into tumors was not influenced
by increased transport from blood to tissue, as observed
11
for C-MET.
11
Further in-depth research of C-4DST in brain
tumors was conducted at Kagawa University. Toyota
[15]
11
18
et al
directly compared C-4DST and F-FLT in
the same subjects. Twenty patients with primary
(n = 9) and recurrent (n = 11) gliomas underwent
11
18
C-4DST and F-FLT PET/CT scans. In the normal
11
brain, C-4DST uptake was significantly higher than
18
F-FLT (SUVmean; 0.34 ± 0.06 vs 0.19 ± 0.04, P <
11
0.001 by paired t-test). Individual C-4DST SUVmax
18
in the tumor was very similar to F-FLT. Therefore,
the average tumor-to-normal tissue uptake (T/N)
18
ratio of F-FLT in the tumor was significantly higher
11
than that of C-4DST (10.55 ± 5.45 vs 5.96 ± 3.86,
P < 0.001 by paired t test), resulting in better tumor
18
visualization with F-FLT. Both of these tracers did not
show significant differences in T/N ratio among different
glioma grades. Linear regression analysis showed a
significant correlation between proliferative activity
indicated by the Ki-67 labeling index and the T/N ratios
11
18
of C-4DST (r = 0.50, P < 0.05) and F-FLT (r = 0.55,

BRAIN TUMORS
11

Initial clinical studies of C-4DST in brain tumors were
[14]
performed at TMIG . Fourteen patients with brain
tumors (11 malignant gliomas, 2 metastatic tumors, 1
craniopharyngioma, and 1 malignant lymphoma) were
11
11
included and the uptake of C-4DST and C-MET into
gadolinium-enhanced lesions on T1 weighted magnetic
resonance image (MRI) was evaluated. In this study,
[14]
Nariai et al
observed a unique characteristic of
11
C-4DST in one case. They observed a marked decrease
11
of C-4DST uptake into metastatic lung cancer 5 d after
gamma knife therapy. Although ring form enhancement
with cystic formation did not disappear completely,
tumor growth ceased with this treatment and the
patient has maintained favorable activity of daily living
1 year after treatment (Figure 6). In another case,
11
C-4DST could differentiate oligodendroglioma from
11
malignant transformation (Figure 7). However, C-MET
showed increased uptake, which indicates malignant
transformation. An increased microvessel surface of
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11

11

C-MET

C-4DST

Figure 7 4’-[methyl-11C]-thiothymidine uptake in oligodendroglioma. A patient was diagnosed with grade 2 astrocytoma during the initial operation. At the 1-year
follow-up, an enhanced lesion appeared on MRI and 11C-MET uptake increased around the initially resected lesion. These findings suggested that the malignant
transformation of astrocytoma occurred. However, 11C-4DST uptake into the tumor was not different from basal brain levels. The pathological diagnosis at the second
operation was grade 2 oligodendrocytoma with a newly appearing oligodendroglioma component, but without malignant transformation. Reprinted from Nariai et al[14],
with the permission of Springer. 11C-4DST: 4’-[methyl-11C]-thiothymidine; 11C-MET: 11C-Methionine; Gd-MRI: Gadolinium-enhanced magnetic resonance image.
11

P < 0.05). A highly significant correlation was observed
11
between the individual T/N ratios of C-4DST and
18
F-FLT (r = 0.79, P = 0.0001). These results indicate
11
that the uptake pattern and uptake values of C-4DST
18
in gliomas are similar to those of F-FLT. Two exceptions
were observed, one non-enhanced primary diffuse
astrocytoma and one recurrent glioblastoma with an
18
oligodendroglioma component, in which only F-FLT
11
could detect the tumor well, with C-4DST showing no
and faint uptake in the tumor, respectively.
[16]
In a follow-up study, Tanaka et al
retrospectively
11
evaluated C-4DST uptake in 23 patients with newly
diagnosed gliomas, and correlated the results with
the Ki-67 index and tumor grade in comparison with
11
[16] 11
C-MET . C-4DST PET/CT showed a slightly lower
11
detection rate for gliomas than C-MET (87% vs 96%);
however, the difference was not statistically significant.
11
The tracer uptake for normal brain tissue of C-4DST
11
was significantly lower than that of C-MET (0.48 ±
0.19 vs 1.52 ± 0.36, P < 0.001). The tracer uptake of
11
C-4DST in the tumor was also significantly lower than
11
that of C-MET (2.14 ± 1.58 vs 5.39 ± 2.22, P < 0.001).
Therefore, no significant difference in T/N ratio or
metabolic tumor volume (MTV: volume with a threshold
11
of 40% of SUVmax) was observed between C-4DST
11
and C-MET. A weak correlation was observed between
11
C-4DST and Ki-67 index for SUVmax (r = 0.46, P <
0.03), for T/N ratio (r = 0.43, P < 0.05), and for MTV
11
(r = 0.68, P < 0.001) and between C-MET MTV and
Ki-67 index (r = 0.43, P < 0.04). Among them, the
11
correlation coefficient between C-4DST MTV and Ki-67
index was the highest. There was a significant difference
11
in SUVmax of C-4DST between grades II and IV (P <
0.03) and in MTV between grades II and IV (P < 0.0009)
and grades III and IV (P < 0.02).

