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Abstract
Solid malignancies have to develop their own blood 
supply for their aggressive growth and metastasis; a 
process known as tumor angiogenesis. Angiogenesis 
is largely involved in tumor survival, progression and 
spread, which are known to be significantly attributed to 
treatment failures. Over the past decades, efforts have 
been made to understand the difference between nor-
mal and tumor vessels. It has been demonstrated that 
tumor vasculature is structurally immature with chaotic 
and leaky phenotypes, which provides opportunities for 
developing novel anticancer strategies. Targeting tumor 
vasculature is not only a unique therapeutic interven-
tion to starve neoplastic cells, but also enhances the 
efficacy of conventional cancer treatments. Vascular dis-
rupting agents (VDAs) have been developed to disrupt 
the already existing neovasculature in actively growing 
tumors, cause catastrophic vascular shutdown within 
short time, and induce secondary tumor necrosis. VDAs 

are cytostatic; they can only inhibit tumor growth, but 
not eradicate the tumor. This novel drug mechanism has 
urged us to develop multiparametric imaging biomark-
ers to monitor early hemodynamic alterations, cellular 
dysfunctions and metabolic impairments before tumor 
dimensional changes can be detected. In this article, 
we review the characteristics of tumor vessels, tubulin-
destabilizing mechanisms of VDAs, and in vivo  effects 
of the VDAs that have been mostly studied in preclinical 
studies and clinical trials. We also compare the differ-
ent tumor models adopted in the preclinical studies on 
VDAs. Multiparametric imaging biomarkers, mainly diffu-
sion-weighted imaging and dynamic contrast-enhanced 
imaging from magnetic resonance imaging, are evalu-
ated for their potential as morphological and functional 
imaging biomarkers for monitoring therapeutic effects of 
VDAs.

© 2011 Baishideng. All rights reserved.

Key words: Vascular disrupting agents; Tumor vessels; 
Imaging biomarkers; Magnetic resonance imaging; Dif-
fusion-weighted imaging; Dynamic contrast-enhanced 
magnetic resonance imaging
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INTRODUCTION
For non-surgical anticancer strategies such as convention-
al radiotherapy and chemotherapy, the main disadvantage 
is lacking specificity for cancer tissue, i.e. concomitant 
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cytotoxic effects on normal tissues. In order to find more 
selective treatments, researchers have made efforts to 
exploit morphological, physiological and microenviron-
mental differences between normal and malignant tissues, 
including microvasculature, oxygenation and necrosis. 
One of  the most prominent differences lies in the tumor 
neovasculature[1]. 

Tumor vasculature is a crucial component of  patho-
physiology in solid tumors, which affects growth, metas-
tasis and therefore, response to therapy. Compared with 
the normal vasculature, tumor vessels are less mature in 
structure and leakier, where blood flow is spatially and 
temporally heterogeneous and often compromised. Fur-
thermore, hyperpermeability of  the vascular wall and lack 
of  functional lymphatics within tumors elevate interstitial 
fluid pressure in solid tumors[2,3]. The molecular mecha-
nisms of  abnormal tumor vasculature may result from the 
imbalance between pro- and antiangiogenic regulating fac-
tors in tumor as well as host stromal cells[4]. Such vascular 
characteristics of  solid tumors are sufficiently different 
from those of  normal tissues and thus provide a unique 
target for tumor treatment[1]. 

Drugs developed for vascular targeting therapies can 
be divided into two different groups: antiangiogenic agents 
for inhibiting the formation of  new vessels and vascular 
disrupting agents (VDAs) for destroying the existing ves-
sels[5]. Hallmark characteristics with VDAs are selective 
reduction in tumor blood flow, induction of  ischemic 
tumor necrosis, presence of  viable neoplastic cells at the 
tumor periphery, and effect on delaying tumor growth[6]. 
According to their action mechanisms, VDAs can be 
further categorized into ligand-directed VDAs and small 
molecule VDAs. Small molecule VDAs include flavonoids 
such as 5,6-dimethylxanthenone-4-acetic acid (DMXAA/
ASA404), and tubulin-destabilizing agents[7]. As a tubulin-
destabilizing VDA, cis-1-(3,4,5,-trimethoxyphenyl)-2-(4’-
methoxyphenyl)ethene-3’-0-phosphate or combretastatin 
A-4-phosphate (CA4P/Oxi2021) is most representative, 
and has been under phase Ⅲ clinical trials.

Unlike other conventional chemotherapies, VDAs are 
cytostatic rather than cytotoxic to malignant cells. They 
starve and indirectly kill tumor cells by depleting their 
blood supply, and can only delay tumor growth but not 
eradicate the tumor. Given this novel action mechanism, 
imaging biomarkers have been elaborated to detect and 
quantify non-invasively VDA-induced morphologi-
cal, functional and metabolic alterations. Relative to the 
conventional clinical endpoints such as mortality and 
morbidity, these imaging biomarkers work in a more 
prompt, predictable and precise way[8,9]. Hereby, the term 
biomarker is adopted more broadly than its traditional 
definition, i.e. a biomarker can be derived not only from 
biofluid samples with the techniques of  biochemistry and 
molecular biology, but also from modern imaging metrics 
including magnetic resonance imaging (MRI), computed 
tomography (CT), positron emission tomography (PET) 
or single photon emission tomography (SPECT), ultra-
sound, and optical imaging[10]. In this article, we review 

the action mechanisms of  tubulin-destabilizing VDAs 
and the preclinical and clinical results of  two lead VDAs, 
CA4P and ZD6126 (N-acetylcolchinol-O-phosphate), 
with the emphasis on the role of  MRI in the preclinical 
evaluation of  VDA effects. 

VDAs
Pathophysiological features of tumor vessels as targets 
of VDAs
Oxygen diffusion distance from capillaries is only 150-200 
μm. Because of  the unrestrained growth, tumor cells 
growing outwith this effective diffusion distance become 
hypoxic and eventually necrotic[11-13]. Therefore, a tumor 
has to develop its own vessels to maintain its growth, i.e. 
angiogenesis, when its diameter exceeds about 0.5 mm[14]. 

These newly developed tumor vessels are often imma-
ture: the endothelial cells are irregular-shaped with larger 
interendothelial conjunctions[15,16] and poor connections 
between the endothelial lining and irregular basement 
membrane[17,18]. Due to these characteristics, tumor ves-
sels are hyperpermeable and interstitial fluid pressure is 
higher than in normal tissues. Such high pressure is also 
contributed by the inefficient drainage with dysfunctional 
tumor lymphatics, which can be caused by rapid prolif-
eration of  tumor cells in a confined space, which creates 
mechanical stress that compresses intratumor lymphat-
ics[19,20]. Besides, malignant tumors are known to feature 
with lymphatic deficiency or retarded development of  
lymphatics[19,20]. Tumor vessels are tortuous, disorganized 
and non-hierarchical, with complex branching of  hetero-
geneous length and diameters, leading to high resistance 
to perfusion[21]. Under such conditions, any slight fluctua-
tion of  blood perfusion may cause catastrophic events in 
tumor vessels, while it has little effect on normal tissue, 
because mature vessels are more robust against perfusion 
changes due to efficient regulating mechanisms[21]. 