LUNG CANCER
At NCGM, the first study focused mainly on lung
[22]
cancer cases . The subjects were 18 primary lung
cancer patients (19 lesions) who underwent segmental
18
resection and lymph node dissection. F-FDG PET/CT
11
and C-4DST PET/CT were performed in these patients
during the same period and SUVmax was measured
at the lesioned region in each patient. The results and
histopathological evaluation (e.g., Ki-67 index) were
compared. The observed histological types included
16 adenocarcinomas (including bronchioloalveolar
carcinoma), 2 squamous cell carcinomas, and 1 large
cell carcinoma, and the average tumor size was 27.2
mm. The average levels of SUVmax in the primary
11
tumors were 2.9 ± 1.0 and 6.2 ± 4.5 for C-4DST
18
11
and F-FDG, respectively; SUVmax of C-4DST was

HEAD AND NECK CANCER
[17]

Ito et al

prospectively compared the diagnostic value
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18

of C-4DST PET/CT and F-FDG PET/CT in patients with
[17]
head and neck squamous cell carcinoma (HNSCC) .
Thirty-eight patients with advanced HNSCC underwent
11
18
C-4DST PET/CT and F-FDG PET/CT before treatment.
All patients were followed for 13.5 ± 7.5 mo to monitor
18
recurrence. The total lesion glycolysis (TLG) for F-FDG
11
and total lesion proliferation (TLP) for C-4DST were
used as outcome measures of the combination of
functional information and volumetric data to predict
[18-21]
patient prognosis
. Nine of the 38 patients with
post-treatment recurrence were identified. Receiver
operating characteristic curves for TLG3.0 (sensitivity:
89%; specificity: 72%) and TLP2.5 (sensitivity: 89%;
specificity: 55%) showed the highest prognostic ability
for recurrence. There was no significant correlation
18
between the Ki-67 index and whether F-FDG SUVmax
11
(P = 0.81) or C-4DST SUVmax (P = 0.49) was
observed in the primary tumor. One possible reason for
this finding may be that the Ki-67 index was obtained
mainly from biopsy specimens, not from resected
specimens.
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E
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Figure 8 4’-[methyl-11C]-thiothymidine images in non-small cell lung cancer. Axial images of CT (A), 11C-4DST PET (B), and 18F-FDG PET (C) in a 58-year-old
man with lung adenocarcinoma in the right lower lobe. Radioactivity of 11C-4DST in the ascending aorta (representing blood pool) is lower than that of 18F-FDG. Both
11
C-4DST and 18F-FDG clearly visualize lung lesions. Right hilar lymph node metastasis is confirmed on CT (D), and uptake of both 11C-4DST PET (E) and 18F-FDG
PET (F) identifies the lesion (arrow). However, 11C-4DST images are clearer than 18F-FDG images because of low physiologic 11C-4DST in the mediastinum (blood
pool). This research was originally published in JNM[22]. 11C-4DST: 4’-[methyl-11C]-thiothymidine; PET: Positron emission tomography; 18F-FDG: 2-Deoxy-2-[18F]fluoroD-glucose; CT: Computed tomography.
18

approximately half that of F-FDG. Figure 8 shows
11
representative images of C-4DST in patients with
11
lung adenocarcinoma. C-4DST clearly visualized hilar
lymph node metastasis because of low physiologic
accumulation in the mediastinum blood pool. The
correlation coefficients between SUVmax and Ki-67
11
18
index were 0.81 and 0.71 for C-4DST and F-FDG,
11
respectively, and that of C-4DST was significantly
11
higher. C-4DST appears to be effective as a PET tracer
in primary lung cancer indicating DNA synthetic activity
(cell proliferation activity).
11
The diagnostic ability of C-4DST for detecting
regional lymph node metastasis of non-small cell lung
cancer (NSCLC) was prospectively evaluated by the
[23]
same group (NCGM) . A total of 31 patients with
11
18
NSCLC underwent C-4DST PET/CT and F-FDG PET/
CT. Patients were followed for up to 2 years to assess
disease-free survival. A total of 123 nodal groups were
defined for 27 patients, with proven malignancy in 17
nodal groups of 9 patients. The sensitivity on a per-node
11
basis was significantly higher with C-4DST than with
18
F-FDG (82.5% vs 29.4%, P < 0.002). In contrast, the
specificity on a per-node basis was significantly lower
11
18
with C-4DST than with F-FDG (71.7% vs 85.8%,
P < 0.02). The disease-free survival rate with positive
11
C-4DST uptake in nodal lesions was 0.35, which was
considerably lower than the rate of 0.83 with negative
findings (P = 0.04). Interestingly, nodal staging by
11
C-4DST was the most influential prognostic factor (P =
0.05) among the factors tested. The high sensitivity of
11
C-4DST for nodal metastasis indicates that it may be
efficient in detecting lymph node micrometastasis.

(MM), it was demonstrated that myeloma has various
characteristics that become prominent at different stages,
18
including energy metabolism ( F-FDG), production of
11
11
M protein ( C-MET), and cell proliferation ( C-4DST).
We hope to be able to accurately determine the periods
where follow-up observation is sufficient and aggressive
chemotherapy is necessary, to optimize treatment in
[24]
such cases. Okasaki et al
prospectively evaluated
11
11
the possibility of C-MET and C-4DST whole-body
PET/CT when searching for bone marrow involvement
in patients with MM, in comparison with those for
18
[24]
F-FDG PET/CT and aspiration cytology . A total of
64 patients with MM or monoclonal gammopathy of
undetermined significance (MUGS) underwent three
18
11
whole-body PET/CT scans with F-FDG, C-MET, and
11
C-4DST within a period of 1 wk. The tracer accumu
lation was evaluated as positive, equivocal, or negative
for 55 lytic lesions visualized using CT in 24 patients. To
verify tracer uptake by lesions, 36 patients underwent
bone aspiration cytology within 1 wk of the three PET/
11
CT scans. The SUVmax of C-4DST in lytic lesions were
11
11
highest among the three tracers. C-4DST and C-MET
18
provided clearer findings than F-FDG for lytic lesions. A
typical MM patient with multiple active lesions is shown
11
11
in Figure 9. C-MET and C-4DST detected positive
18
lesions, whereas F-FDG detected an equivocal lesion.
18
F-FDG was rarely able to detect skull lesions because
of the high physiological accumulation in the brain,
11
11
whereas C-MET and C-4DST were capable of clearly
detecting skull lesions because of their low accumulation
11
11
in the brain. Furthermore, C-4DST and C-MET had
18
higher diagnostic accuracies than that of F-FDG, when
compared with iliac crest biopsy. However, no significant
11
difference was observed between the C-MET and
11
C-4DST findings.

MULTIPLE MYELOMA
In whole-body imaging diagnosis of multiple myeloma
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Figure 9 4’-[methyl-11C]-thiothymidine images in multiple myeloma. 18F-FDG (A), 11C-MET (B), and 11C-4DST (C) PET images obtained in a 63-year-old man
with multiple myeloma. Numerous active lesions are visible in the three maximum intensity projection images. The fusion images are for the cross-section at the level
indicated by the red lines (D). The lesion in the right ischium (red arrow) was positive in all three PET scans. However, the lesion in the right pubis (white arrow) was
only positive on the 11C-MET and 11C-4DST PET scans and was equivocal on the 18F-FDG PET scan. Reprinted from Okasaki et al[24], with the permission of Springer.
11
C-4DST: 4’-[methyl-11C]-thiothymidine; 11C-MET: 11C-Methionine; 18F-FDG: 2-Deoxy-2-[18F]fluoro-D-glucose; PET: Positron emission tomography.
11

model. Dynamic C-4DST PET scan was performed
one day after turpentine injection. The biodistribution
11
of C-4DST was determined and compared with those
18
18
11
11
of F-FLT, F-FDG, C-choline, C-MET, and two
18
sigma receptor ligands 1-4-2′- F-fluoroethoxy-3-meth
oxyphenethyl-4-3-4-fluorophenyl-propyl-piperazine
18
11
( F-FE-SA5845) and 1-3,4- C-dimethoxyphenylethyl11
4-3-phenylpropyl-piperazine ( C-SA4503). The results
11
showed that C-4DST had the highest tumor uptake
among the tracers examined (SUV = 4.9), and the
tumor muscle ratio was 13, which is equivalent to that
18
11
of F-FDG. C-4DST showed an extremely high tumor
inflammation ratio of 49, which was comparable to that
18
of F-FE-SA5845, and was more than 10-fold higher
18
11
than that of F-FDG. C-4DST showed a persistent
increase in accumulation in the tumor and bone marrow.
On the other hand, it was not retained in inflammatory
tissues, and returned to the same level as in muscles
11
40 min after injection. As indicated here, C-4DST is
a useful PET tracer with high sensitivity and specificity,
with completely different dynamics in tumors and
inflammatory tissue. The above results strongly suggest
11
that C-4DST will be effective in clinical settings.
[27]
In a follow-up study, Toyohara et al
evaluated
11
longitudinal changes in C-4DST uptake in turpentineinduced acute, subacute, and chronic phases of inflam
[27]
11
matory tissues . They found that C-4DST uptake in
inflammatory tissue was transiently increased during
the subacute phase and subsequently decreased to
11
normal levels. The transient increase in C-4DST

RENAL CELL CANCER
[25]

11

Minamimoto et al evaluated the potential of C-4DST
PET/CT for imaging cellular proliferation in advanced
18
clear cell renal cell cancer (RCC), compared with F-FDG
[25]
PET/CT . Five patients with a single RCC lesion were
examined. The typical tumor accumulation pattern
18
of F-FDG was diffuse or with a thick uptake layer, in
11
contrast to outer surface-dominant uptake with C-4DST
11
(Figure 10). The SUVmax of C-4DST (7.3 ± 12.2)
18
was slightly higher than that of F-FDG (6.0 ± 12.8).
The correlation between SUVmax and Ki-67 index was
11
18
higher with C-4DST (r = 0.61) than with F-FDG (r =
0.43). Tumor uptake of both tracers was correlated with
the Fuhrman nuclear grading system. Interestingly, the
11
C-4DST uptake increased as the degree of pathological
phosphorylation of mammalian target of rapamycin
11
(pmTOR) increased. This might indicate that C-4DST
has potential for use in evaluating the therapeutic effect
of mTOR inhibitors in patients with RCC.