Role of cytoskeleton in the regulation of endothelial 
barrier function
The endothelial barrier keeps the blood cells from expo-
sure to surrounding tissues. Endothelial cells (ECs) line 
the inner surface of  blood vessels and rely on their cyto-
skeleton to maintain the structural integrity of  confluent 
monolayer and flat shape. Dysfunction in cellular shape 
can cause subsequent vascular hyperpermeability[22]. 
The cytoskeleton consists of  three distinct components: 
microtubules, actin microfilaments and intermediate fila-
ments[23], and the former two are associated via linking 
proteins, which, in turn, interact with these two cytoskel-
etal components for signaling[24]. As the scaffolding of  
the cell, the cytoskeleton plays a vital role in cell motility, 
division, shape maintenance, and signal transduction[24]. 
In tumor vessels, actin is ill-developed and thus the main-
tenance of  cell shape depends more on microtubules[25,26]. 

The delicate dynamic balance between the centripetal 
tension and centrifugal force to ensure the cellular shape 
is finely modified by cytoskeleton and intercellular junc-
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tional complexes of  membrane-binding proteins that 
provide intercellular adherence, which is regulated by sev-
eral signaling pathways[22]. Reorganization of  actin leads 
to the assembly of  bundled stress fibers, and therefore, 
increased cellular contractility. The main constituent of  
intercellular junctions is vascular endothelial (VE) cad-
herin/β-catenin complex anchored to actin[22]. Disruption 
of  the VE-cadherin/β-catenin pathway causes the loss 
of  intercellular junctional organization, dysfunction of  
monolayer barrier, and eventual rounding up of  ECs[27]. 

Mechanisms of VDA action
The mechanisms of  action with VDAs still need to be 
fully elucidated. It has been speculated that CA4P binds 
to tubulin of  microtubule at or close to the colchicine-
binding site[28]. Unlike the antitumor effect with colchicine 
that is only achievable at a dose close to the maximum 
tolerated dose (MTD), the effect with VDAs is observed 
within a wide therapeutic window lower than the MTD. 
Their ability to selectively target the cytoskeleton and 
compromise the endothelial intercellular junctions is vital 
to their mechanisms of  action[7]. CA4P has been most ex-
tensively studied. Therefore, we take CA4P as an example 
to discuss the potential molecular and cellular mecha-
nisms of  action, which are likely to be applicable to other 
tubulin-binding VDAs such as ZD6126. 

On a long-term basis, CA4P inhibits the microtubule 
dynamics, interferes with the mitotic spindle function 
and leads to cell cycle arrest, which results in prolifera-
tion blockage and/or apoptosis[29]. Although such a direct 
cytotoxic or antiproliferative effect may contribute to the 
antivascular effects of  CA4P, it would be too slow to ac-
count for the rapid vascular shutdown observed in vivo, 
which can occur within minutes after CA4P treatment in 
animal models[30]. Rather, immediate morphological and 
functional changes are more likely to be involved in such 
vascular collapse.

In vitro, it has been shown that Rho-GTPase plays an 
important role in the capillary-like collapse (Figure 1). 
Belonging to signaling G protein (GTPase), Rho proteins 
(Ras homologous proteins) are interconnected with mi-
crotubules[31]. The members of  the Rho-GTPase family 
are essential in converting and amplifying external signals 
into cellular effects, including regulation of  actin dynam-
ics and cadherin/β-catenin pathway[32,33]. 

CA4P selectively binds to microtubules and depoly-
merizes tubulin, which results in the activation of  Rho-
GTPase and its associated Rho kinase[34-36] (Figure 1). 
Activation of  the Rho/Rho-kinase pathway may cause 
downstream morphological and/or functional changes in 
ECs, which can lead to dysmorphism and hyperperme-
ability: (1) assembly of  actin stress fibers and fortified 
contractility of  ECs[24]; (2) disruption of  the VE-cad-
herin/β-catenin complex to induce the loss of  intercellu-
lar adhesion and the appearance of  paracellular gaps[22]; (3) 
blebbing of  ECs with regulation of  stress-activated pro-
tein kinase p38 (SAPK-2/p38) to bring about increased 
monolayer permeability and resistance to blood flow[36,37]; 

and (4) vasoconstriction to give rise to increased geometric 
resistance to blood flow[38]. In addition, the direct bind-
ing of  CA4P to tubulin compromises the integrity of  
cytoskeleton, and morphological changes of  endothelial 
monolayer architecture further deteriorates[7,39] (Figure 1). 

With the increased vascular permeability, the conse-
quent leakage of  plasma macromolecule into extravascu-
lar extracellular space (EES) results in fluid loss, increased 
hematocrit and formation of  rouleaux[40]. As a result, the 
resistance to blood flow is increased. After EC damage, 
direct exposure of  basement membrane to flowing blood 
initiates coagulation and hemorrhage[40]. Accordingly, the 
drop in blood flow induces hypoxia and deprivation of  
nutrients and subsequent necrosis of  tumor (Figure 1).

In vivo, the increase in permeability may be the key 
event responsible for the VDA-induced vascular col-
lapse[41]. Although the primary effects of  CA4P have 
been confirmed in vivo, including morphological changes 
in ECs, such as blebbing[42] and increased permeability 
and vasoconstriction in arterioles[38], direct evidence of  
mechanisms via the activation of  Rho/Rho-kinase path-
way are still sparse. However, the CA4P-induced vascular 
shutdown effect is attenuated in combination with Rho 
or Rho kinase inhibitors[7,36,43], while amplified in combi-
nation with an anti-VE-cadherin agent[44], which may be 
considered indirect proof  of  the link between the cyto-
skeletal remodeling and permeability.

Dose of VDAs
Some VDAs are orally active, e.g. ABT-751[39] and CYT 
997[45], while intraperitoneal (ip) and intravenous (iv) ad-
ministrations are most frequently applied in the treatment 
of  tumors in rodent models. The ip injection is conve-
nient for the handing of  rodents, while it fails to mimic 
the clinical practice where iv injection is applied. Success-
ful iv injection ensures an effective dose of  VDA in the 
systemic circulation.

For single doses of  CA4P, the MTD is estimated to be 
around 68 mg/m2 in patients[46], which gives the clinically 
relevant dose of  about 10 mg/kg in rats[47,48]. In mice, the 
roughly estimated MTD is 1000-1500 mg/kg[49]. However, 
the lowest effective dose is 25 mg/kg, which is already 
higher than the MTD in humans. Therefore, the CA4P ef-
fect with higher doses in mice is difficult to translate into 
humans[50]. 