4DST IN BASIC RESEARCH
In cancer, differential diagnosis of benign vs malignant
[26]
lesions is important. Toyohara et al
investigated
whether 4DST is useful for differentially diagnosing
[26]
tumors and inflammation in animal models . C6 glio
ma cells were transplanted into the right shoulder of
Wistar rats, and turpentine was injected into the left hind
leg 9 d later to create a tumor and acute inflammation
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Figure 10 4’-[methyl-11C]-thiothymidine images in clear cell renal carcinoma. A 78-year-old male with a clear cell renal carcinoma (RCC) in the right kidney.
Contrast-enhanced abdominal CT (A), fused 11C-4DST PET/CT (axial image) (B), fused 18F-FDG PET/CT (axial image) (C), coronal 11C-4DST PET (D), and coronal
18
F-FDG PET (E) images are shown. The uptake of 11C-4DST was predominantly near the outer surface of the RCC tumor; the uptake of 18F-FDG was more diffuse.
Reprinted from Minamimoto et al[25], with the permission of Springer. 11C-4DST: 4’-[methyl-11C]-thiothymidine; 18F-FDG: 2-Deoxy-2-[18F]fluoro-D-glucose; PET: Positron
emission tomography; CT: Computed tomography.

data on the physiological accumulation in lesions.

uptake paralleled changes in the Ki-67 labeling index in
inflammatory tissues. These data indicate that avoiding
the subacute phase is required for proper evaluation of
11
tumor responses using C-4DST PET.
[28]
Tsuji et al
established a clinically relevant mouse
[28]
11
model of mesothelioma
and applied C-4DST as
a tool to differentiate histological subtypes. In their
11
mouse model, C-4DST was suitable for imaging the
18
epithelioid subtype, while F-FDG was more suitable for
the sarcomatoid subtype.
[29]
Hasegawa et al
evaluated radiation induced car
11
cinogenesis and its suppression by C-4DST PET in a
[29]
radiation-induced thymic lymphoma model . They
11
found initial higher C-4DST uptake in irradiated thymus
at 1 wk after fractionated whole-body X-ray irradiation.
11
The increased C-4DST uptake in the thymus was
completely abolished by bone marrow transplantation.
This study demonstrates the feasibility of cellular
11
proliferation imaging with C-4DST for the noninvasive
monitoring of tumorigenic processes in animal models of
radiation-induced cancer.
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Abstract
AIM
To assess the effect of neutral (NC) and positive (PC)
oral contrast use on patient dose in low-dose abdominal
computed tomography (CT).
METHODS
Low-dose clinically indicated CTs were performed on
79 Crohn’s patients (35 = PC, 1 L 2% gastrografin;
44 = NC, 1.5 L polyethylene glycol). Scanner settings
for both acquisitions were identical apart from 25 s
difference in intravenous contrast timing. Body mass
index (BMI), scan-ranges, dose-length product and
size-specific dose estimated were recorded. Data was
reconstructed with pure model-based iterative recon
struction. Image quality was objectively and subjectively
analysed. Data analysis was performed with Statistical
Package for Social Scientists.
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RESULTS
Higher doses were seen in neutral contrast CTs
(107.60 ± 78.7 mGy.cm, 2.47 ± 1.21 mGy vs 85.65
± 58.2 mGy.cm, 2.18 ± 0.96 mGy). The difference
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Murphy KP et al . Effect of oral contrast on dose
[6-11]

was significant in 2 of 4 BMI groups and in those that
had both NC and PC investigations. Image-quality
assessment yielded 6952 datapoints. NC image quality
was significantly superior (P < 0.001) (objective
noise, objective signal to noise ratio, subjective spatial
resolution, subjective contrast resolution, diagnostic
acceptability) at all levels. NC bowel distension was
significantly (P < 0.001) superior.

setting of CT enterography (CTE)
such that CTE or
magnetic resonance enterography are recommended as
first-line investigations in diagnosing Crohn’s disease (CD)
[12,13]
or in detecting Crohn’s complications
.
Positive oral contrast universally contains either a
dilute iodine-containing compound, e.g., 2% gastro
grafin or dilute barium. Negative oral contrast agents
include water, polyethylene glycol (PEG), very dilute
(0.1%) barium, methylcellulose, mannitol and milk.
Water alone is not favoured as an oral contrast agent
in the setting of CTE as bowel distension is suboptimal
due to absorption. Most of the commonly utilised nega
tive contrast agents contain a substance that retains
or increases the intraluminal fluid volume thus impro
ving bowel distension. A bulking agent such as PEG is
amongst the most commonly employed. PEG ingestion
entails consuming 1 to 1.5 L of a water-based solution
over approximately 45 min preceding the scan. The intra
luminal volume is further increased by osmosis due to
the high effective osmolality of the consumed solution.
It is generally assumed that positive oral contrast
agents lead to higher radiation doses than negative oral
contrast agents, due to the increased radiation attenua
tion as a result of the increased density. In a prior
[14]
study, Wang et al demonstrated that the use of water
resulted in decreased radiation doses when compared
with utilization of positive oral contrast, in a phantom
model. No published study has examined the effect that
PEG oral contrast has on radiation dose when compared
to positive contrast in vivo or in vitro.
To this end, we designed a study to examine the
influence that positive oral contrast has on patient
radiation dose on low dose abdominal imaging when
compared with PEG neutral oral contrast.

CONCLUSION
The use of polyethylene glycol as a neutral OC agent
leads to higher radiation doses than standard positive
contrast studies, in low dose abdominal CT imaging.
This is possibly related to the osmotic effect of the
agent resulting in larger intraluminal fluid volumes and
resultant increased overall beam attenuation.
Key words: Radiation dose; Low dose computed tomo
graphy; Abdominal imaging; Oral contrast; Computed
tomography
© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: The use of neutral oral contrast agent results
in higher radiation doses than standard positive contrast
studies when performed low dose abdominopelvic
computed tomography imaging. This likely relates
to the osmotic effect of the agent resulting in larger
intraluminal fluid volumes and resultant increased
overall beam attenuation.
Murphy KP, Healy LJ, Crush L, Twomey M, Moloney F, Sexton
S, O’Connor OJ, Maher MM. Effects of oral contrast on dose
in abdominopelvic computed tomography with pure iterative
reconstruction. World J Radiol 2016; 8(9): 809-815 Available
from: URL: http://www.wjgnet.com/1949-8470/full/v8/i9/809.htm
DOI: http://dx.doi.org/10.4329/wjr.v8.i9.809

MATERIALS AND METHODS
The institutional ethics research committee approved
the study. Seventy-nine low-dose clinically indicated
CTs were performed on patients with histologically
diagnosed CD over a 3-year period. All patients were
suspected of having an exacerbation of CD and CT was
performed in order to assess the extent and severity
of CD and to assess for fibrostenotic or extraluminal
complications. Exclusion criteria included patients with
CD who were less than sixteen years of age, pregnancy,
patients with a contra-indication to intravenous contrast
medium, patients presenting acutely via the emergency
department and those without histological confirmation
of CD. A positive oral contrast CT examination was per
formed on patients referred for CT in the first 18-mo
of this study period and a negative contrast study was
undertaken on patients referred for CT in the latter
18-mo of the study period. Written informed consent
was obtained from all patients. Patients had their weight
and height measured using a digital device (Seca
electronic measuring station, Model 763, Seca Medical,
Hamburg, Germany) and individual body mass indices
(BMI) were recorded.

INTRODUCTION
The industry and profession-wide drive for computed
tomography (CT) dose reduction has resulted in consi
derable progress towards substantial dose reduction
for abdominopelvic CT. These developments have been
achieved as a result of improved detectors, tailored
protocols, automated exposure control (AEC) and more
recently newer reconstruction techniques such as itera
tive reconstruction. All elements of the acquisition pro
cess are now under scrutiny as part of the overall dose
reduction strategies. The use of intraluminal contrast
agents in the setting of abdominal imaging is one such
factor. Traditionally, positive oral contrast agents were
favoured but there is a significant body of evidence
that suggests that negative or no oral contrast have a
[1-3]
similar efficacy both in the trauma
and non-trauma
[4,5]
setting . In addition, neutral contrast agents are
superior for bowel wall assessment, particularly in the
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CT acquisition

deviation (SD) of the mean attenuation were recorded
for all datasets. The standard deviation served as an
objective measure of noise with mean attenuation
divided by SD serving as a measure of signal to noise
[16,17]
ratio (SNR)
. The regions used to assess subjective
and objective image quality were the liver at the right
hemi-diaphragm level (level 1), liver at the porta hepatis
(level 2), right renal cortex at the renal hilum (level 3),
psoas muscle at the iliac crest (level 4), and gluteus
maximus at the level of the acetabular roof (level 5).
Subjective parameters assessed were spatial resolution,
contrast resolution, streak artefact, subjective noise and
diagnostic acceptability utilizing a previously employed
[17-19]
grading system
adopted from the European Guide
[20]
lines on Quality Criteria for CT document . Subjective
parameter assessments were performed by 2 readers
(KPM, MMM) in consensus. Image quality of the solid
organs, large bowel, small bowel, peri-colonic fat as
well as the peri-enteric fat was subjectively assessed
to ascertain diagnostic acceptability. Other subjective
evaluations were performed at the 5 levels used in the
objective analyses. All subjective parameters apart from
streak artefact were scored using a 1 to 10 ranking
system where 1 indicated poor image quality, 5 was
deemed as acceptable, and 10 indicated excellent
imaging quality for the relevant factor. The presence of
streak artefact was assessed using a 3-point key where
0 represented no streak artefact, 1 corresponds to the
presence of streak artefact that is not affecting the
image quality and 3 represents interference with image
quality.
Finally, the level of bowel distension was scored
on a 3-point scale whereby 0 indicates unacceptable
distension, 1 implies distension that is acceptable and
2 specifies excellent and complete distension. The
jejunum, ileum, terminal ileum, caecum, ascending
colon, transverse colon, descending colon, sigmoid colon
and rectum were individually scored.

All CT images were acquired using a 64-slice multi
detector General Electric Lightspeed VCT-XTe (GE
Healthcare, GE Medical Systems, Milwaukee, WI).
Written consent was obtained from all patients and each
one consented to having two contrast-enhanced CT
scans of the abdomen and pelvis contemporaneously.
The initial CT scan was a low dose scan which imparted
approximately 10%-20% of a standard CT dosage
regimen and the second scan was a conventional
dosage scan which imparted approximately 80%-90%
of a standard dosage regimen. The low dose studies
only, performed with positive and neutral oral contrast,
represented the imaging studies which underwent
analysis as part of the current study.
All low dose scans were acquired with the following
parameters: Tube voltage 100 kV, noise index 70, Z-axis
tube current modulation range 20-350 mA and rotation
time 0.5 s. For the positive contrast studies, the scan
was commenced on arrested inspiration 45 s after peak
aortic enhancement of 100 hounsfield units (HU). In the
case of the negative contrast studies, to ensure a more
“enteric phase” of enhancement, the scan commenced
20 s after peak aortic enhancement of 100 HU was
surpassed on arrested inspiration.