For single doses of  ZD6126, the MTD in patients is 
about 112 mg/m2, which gives the clinically relevant dose 
of  about 10 mg/kg in rats[51]. In mice, the MTD is about 
750 mg/kg[52]. 

The tumor response to various VDAs depends mainly 
on drug type, tumor model and dosing regimen in pre-
clinical studies. Generally speaking, the higher dose of  
VDAs can induce more striking antivascular effect, while 
the results cannot be convincingly translated into clinical 
practice if  the dose for animal models exceeds the MTD 
in patients. Therefore, the results with clinically relevant 
doses in tumor models may better predict the outcomes 
in patients. 
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In vivo effect
After VDA treatment, a rapid increase in tumor vascular 
permeability triggers the catastrophic cascade of  vessel 
collapse in vivo. A decrease in blood flow occurs almost 
immediately, and reaches the maximum in the following 
several hours. The collapsed blood supply induces central 
necrosis of  the tumor. However, tumor sparing still ex-
ists at the periphery, leading to relapse after single-dose 
treatment[53-56]. The efficacy of  such therapy relies largely 
on how fast blood supply is recovered. This restoration 
is unavoidable, because the tumor cells at the periphery 
can obtain a direct supply of  oxygen and nutrients from 
neighboring normal tissues and engulfed normal vessels 
during the fast growth of  malignancies[7,56]. Thus, growth 
of  the tumor is only delayed due to the compromised 
blood supply and it cannot be eradicated. 

Histopathologically, VDA-induced necrosis is located 
in the center of  the tumor with a characteristic viable 
rim of  a few cell layers adjacent to the normal tissue sur-
rounding the tumor mass, which persists irrespective of  
differences in potency and efficacy of  VDAs. In addition, 
hemorrhage often occurs together with necrotic tumor 
cells several hours after treatment[57]. Besides, the infiltra-
tion by inflammatory leukocytes may also contribute to 
the vascular-disrupting effect[41,42]. 

After VDA treatment, tumors may become phenotypi-
cally more aggressive due to hypoxia. With the regulation 
of  hypoxia inducible factor 1α (HIF-1α), expression 
of  angiogenic gene is activated and the level of  vascular 
endothelial growth factor (VEGF) is thus increased[55,58]. 
Therefore, antiangiogenic therapy may be complementary 
to VDA, providing dual targeting at both preexisting and 
new vessels.

ANIMAL TUMOR MODELS
In vivo cancer research in clinically relevant animal models 
bridges the in vitro studies of  cell culture and biochemi-
cal assays with the more costly, time-consuming clinical 
practice. Considering the greater costs and stricter ethical 
regulations on human studies, a variety of  rodent tumor 
models have been introduced particularly in combination 
with multiparametric imaging biomarkers to envisage the 
internal real-life events in experimental VDA research. 

These animal models with various tumor cell lines 
can be classified according to several features. For ex-
amples, they can be categorized by locations such as 
subcutaneous[51,59], intramuscular[60-62] or visceral organ[57] 
tumors; by destination relative to source graft such as 
orthotopic[63-65] or ectopic tumors; by carcinogenesis such 
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Figure 1  Schematic mechanisms of action with tubulin-binding vascular disrupting agents. VE: Vascular endothelial; VDAs: Vascular disrupting agents; EC: 
Endothelial cell.
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as primary[26,48,65,66] or secondary tumors; by graft origins 
such as allograft[63] or xenograft human[61,67,68] or animal[69] 
tumors; and by immune status of  tumor recipient such as 
the tumors growing in immunocompetent or immunode-
ficient[64,68] animals. 

A wide range of  diverse VDA effects have been 
observed in various tumor models[70,71]. Tumor microen-
vironment and host-tumor interaction may account for 
such discrepancy in responsiveness. Besides tumor cells 
with gene mutations, host stromal cells are also greatly in-
volved in the tumor initiation, progression, invasion, and 
metastasis. For instance, with the expression of  VEGF, 
stromal fibroblasts play a role in the formation and main-
tenance of  tumor vessels[2]. Accordingly, when transplant-
ed into various host locations or organs, the same neo-
plastic graft may have different angiogenesis and vascular 
functions. Thus, response to the same treatment may dif-
fer depending on tumor location and host-tumor interac-
tion, because the organ-specific regulation of  the balance 
between pro- and anti-angiogenic factors is responsible 
for the different angiogenesis activities[2,4,62,72]. As a result, 
tumor models of  orthotopic transplantation into visceral 
organs of  host animals with intact immune functions are 
thought to be more relevant to the conditions of  clinical 
patients in terms of  better mimicking tumor microen-
vironment, therefore, the treatment outcomes are more 
translatable into patients[62,72]. 

For imaging studies of  VDA effects in small rodents, 
image quality has been shown to be satisfactory, even 
for organs susceptible to motion artifacts with non-
respiratory-gated acquisition at a clinical magnet[56]. How-
ever, imaging in mice is more challenging than in rats, 
because the body weight of  a mouse is about one-tenth 
of  a rat, which results in lower signal-noise ratio (SNR) 
and poorer spatial resolution. In addition, success rate is 
sometimes compromised for the repetitive cannulations 
for intravenous injection of  VDAs or contrast agents in 
mice during the dynamic follow-up of  treatment moni-
toring, leading to some missing data. 

MEASURING TUMOR RESPONSE 
TO VDAs WITH IN VIVO IMAGING 
BIOMARKERS
VDAs have been shown to induce vascular shutdown in 
tumors within minutes, and how to evaluate accurately and 
promptly such effects remains a challenge to preclinical re-
search and clinical practice. Ineffective treatment may not 
only hamper or delay the effective alternative therapies, but 
also cause unnecessary side effects and waste of  resources. 
Considering the presence of  possible non-responders to 
certain therapies, it is of  immense importance to individu-
alize the treatment regimens, in which early feedback after 
VDA treatment is deemed crucial. 

For the assessment of  anticancer effects, traditional 
clinical endpoints are difficult to quantify and may re-
quire lengthy and larger scales to complete[8,9]. Thus, it is 

impractical to perform such endpoints in the assessment 
of  early effects with VDAs. Recently, multiparametric 
imaging biomarkers have been developed as “surrogate 
endpoints” to act as indispensable substitutes for such 
clinical endpoints. The quantitative structural, functional 
and metabolic information derived from these imaging 
biomarkers may enable more comprehensive assessments 
and predictions of  clinical outcomes, and in this case, the 
possibility for timely therapeutic justification and adjust-
ment in oncological patients under the VDA regimen. 