Type of contrast used

Each patient was given either positive or neutral oral
contrast as follows: With regard to positive contrast
use, 2% Gastrografin solution was given as 1 L over
1 h as per departmental protocol. In contradistinction,
neutral contrast, PEG “Klean Prep”, was ingested as a
1.5 L solution over 45 min. Along with this, each patient
was given a single 100 mL bolus of intravenous contrast
(Iohexol, Omnipaque 300, GE Healthcare, Mississauga,
ON) at a flow rate of 2.5 mL/s.

CT image reconstruction and CT dosage calculation

Images acquired were acquired at 0.625 mm thickness
and reconstructed with a slice thickness of 2 mm. Low
dose images were reconstructed using pure model
based iterative reconstruction (MBIR) (GE Healthcare)
in addition to hybrid iterative reconstruction (Adap
tive Statistical Iterative Reconstruction, (ASiR, GE
Heathcare).
The imaging performance and assessment in CT
patient dosimetry calculator (ImPACT version 0.99x,
London, England) was used to calculate effective
dosage (ED) in all studies. Size specific dose estimates
(SSDE) were also calculated, by a single observer, by
multiplying the CTDIvol by multiplication factors as per
[15]
American Association of Physicists in Medicine .

Statistical analysis

All statistical tests were performed with the Statistical
Package for Social Scientists (SPSS) version 20.0 (IBM,
Armonk, NY). Wilcoxon signed rank test was used for
statistical analysis to compare the qualitative parameters
(diagnostic acceptability, image noise, streak artefact,
spatial resolution and contrast resolution). Normally
distributed quantitative indices were compared using a
paired t test. A difference with a P value of < 0.05 was
considered statistically significant. All data are presented
as mean ± SD unless otherwise stated.

RESULTS
Patient BMI, radiation dose and scan range

Subjective and objective evaluation of CT image quality

Seventy nine scans were performed over a 3-year
period. Thirty-five positive contrast (PC) studies were
acquired on patients with a mean age of 37.8 ± 13.7
years (range = 16-74 years) and mean BMI of 24.7
2
2
± 4.97 kg/m (range = 17.4-38.8 kg/m ). Forty-four

The low dose MBIR images were objectively and sub
jectively analysed. Spherical regions of interest (ROI’s)
3
(10 mm diameter; 519 mm volume) were used to
calculate objective noise and signal to noise ratio at
multiple levels. Mean attenuation in HU and standard
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Table 1 Comparison of dose-length product and size-specific dose estimated measurements by body mass index range
Group
1
2
3
4

n

Parameter

PC

NC

P value

PC n = 7
NC n = 18
PC n = 15
NC n = 18
PC n = 9
NC n = 3
PC n = 4
NC n = 5

DLP (mGy.cm)
SSDE (mGy)
DLP (mGy.cm)
SSDE (mGy)
DLP (mGy.cm)
SSDE (mGy)
DLP (mGy.cm)
SSDE (mGy)

40.08 ± 6.42
1.46 ± 0.29
64.57 ± 9.98
111.68 ± 34.38
94.75 ± 33.54
2.79 ± 0.70
224.09 ± 57.69
5.09 ± 0.82

52.07 ± 12.09
1.58 ± 0.30
2.03 ± 0.26
2.56 ± 0.58
145.75 ± 33.54
2.95 ± 0.57
269.94 ± 111.24
5.04 ± 1.32

0.355
0.0211
0.0021
< 0.0011
0.0171
0.719
0.951
0.483

Significant differences are denoted by1. Group 1: BMI < 20 kg/m2; group 2: BMI 20-25 kg/m2; group 3: BMI 25-30 kg/m2; group 4: BMI > 30 kg/m2. DLP:
Dose-length product; SSDE: Size-specific dose estimated; BMI: Body mass index; PC: Positive contrast; NC: Negative contrast.
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Figure 1 Comparison of dose-length product measurements for all
studies in the neutral and positive cohorts and by body mass index range.
Group 1: BMI < 20 kg/m2; group 2: BMI 20-25 kg/m2; group 3: BMI 25-30 kg/m2;
group 4: BMI > 30 kg/m2. Significant differences are denoted by1. BMI: Body
mass index.

Figure 2 Comparison of size-specific dose estimated measurements for
all studies in the neutral and positive cohorts and by body mass index
range. Group 1: BMI < 20 kg/m2; group 2: BMI 20-25 kg/m2; group 3: BMI 25-30
kg/m2; group 4: BMI > 30 kg/m2. Significant differences are denoted by1. BMI:
Body mass index.