Out of  various imaging modalities, MRI has been 
most frequently applied for the evaluation of  VDA effects 
due to its advantages such as excellent spatial and tempo-
ral resolution, imaging in arbitrary planes, no ionizing radi-
ation and ability to provide morphological, functional and 
metabolic information (with MR spectroscopy) for serial 
post-treatment follow-up. In the following section, we fo-
cus on the role of  MRI in the evaluation of  VDAs and its 
validation with other robust and specific techniques. 

Clinical and high-field-strength MRI scanners
For preclinical research and clinical trials of  VDAs, some 
animal studies have been performed with clinical 1.5 T 
MRI scanners[56,59,73], and more studies on small-bore re-
search scanners[51,53,62,64,68,69,74,75]. The clinical and animal 
scanners are different in terms of  availability in research 
centers, accessibility during working hours, usability, diffi-
culty in method development, and translatability. Most im-
portant, with some parametrical optimization of  built-in 
sequences, clinical scanners yield more translational results 
from small rodents to clinical patients than do dedicated 
animal scanners. 

Recently, 3.0 T clinical scanners have become widely 
available with a trend for introducing even higher field 
whole body scanners (7-11 T) throughout the industry, 
since the safety approval of  3.0 T scanners in patients 
in 2002[76]. For intracranial tumors, 3.0 T scanners have 
shown better SNR, spatial and temporal resolution, 
contrast-to-noise ratio, and spectral resolution than 1.5 T 
scanners with the same acquisition parameters[76-79]. How-
ever, the applications in other regions of  the body, the 
added value of  3.0 T compared with 1.5 T scanners is still 
controversial, due to issues such as specific absorption rate 
and motion and susceptibility artifacts. The modification 
of  acquisition parameters and development of  new coils 
may lead to wider applications in body imaging with 3.0 T 
MRI[80,81]. 

Biomarkers from conventional MRI sequences
Conventional MRI biomarkers are derived from T2-
weighted imaging (T2WI), T1-weighted imaging (T1WI) 
and contrast-enhanced T1WI (CE-T1WI). Despite the 
topographic information such as tumor location, shape 
and volume, the quantification of  tumor signal intensity 
(SI) on T2WI can help to detect VDA-induced hemor-
rhage[64]. SI on T2WI can also help to differentiate the 
viable tissue from necrosis on a pixel-based image texture 
analysis[82]. The heterogeneous SI on T2WI after VDA 
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treatment is associated with (hemorrhagic) necrosis and 
complicated by evolving stages of  necrosis and/or deoxy-
hemoglobin. Accordingly, SI change in T2WI is not con-
sidered a consistent imaging biomarker of  hemorrhagic 
necrosis[51,71]. 

To date, the most frequently used surrogate endpoint 
for therapeutic evaluation of  tumor response is the change 
in tumor size[83]. Tumor size can be measured linearly 
with 1D or 2D longest axis, although it may often lead to 
the overestimation of  tumor volume of  irregular shape. 
Manual delineation of  tumor in tumor-containing slices 
or computer-assisted 3D analysis is more accurate for the 
estimation of  tumor volume. Tumor volume of  3D analy-
sis is predictive of  survival in patients with tumors[84,85]. 
However, the change in tumor size/volume always falls 
as a late event behind the earlier and complex changes in 
microstructure and function induced by the downstream 
molecular and cellular events after VDA treatment[42,57], 
because VDAs only slow down the tumor growth without 
tumor eradication or size reduction[86]. Therefore, tumor 
size/volume is not a suitable imaging biomarker for very 
early assessment of  the outcomes with VDAs (Figure 2).

Enhancement ratio is defined as the enhancement de-
gree of  tumor post-treatment on CE-T1WI relative to that 
before treatment[56]. It largely reflects the proportional dis-
tribution of  contrast agent in blood vessels and EES of  
viable tumor tissues, and can be used for roughly assess-
ing tumor vascularity, but it lacks the specific physiological 
meaning (Figure 2). 

The necrosis ratio as an imaging biomarker for the 
evaluation of  anticancer therapy has been endorsed as well 
as tumor size by the European Association for the Study 
of  the Liver and the American Association for the Study 
of  Liver Diseases[87,88]. The necrosis ratio can be measured 
on CE-T1WI, exploiting the perfusion deficit caused by 
the vascular shutdown in the non-viable tumor tissue  
(Figure 2). However, in this way, the necrosis ratio with 
non-specific contrast agent is underestimated due to in-
ward diffusion of  the contrast agent from the viable rim to 
the necrotic center of  the tumor, when correlated with the 
necrosis ratio measured by histopathology[56,89]. Another 
method is to delineate the necrotic part on dynamic con-
trast-enhanced MRI (DCE-MRI) in order to minimize the 
diffusion of  contrast agent[90]. Nevertheless, DCE-MRI has 
a relatively poor spatial resolution despite its high temporal 
resolution, i.e. the viable and necrotic tumor is sometimes 
difficult to discern on DCE-MRI. It needs to be explored 
which way to determine necrosis ratio can correlate better 
with the histopathological results. As an alternative to his-
topathology, the necrosis ratio from MRI may provide an 
imaging tool for assessing necrosis for the serial follow-up 
of  patients after reliable necrosis develops. The ultimately 
reliable determination of  necrosis may only be realized 
with the use of  necrosis-avid contrast agents, which are 
not clinically available[91,92].

Conventional MRI biomarkers are easier to acquire 
and analyze, while they only reveal incomplete pathophysi-
ological processes, and are often too late compared with 
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Figure 2  In vivo magnetic resonance imaging findings of an implanted tumor in rat liver. Before treatment, the tumor (arrows) appeared hyperintense on T2WI 
(A1); hypointense on T1WI (A2); strongly enhanced on CE-T1WI (A3); and slightly hypointense on ADChigh (b = 500, 750, 1000 s/mm2) (A4). At 24 h after the intrave-
nous treatment with CA4P at 10 mg/kg, obvious vascular shutdown was observed. The tumor (arrows) was still hyperintense on T2WI (B1) and hypointense on T1WI 
(B2). On CE-T1WI, the tumor (arrow) appeared hypointense in the center with an enhanced rim of viable neoplastic cells (B3). On ADChigh map (B4), the hyperintensity 
in the center corresponded to necrosis, and the isointense ring was concordant with the viable tumor rim (arrow) on CE-T1WI. Note the viable tumor nodule at the 
periphery, shown as hyperintensity (arrowhead) on CE-T1WI (B3), and hypointensity (arrowhead) on ADChigh (B4). 
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very rapid shutdown after VDA treatment. Thus, it is im-
perative to develop more prompt, accurate, quantifiable, 
and specific imaging biomarkers for characterizing those 
early molecular and cellular changes, which can be clini-
cally applicable to depicting early functional and metabolic 
changes, offering the insight into VDA mechanisms of  ac-
tion, dictating the course of  therapy, and predicting treat-
ment outcomes. Fortunately, the recent rapid advances in 
MRI and other modalities have made such requirements 
feasible for developing functional imaging biomarkers. 

Diffusion-weighted imaging
First applied in neuroimaging, diffusion-weighted imaging 
(DWI) has rapidly evolved into a non-invasive oncological 
tool in the body, including the brain[93,94]. As a quantitative 
functional biomarker for detection and characterization of  
tumor, DWI is easy-to-perform and contrast-agent-free, 
and its innate imaging contrast is not significantly affected 
by exogenous contrast agents[95,96]. Therefore, DWI can be 
applied in patients with renal dysfunction, where contrast 
agents are contradicted, for repetitive monitoring after 
VDA treatment[97,98]. 

Basic principles: At a microscopic level, all water mol-
ecules undergo thermally driven random movement in 
three dimensions, so-called Brownian motion. Diffusion 
is a measure for the effective moving distance of  water 
molecules within a given time[99,100]. In biological tissue, the 
mobility of  water molecules are unavoidably hampered 
by their interaction with cell membranes, intracellular 
organelles and macromolecules, so that their apparent dif-
fusion coefficient (ADC) within tissues in physiological or 
pathological conditions is determined by tissue cellularity, 
tissue components, and tortuosity of  EES[101,102]. On the 
other hand, ADC is also affected by microscopic flow due 
to microcirculation within a voxel and water exchange be-
tween intracellular and extracellular compartments[8,103]. In 
general, ADC reflects the information of  cellular density 
and membrane integrity, as well as different weighting of  
perfusion components, depending on the various diffu-
sion gradients applied in the acquisition[103].

DWI can be obtained by applying two symmetrical 
diffusion-sensitizing gradients on the either side of  a 180° 

refocusing pulse to a T2-weighted sequence. In a DWI se-
quence, moving water molecules undergo a phase shift af-
ter the first diffusion gradient and their phase shift cannot 
be canceled out as for static molecules after the second 
gradient, which causes the signal loss of  moving water 
molecules on DWI. The imaging contrast between mobil-
ity-restricted and normal water molecules is thus created 
on SI[99]. For example, tumor tissues normally have higher 
cellular density, and after VDA treatment, edema with 
restricted mobility of  water and necrosis with elevated dif-
fusion in EES can be differentiated from normal tissues 
on DWI[86,104]. A diffusion gradient is characterized by the 
amplitude, duration and direction of  diffusion-sensitizing 
factor (b value with the units s/mm2), and the weighting 
of  diffusion on SI depends on b value[99]. For quantifica-

tion of  ADC, gradients are applied in three directions (X, 
Y and Z axes). However, in tissues in which mobility of  
water molecules is restricted by some structural barriers 
such as fiber bundles in the brain, diffusion anisotropy is 
quantified in more than six directions on diffusion tensor 
imaging (DTI)[105]. 

ADC-Quantification of  DWI: Frequently expressed 
in a unit of  10-3 mm2/s, ADC is more robust against the 
influence of  magnetic field strength and T2 shine-through 
effect, which facilitates intra- and inter-subject compari-
sons[106]. ADC can be quantified with the following least-
squares algorithm[99]: ADC = ln(S0/Si)/bi (1), where Si is 
the SI measured on the ith b value image and bi is the 
corresponding b value. S0 is a variable that estimates the 
intrinsic SI (for b = 0 s/mm2). In tumors, such quantifi-
cation requires at least two values in one direction, while 
more than three values are used to reduce noise[107]. ADC 
value can be generated with mono-exponential fit between 
SI and b value for each voxel, and displayed as a paramet-
ric map for all voxels[94]. 

It is important to bear in mind that intravoxel incoher-
ent motion (IVIM) may dominate ADC values in biologi-
cal tissues when lower b values are used. This means that, 
for a given voxel, not only the diffusion of  water mole-
cules contributes to its ADC, but also the microcirculation 
of  blood in capillary within the voxel[103]. In tumors, rapid 
blood flow leads to non-linearity of  ADC fitting within 
lower range of  b values, i.e. small increase in b value 
causes bigger attenuation of  SI[108,109].

For the calculation of  ADC, the usual method is to 
obtain an overall ADC fitting of  mono-exponential decay 
through a range b values from 0 to about 1000 s/mm2, 
or more specifically, flow-sensitive ADClow with lower b 
values (< 100-200 s/mm2) and diffusion-sensitive AD-
Chigh with higher b values (> 500 s/mm2) can be quanti-
fied. The difference between ADClow and ADChigh can 
be defined as ADCperfusion to assess the perfusion fraction 
roughly[59,110] (Figure 3). Taking advantage of  simplified 
calculation, mono-exponential analysis neglects the non-
linearity of  signal decay. To characterize the decay curve 
more adequately, bi- or multi-exponential models, as well 
as their alternative method, stretched model, are also ex-
plored in order to derive the perfusion fraction (f) and 
true diffusion coefficient (D). Despite the wider range 
of  b values, longer acquisition time and requirement for 
higher SNR, the advantage of  these more complicated 
models over mono-exponential methods still needs to be 
fully elucidated[8,108,111]. For any analytic method, the noise 
should be reduced whenever possible to ensure accurate 
fitting of  ADC.

Visual interpretation: DW images can be evaluated on 
source DWI or quantitative ADC maps. DWI with b =  
50 s/mm2 is often called black blood imaging, due to its 
nullification of  blood signals to render vessels black. Black 
blood DWI has a better detection rate for small tumor le-
sions than T2WI has[112], and has been recommended as 
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an alternative to T2WI with conspicuity of  small lesion 
on 3.0 T scanners[113]. The combination of  DWI with 
T2WI and CE-T1WI has been suggested to improve the 
diagnostic accuracy of  small tumor lesions[94]. However, 
due to T2 shine-through, hyperintensity on high b value 
(800-1000 s/mm2) images does not always indicate in-
creased cellularity, e.g. fluid shows hyperintense on both 
DWI and ADC maps. For this reason, ADC maps are 
preferable to DWI, and DWI should be always interpreted 
concurrently with the ADC map and all other available 
morphological images to prevent misinterpretation[104].

For the display of  DWI or ADC maps, the inverted 
gray-scale (PET-like) for the suppression of  background 
signal is used for whole-body DWI of  high contrast from 
high b values, to detect multiple metastatic lesions[114]. 
With the co-registration between DWI or ADC maps with 
a color scale and structural T1WI or T2WI, fusion imag-
ing can be obtained to integrate functional and anatomic 
information[8,94].