patients underwent negative contrast (NC) studies. A
mean age of 38.5 ± 12.98 years and a mean BMI of
2
2
22.17 ± 5.31 kg/m (range 14.4-38.5 kg/m ) were
recorded in this cohort. Six patients underwent both
positive and negative contrast studies over the 3-year
period. The NC cohort had, on average, lower BMIs than
the PC group, though this difference was not statistically
2
2
significant (24.44 ± 5.05 kg/m vs 22.17 ± 5.32 kg/m ,
P = 0.064).
The PC studies had the following mean radiation
exposure parameters: Dose-length product (DLP)
85.65 ± 58.2 mGy.cm; ED 1.28 ± 0.87 mSv; SSDE
2.18 ± 0.96 mGy. Mean NC exposure parameters
were: DLP 107.60 ± 78.7 mGy.cm; ED 1.61 ± 1.18
mSv; 2.47 ± 1.21 mGy. Averages for all exposure
measures were greater for NC examinations but these
differences were not statistically significant (DLP, P =
0.173; ED, P = 0.173; SSDE, P = 0.268) (Figures 1 and
2). No significant difference (P = 0.939) was observed
between both groups in terms of scan range - positive:
429.78 ± 33.4 mm; negative: 430.41 ± 39.5 mm.
Radiation exposures (DLP and SSDE) by BMI range
were compared between the cohorts - group 1: BMI <
2
2
20 kg/m ; group 2: BMI 20-25 kg/m ; group 3: BMI
2
2
25-30 kg/m ; group 4: BMI > 30 kg/m . The results
are depicted in Table 1 and Figures 1 and 2. DLPs were

significantly higher for the NC studies in groups 2 and 3
and SSDEs were significantly higher for NC patients in
groups 1 and 2. Other comparisons were not significant.
Of the 6 patients that had both PC and NC studies,
all dose measurements were higher for all NC studies.
Mean increases were as follows: DLP 21.11 mGy.cm
(range 10.31-38.38 mGy.cm), ED 0.317 mSv (range
0.155-0.576 mSv) and SSDE 0.246 mGy (range
0.013-0.414 mGy). When mean dose indices were
compared for these 6 patients, significant differences
were seen for DLP (P = 0.005) and ED (P = 0.005)
but SSDE was not significant (P = 0.175). The BMIs of
these patients showed minimal change between study
acquisitions - the BMI was lower for the NC studies
2
in 4 cases (range 0.1-3.12 kg/m ) and higher in 2
2
cases (range 1.2-5.7 kg/m ). The effective abdominal
diameter changed by < 2 cm in all cases.
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Objective and subjective image quality analysis

Objective noise was measured at each of the 5 pre
viously mentioned levels. The NC group had a signifi
cantly reduced objective noise when compared to the
PC group at each of the 5 measured locations. Results
as follows - liver at the hemi-diaphragm: 21.75 ± 3.27
HU vs 83.61 ± 13.47 HU; liver at the porta hepatis:
23.19 ± 3.07 HU vs 82.35 ± 8.15 HU; renal hilum:
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Figure 3 Comparison of objective noise measurements between the
neutral and positive studies. Level 1: Liver at the right hemi-diaphragm level;
level 2: Liver at the porta hepatis; level 3: Right renal cortex at the renal hilum;
level 4: Psoas muscle at the iliac crest; level 5: Gluteus maximus at the level of
the acetabular roof. All neutral measurements were significantly superior. ROI:
Regions of interest.

Figure 4 Comparison of objective signal to noise ratio measurements
between the neutral and positive studies. Level 1: Liver at the right hemidiaphragm level; level 2: Liver at the porta hepatis; level 3: Right renal cortex
at the renal hilum; level 4: Psoas muscle at the iliac crest; level 5: Gluteus
maximus at the level of the acetabular roof. All neutral measurements were
significantly superior.

44.57 ± 16.09 HU vs 73.72 ± 11.11 HU; psoas muscle
at the iliac crest: 25.36 ± 4.21 HU vs 72.68 ± 12.27
HU; gluteus maximus at acetabular roof: 20.05 ± 2.33
HU vs 76.30 ± 11.55 HU; (P < 0.05 for all values) (Figure
3).
The objective signal to noise ratio (SNR) at each
of the 5 locations was significantly superior for the NC
studies - liver at the hemi-diaphragm: 4.17 ± 1.22 HU
vs 1.54 ± 0.35 HU; liver at the porta hepatis: 4.24 ±
0.84 HU vs 1.64 ± 0.32 HU; renal hilum: 4.71 ± 1.58
HU vs 0.93 ± 0.27 HU; psoas muscle at the iliac crest:
2.98 ± 0.85 HU vs 0.930 ± 0.22 HU; gluteus maximus
at acetabular roof: 2.98 ± 0.85 HU vs 0.66 ± 0.27 HU; (P
< 0.05 for all comparisons) (Figure 4).
Subjective image noise, contrast resolution, spatial
resolution and diagnostic acceptability were superior for
the NC studies when compared with the PC examina
tions (P < 0.001 for all comparisons). NC streak artefact
was insignificantly superior (P = 0.051) to PC streak
artefact. Results are depicted in Figure 5.
Bowel distension was significantly superior in the
NC studies (median score 2, interquartile range 0) (P <
0.001) than the PC examinations (median score 1, IQR
1).