Quantitative interpretation: For the quantification of  
ADC, the most frequently used method is to draw a free-
hand region of  interest (ROI) or volume of  interest (VOI) 
over the whole tumor, and mean or median values of  all 
pixels/voxels within the ROI/VOI are obtained. Such 
manual delineation is easy but fails to characterize tumor 
heterogeneity. Histogram-based analysis can reflect the 

frequency of  pixels with different diffusion, and the pixels 
can be divided into subgroups according to their ADC 
values. Therefore, it may better reflect how many pixels 
undergo change in ADC after treatment[8,115]. It has been 
demonstrated that ADC histogram analysis may be a su-
perior and quicker biomarker of  tumor response to beva-
cizumab than tumor volume[116]. With the spatially varying 
change in ADC after treatment, an ideal approach is to 
analyze the pixels present both before and after treatment 
with spatial tags to detect any change in ADC pixel by 
pixel. By using a threshold diffusion map, the pixels can 
be categorized into decrease, increase or no change after 
treatment. The segmented tumor can be overlaid on struc-
tural images to demonstrate clearly the heterogeneous 
response of  a tumor to treatment depending on different 
locations within the tumor[117]. However, the pixel-wise 
registration is more susceptible to motion, and its applica-
tions in the body is more difficult than in the brain[8]. 

Evolution of  ADC changes: In tumors, the mobility of  
water molecules is restricted due to cellular membranes or 
interaction with structural proteins. The high tumor cellu-
larity results in lower diffusivity and thus lower measured 
ADC in most tumors. However, the restriction on diffu-
sion is multifactorial and also influenced by the unique 
intracellular water diffusion and microscopic tissue/tumor 
organizational characteristics. Consequently, the ADC of  
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Figure 3  ADCperfusion and initial area under the gadolinium curve in an implanted tumor in rat liver. At 48 h after iv treatment with CA4P at 10 mg/kg, obvious 
tumor recurrence with partial recovery of blood supply was demonstrated. The tumor (arrows) appeared hyperintense on T2WI (A) and hypointense on T1WI (B); On 
CE-T1WI, the tumor relapsed at the periphery, shown as ring enhancement of viable tumor cells (C); ADC10b (derived from 10 b values from 0 to 1000 s/mm2) revealed 
the hyperintense necrotic center and isointense viable tumor rim (D); On ADCperfusion (ADClow-ADChigh) maps, the relative hyperintensity at the periphery suggested the 
partial recovery of perfusion, compared to the hypointensity in the necrotic center with perfusion deficit (E); ADCperfusion matched well with CE-T1WI-overlyaed initial 
area under the gadolinium curve (IAUGC) map (F). 
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untreated tumors can occasionally be higher than that of  
native tissue[8,110], and it is vital to monitor intrasubject dy-
namic changes in ADC pre- and post-treatment.

Although the mechanism has not been fully explored, 
there is a temporary decrease in tumor ADC after VDA 
treatment. The probable reason may lie in abrupt decline 
in blood flow, subsequent cytotoxic edema due to the 
acute hypoxia, and resultant increased tortuosity of  wa-
ter molecules in EES[7,104]. Some preclinical studies have 
shown a transient decrease in ADC at 1 h after CA4P 
treatment[107,57]. The duration of  decreased ADC was dif-
ferent in these two studies with the same tumor cell line 
but in different transplantation locations: ADC rebounded 
to pretreatment values in the intrahepatic tumor at 6 h[57]; 
however, ADC decreased gradually from 1 h until 6 h in 
the subcutaneous tumor[107]. The difference in doses of  
CA4P and tumor locations may have accounted for the 
phase discrepancy in ADC drop. On the other hand, the 
reduction in blood flow also contributed to the decrease 
in ADC[8,110], which was confirmed by the fact that ADClow 
decreased more significantly than ADChigh

[56,107]. 
After the transient drop, ADC rebounds due to the col-

lapsed cell membranes and decreased cellularity, and thus 
increased mobility of  water molecules in EES throughout 
the progressing necrosis formation, during which the 
ADC value may reach the pretreatment baseline, and thus 
shows no significant difference from the baseline at some 
time points[74]; so-called pseudonormalization of  ADC[118]. 
The onset and duration of  pseudonormalization vary de-
pending largely on tumor model and treatment strategy. 
If  MRI falls within the window of  pseudonormalization, 
there can be no significant change in ADC value, which, 
however, does not necessarily mean that ADC has not dy-
namically changed.

As necrosis develops, tumor cell volume is reduced 
with increased EES. The displacement of  water molecules 
is less hampered, which increases ADC. The increase in 
ADC after VDA treatment has been shown in preclinical 
and clinical studies[53,57,68,119,120]. The peripheral sparing of  
tumor after VDA treatment has lower ADC, and can be 
distinguished from central necrosis of  high ADC[8,110] 
(Figures 2 and 3). After single doses of  VDA, the residual 
tumor unavoidably gives rise to recurrence, which in turn, 
leads to decreased overall ADC[59].

Derived from the different b values applied in DWI, 
ADChigh mainly reflects the true diffusion and is more 
accurate for the characterization of  VDA-induced ne-
crosis; ADClow, on the other hand, indicates the different 
weightings by several factors such as diffusion, micro-
circulation and structural barriers, which deteriorate its 
measurement reproducibility for individual or intergroup 
comparisons[119]; and ADCperfusion is most correlated with 
blood supply and can thus be used to approximate tumor 
blood perfusion as an alternative when venous access is 
limited[56,59] (Figure 3). 

DCE-MRI
DCE-MRI enables quantitative characterization of  micro-

circulation in terms of  blood flow, blood volume and/or 
capillary permeability, as well as pathophysiological insight 
into the mechanism of  VDA action in tumors. Therefore 
DCE-MRI has been applied as a promising imaging bio-
marker for the assessment of  VDA effects[121,122]. 

Basic principles: DCE-MRI involves serial acquisition 
of  sequential images before, during and after injection 
of  a contrast agent to cover the volume of  the tumor. By 
tracking the pharmacokinetics of  injected contrast agent, 
DCE-MRI is capable of  the non-invasive quantification 
of  microvascular structure and function. In VDA studies, 
two kinds of  contrast agents are often used: low molecu-
lar weight agents (< 1000 Da, e.g. gadolinium diethyl-
enetriaminepentaacetic acid or Gd-DTPA) that rapidly 
traverse from capillary into the EES, but not into tumor 
cells; and large molecular agents (> 20 kDa) with low cap-
illary permeability for prolonged intravascular retention, 
so-called blood pool agents[123]. DCE-MRI sequences can 
be designed to be T1-weighted or T2*-weighted, which 
exploit different physiological properties to derive differ-
ent kinetic variables. T1-weighted DCE-MRI is sensitive 
to the presence of  contrast agent in the EES and reflects 
microvascular blood flow, permeability and extracellular 
leakage space, whereas T2*-weighted DCE-MRI, or more 
specifically, dynamic susceptibility contrast (DSC) MRI, is 
sensitive to the vascular phase of  contrast agent delivery 
and reflects blood flow and volume[124]. 

Upon bolus injection, the contrast agent enters arteri-
oles and passes through the capillary network, known as 
the first pass of  the contrast agent. Its paramagnetic prop-
erties render a decrease in both the T1 and T2* (or T2) 
relaxation times of  water molecules. On T2*-weighted 
DEC-MRI, the transient drop of  SI of  nearby tissue is 
due to the presence of  contrast agent within the capillary 
compartment. Therefore, such a sequence performs bet-
ter in brain with intact blood brain barrier (BBB) or when 
combined with blood pool contrast agents, since the 
tracer largely remains intravascular[125]. Measurement of  
the T2* effect during the rapid decrease and subsequent 
recovery in SI necessitates rapid sampling acquisition to 
ensure high temporal resolution. T2*-weighted DEC-MRI 
is mostly applied in brain tumors due to the presence of  
the BBB[124,126]. In extracranial tumors, the contrast agent 
readily extravasates from the intravascular space into the 
EES at a rate determined by several physiological factors 
including tissue blood flow, permeability of  the capillaries 
and surface area. On T1-weighted DCE-MRI, contrast 
agent in EES shortens the T1 relaxation time of  nearby 
water hydrogen nuclei and causes increased SI. Therefore, 
T1-weighted DEC-MRI is widely applied in the extracra-
nial tumors[127]. 

Quantification of  DCE-MRI: For the quantification of  
DCE-MRI, we need to convert SI into the concentration 
of  contrast agent at each time point during the acquisi-
tion. This is accomplished by measuring the T1 map on 
T1-weighted DCE-MRI, while it is more complicated in 
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T2*-weighted DCE-MRI. It is usually necessary to derive 
arterial input function (AIF) by measuring the SI in arter-
ies near the locations of  tumor, and AIF is useful for the 
compensation of  the influence of  injection speed of  con-
trast agent and cardiac output[128]. 

T2*-weighted DCE-MRI: The quantification of  T2*-
weighted DCE-MRI can be semi-quantitative or quantita-
tive. The former method does not employ complicated 
kinetic modeling or AIF, and derived summary parameters 
from contrast agent concentration time curve (or SI time 
curve) include area under the peak (AUP), and time to 
peak (TTP). Such analysis is straightforward, while it does 
not provide pathophysiological information of  perfusion 
related to vascular shutdown[129], and may also be com-
plicated with the leakage of  contrast agent into the EES, 
which is likely in tumors with high permeability[130].

For quantitative analysis of  T2*-weighted DCE-MRI, 
the most robust biomarker is relative blood volume (rBV) 
from the first-pass technique, calculated as the integral 
area under the concentration-time curve, with the inter-
pretation of  AIF and kinetic models[131]. Relative blood 
flow can also be quantified, and mean transit time (MTT) 
is obtained according to the central volume theorem BF 
= BV/MTT. However, extracranial tumors are usually hy-
perpermeable, and the compartmentalization of  contrast 
agent is usually lost. Thus quantification of  these param-
eters are less reliable due to the leakage of  contrast agent 
into the EES and subsequent T1 effect on T2*-weighted 
sequence. The possible solutions include the correction 
with gamma-variate function by using more complicated 
kinetic models, preloaded dose of  contrast agent to elimi-
nate the effect of  its leakage into the EES or its recircula-
tion, and dual or multiecho imaging sequences[130,132-135]. 

T1-weighted DCE-MRI: T1-weighed DCE-MRI ex-
ploits the distribution of  contrast agent in the EES, 
which increases the T1 relaxation rate (1/T1) of  nearby 
hydrogen nuclei. The concentration of  gadolinium ions 
is known to be directly proportional to the change in 
1/T1, and the latter is related to changes in SI on T1WI. 
With a low gadolinium dose, we can assume that there is 
a linear relation between the amount of  contrast agent 
in the tissue and the resultant difference in relaxation 
time[136]. Semi-quantitative and quantitative analyses of  T1-
weighted DCE-MRI are possible.

For semi-quantitative analysis, the model-free method 
utilizes the enhancement curve in terms of  curve shape, 
time from injection to arrival of  contrast agent, gradient of  
upslope or wash out phase and maximal intensity[124]. The 
most frequently used parameter is initial area under the 
gadolinium curve (IAUGC) (Figure 3), as well as maximal 
initial slope of  curve, TTP, and the slope of  washout[56,127]. 
The simplicity of  this method with computer routine en-
ables its easy accessibility to many investigators, and it has 
been shown to be successful to monitor the responses to 
VDA[59,137]. However, these semi-quantitative measures fail 
to show any direct correlation with underlying physiologi-

cal measures of  tumor perfusion, permeability or leakage 
space, and only provide a mixed complex that hampers the 
interpatient or interscanner comparison[122,138]. 

Quantitative analysis of  T1-weighed DCE-MRI involves 
a pharmacokinetic model to characterize the underlying 
physiological process of  the contrast agent in tissues, in-
cluding its administration, first pass, transendothelial pro-
cess, distribution in EES, and wash out[124,139]. On the basis 
of  some simplifying assumptions, biological tissues can be 
regarded as several compartments, e.g. two-compartment 
model with blood plasma and EES, within which contrast 
agent is instantaneously mixed and uniformly distrib-
uted[127]. The Tofts model is one of  the frequently used 
pharmacokinetic models to fit concentration-time serial 
data in order to derive physiological parameters[140,141]. The 
robust parameters include Ktrans (volume transfer constant 
of  the contrast agent, unit/min), Kep (rate constant of  
wash out of  contrast agent refluxing from EES into blood, 
unit/min) and Ve (the extravascular extracellular volume 
fraction, unit %). 

Although quantification of  Ktrans is often overestimat-
ed due to the innate assumptions in all kinetic models[142], 
and dedicated software has to be involved in the analysis, 
quantitative analysis of  T1-weighted DCE-MRI high-
lights the underlying mechanism of  VDA action in terms 
of  the permeability change and subsequent perfusion 
collapse after VDAs, and it facilitates the direct compari-
son of  these physiological parameters for intra- and inter-
subject studies (Figure 4). Thus, the imaging biomarkers 
from DCE-MRI are most correlative to the VDA effects. 

Interpretation of  DCE-MRI: In general, successful VDA 
treatment causes the immediate vascular shutdown of  
tumors, shown as a rapid drop in semi-quantitative and 
quantitative DCE-MRI parameters within minutes or 
hours, and neoplastic recurrence is reflected as recovery 
in such measures to baseline level, which depends on the 
dose of  VDAs and tumor models[7,26,39,53,54,73,143] (Figure 4). 