streak artefact was also insignificantly superior.
In terms of protocol parameter differences, settings
for both the NC and PC studies were identical apart
from the type of oral contrast and the intravenous (IV)
contrast phase. The NC studies utilised an enteric phase
IV contrast and the PC CT examinations utilised a more
portovenous phase. It is worth noting firstly that the
overall volume of IV contrast within the scan range is
the same for both protocols hence this should not alter
radiation dose. Secondly, when automated tube current
modulation (ATCM) is employed, as was the case in
these examinations, the selected mA gets chosen from
the scanned projection radiograph before IV contrast is
administered, hence the phase of IV contrast does not
influence this aspect.
Hence, the type of oral contrast is the most impor
tant and perhaps only significant reason as to why the
NC examinations had higher radiation doses than the
PC scans.
Their results also indicated that bowel distension and
hence intraluminal volume was greater with PEG oral
contrast. It is likely that the overall attenuation influence
of PEG oral contrast, when the total volume of fluid
and per unit attenuation value are taken into account,
particularly when used in combination with AEC/ATCM is
in fact greater than positive oral contrast.
Future studies may involve the comparison of other
negative contrast media and calculation of the overall
intraluminal volume increase that results when PEG is
consumed.
The greatest difference between each cohort with
regard to radiation dose was observed in patients
2
with a BMI of less than 25 kg/m . Therefore, choice of
contrast agent is especially important in this cohort as
it may have a greater impact on radiation dose than
in overweight patients. The reason for this remains
unclear but it is possible that patients with a high BMI

DISCUSSION
We found that negative PEG oral contrast examinations
had significantly higher radiation doses than positive
contrast studies, for most BMI subgroups and in
those that had both NC and PC examinations, despite
matched scan ranges. On the other hand, the resultant
NC images reconstructed with MBIR were significantly
superior to the PC MBIR images in terms of objective
noise, objective signal to noise ratio, subjective noise,
subjective contrast resolution, subjective spatial resolu
tion and subjective diagnostic acceptability. NC subjective
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a PC agent may be more appropriate so as to optimise
overall radiation dose. Our study is novel and further
examination of the relationship between oral contrast,
radiation dose and diagnostic performance is warranted.

Subjective analysis
Negative contrast
Positive contrast

10
8

Score/10

COMMENTS
COMMENTS
6

Background

There has been considerable industry and profession-wide drive to reduce
the radiation dose incurred by patients form diagnostic imaging with computed
tomography. All elements of the acquisition process including technical
parameters and reconstruction algorithm are now under scrutiny as part of an
overall dose reduction strategy. The use of intraluminal contrast agents in the
setting of abdominal imaging is another factor that warrants further assessment.
Traditionally, positive oral contrast agents were favoured but there is a significant
body of evidence that suggests that negative or no oral contrast have a similar
efficacy. It is generally assumed that positive oral contrast agents lead to higher
radiation doses than negative oral contrast agents, due to the increased radiation
attenuation as a result of the increased density. Positive oral contrast universally
contains either a dilute iodine-containing compound, e.g., 2% gastrografin or
dilute barium. Negative oral contrast agents include water, polyethylene glycol
(PEG), very dilute (approximately 0.1%) barium, methylcellulose, mannitol and
milk. The authors designed a study to examine the influence that positive oral
contrast has on patient radiation dose on low dose abdominal imaging when
compared with PEG neutral oral contrast.

4
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Figure 5 Comparison of median subjective image quality parameters for
all neutral and positive studies. 1All neutral measurements were significantly
superior. SN: Subjective noise; CR: Contrast resolution; SR: Spatial resolution;
DA: Diagnostic acceptability.

may behave differently with regard to other parameters
such as ATCM performance. A further consideration
in patients with a high BMI is that as intra-peritoneal
inflammatory conditions often manifest as abnormalities
of the adipose tissue adjacent to the inflamed organ, a
larger quantity of adipose may a result in inflammatory
changes being more readily apparent. This had led
some authors to suggest the omission of oral contrast
[21]
when scanning patients with a high BMI .
The results of the current study are important. As
stated previously, major progress has been made in
recent years in the area of radiation exposure reduction
in abdomino-pelvic CT and the era of sub-millisievert
abdomino-pelvic CT is fast approaching. This substantial
progress has been achieved as a result of improved
detectors, tailored protocols, AEC and more recently
newer reconstruction techniques such as iterative
reconstruction. Future reductions in radiation exposure
will likely be smaller and will rely on finer protocol
modifications. All elements of the acquisition process
are now under scrutiny as part of the overall dose
reduction strategy. The results of this study suggest
that choice of oral contrast agent influences radiation
exposure and should be added to a list of factors, which
are worthy of further study.
In conclusion, our results suggest that PEG solution,
when used as a negative oral contrast agent, results in
significantly higher radiation doses in low dose abdominal
CT imaging when compared with positive oral contrast,
despite it being of lower density. This is likely attributable
to the greater intraluminal volume and thus bowel
distension achieved with PEG. This however, may have
led to the significantly greater image quality recorded
with the PEG studies. The choice of oral contrast agent
should be tailored to the individual clinical scenario. In
cases where bowel assessment is the key consideration,
we suggest the use of a NC agent where in cases where
bowel assessment may be a secondary consideration,
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A single previous study demonstrated that the use of water resulted in decreased
radiation doses when compared with utilization of positive oral contrast, in a
phantom model. No published study has examined the effect that PEG oral
contrast has on radiation dose when compared to positive contrast in vivo or in
vitro.

Innovations and breakthroughs

The results suggest that PEG solution, when used as a negative oral contrast
agent, results in significantly higher radiation doses in low dose abdominal
computed tomography (CT) imaging when compared with positive oral contrast,
despite it being of lower density.

Applications

All elements of the acquisition process are now under scrutiny as part of an
overall dose reduction strategy in CT. The results of this study suggest that
choice of oral contrast agent influences radiation exposure and should be added
to a list of factors when considering how best to optimise patient radiation dose
from CT.

Terminology

PEG is a negative oral contrast agent.

Peer-review

The paper is interesting and clinically relevant.
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