Ktrans reflects a composite of  both blood flow and 
vascular permeability-area product, and therefore, its in-
terpretation depends on the rate-limiting step between 

CBA

Figure 4  Dynamic changes in Ktrans. The tumor (arrows) in rat liver showed an 
abundant blood supply with high Ktrans before treatment (A); At 6 h after CA4P 
treatment, vascular shutdown was indicated with low Ktrans in the center, sur-
rounded by tumor residue at the periphery, with moderate Ktrans (B); At 48 h after 
treatment, the tumor relapsed upon the residue at the periphery with rebounding 
Ktrans (C). 
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perfusion in vessels and diffusion into the EES. In un-
treated tumors, the vascular permeability-area product 
is often high, and the tissue is described as flow-limited, 
so that Ktrans approximates blood flow[140]; after the treat-
ment with VDAs, the permeability transiently increases 
and then the blood flow drops abruptly, which decreases 
Ktrans. However, in this mixed situation, the blood flow 
and permeability cannot be decoupled and it is difficult to 
identify the dominating factor between the perfusion and 
permeability-area product[56,124,140] (Figure 4). 

For example, in a rat subcutaneous tumor model, tu-
mor perfusion decreased by 57% with ABT-751 treatment 
after 1 h, but recovered to near pretreatment levels within 
6 h[39]. In a rat liver tumor model with ZD6126 treatment, 
Ktrans dropped to its lowest at 24 h and partially recovered 
at 48 h[56], while for the same tumor cell line but in sub-
cutaneous model with CA4P, Ktrans decreased to its lowest 
level at 6 h and recovered at 9 d[59]. Values of  DCE-MRI 
parameters are derived from an ROI covering the whole 
tumor in most studies, which however, ignores the tumor 
heterogeneity due to the persistence of  the viable rim af-
ter VDA treatment. Therefore, inclusion of  non-enhanc-
ing pixels in the center artificially underestimates the mean 
and/or median parameter values[144]. Some authors have 
defined the tumor center and periphery and have analyzed 
the DCE-MRI parameters respectively, and have success-
fully shown the different responses in necrotic center 
and viable rim, which have helped to elucidate tumor 
pathophysiology and drug action of  VDAs[46]. However, 
the definition of  core and rim is debatable[145] and manual 
delineation of  tumor center and periphery suffers from 
relatively poor spatial resolution on DCE-MRI, even with 
cross reference to other structural images of  higher spatial 
resolution such as that derived from CE-T1WI. 

Alternatively, pixel-based analysis of  DCE-MRI quan-
tifies the value of  each pixel within a tumor, and distribu-
tion histogram and mean and/or median values can be 
derived, which is especially helpful in the dynamic follow-
up of  VDA treatment[146,147]. Nonetheless, this pixel-based 
method suffers more from motion artifacts in extracranial 
tumors, than whole-tumor-based analysis, and the tech-
nique remains challenging for physiological motion, such 
as cardiac and respiratory movements[148]. 

VALIDATION OF MRI FINDINGS
The tumor response to VDA treatment has been widely 
validated using a number of  methods. As an established 
index for determining VDA treatment efficacy, treatment-
induced necrosis, as well as cytotoxic edema, has been 
confirmed with postmortem histopathology[57,107]. Necro-
sis has been an established end point of  drug response 
with histopathological proofs in preclinical VDA studies, 
and the extent of  necrosis is consistent with the DCE-
MRI parameters. Considering uneasily accessible histopa-
thology in patients, DCE-MRI is regarded as a promising 
biomarker to demonstrate the VDA-induced necrosis in 
patients[149]. 

Unfortunately, the validation of  VDA-induced vascu-
lar collapse with resultant stoppage of  tumor blood supply 
is still technically challenging due to a lack of  more robust 
methods. One frequently adopted method is microvas-
cular density (MVD) determination with immunohisto-
chemical staining by using vascular markers such as CD31, 
CD34 or CD105[150]. Some studies with antiangiogenic 
treatment have shown a correlation between DCE-MRI 
parameters and immunohistochemical findings, whereas 
others have not[133]. There is a paucity of  such correla-
tion data in VDA studies. Gaya et al[151] have shown no 
strong relationship between changes in DCE-MRI kinetic 
variables following CA4P and the immunohistochemical 
angiogenic profile. There is always a discrepancy between 
histological MVD and functional vascular density: not all 
tumor vessels are perfused at a given time[124], and it is not 
surprising that MVD fails to characterize the functional 
properties including vessel permeability, which contribute 
to DCE-MRI parameters. On the other hand, blood ves-
sels are often distended early after VDA treatment, with 
severe comprise of  blood flow, which can be false-nega-
tive on MVD measurement[152]. Accordingly, its value as an 
indicator of  the efficacy of  VDA therapies is limited[153]. 
In other words, the absence of  decreased MVD does not 
necessarily indicate ineffective VDA treatment[150]. Alter-
natively, Hoechst 33342 is a dye that stains the nuclei of  
ECs lining blood vessels that are perfused at the time of  
injection, and therefore, may provide a better histological 
measurement of  functional vasculature via fluorescence 
microscopy after VDA treatment[149,153-155].

In a rat tumor model treated with CA4P, Maxwell  
et al[156] have compared Ktrans with tumor blood flow mea-
sured by the uptake of  radiolabeled iodoantipyrine (IAP). 
They have shown that dynamic changes in Ktrans and AUC, 
and tumor blood flow from IAP uptake after treatment 
are highly correlated, although with the changes in Ktrans 
and AUC being smaller than those in blood flow by IAP. 
However, it is still uncertain to what extent Ktrans can 
mirror the blood flow changes, especially in the condi-
tion limited by permeability-surface area product, which 
may be the case in extracranial tumors after VDA treat-
ment[156,157]. In VDA studies, the correlation still needs to 
be explored with other robust techniques such as H215O-
PET[158] and microbubble ultrasound[159]. 

FUTURE PERSPECTIVES 
Multiparametric MRI biomarkers enable non-invasive 
characterization of  tumor response to VDA, while the 
variety of  biomarkers also leads to the challenges in 
terms of  robust protocol for standardization of  imaging 
acquisition and analysis on intrasubject or intersubject 
basis. Therefore, it is imperative to develop a standardized 
protocol to facilitate the comparative evaluation of  VDA 
treatment effects in multicenter studies. 

Due to practical limitations, advanced MRI methods 
of  imaging acquisition and analysis for DWI and DCE-
MRI are only accessible in research centers with expertise. 

Wang H et al . Imaging biomarkers for vascular disruptors



12 January 28, 2011|Volume 3|Issue 1|WJR|www.wjgnet.com

However, this should not be a hurdle to perform exami-
nations. Therefore, to circumvent technical limitations, a 
hierarchical protocol with compromises can be expected, 
in which the protocols from the most ideal conditions to 
some practical alternatives are given, according to their 
relevance to the insight of  pathophysiological mechanisms 
of  VDA action[56]. 

Heterogeneity is involved throughout VDA treatment: 
tumors can be responders or non-responders to VDAs; 
the response degree can vary; and most importantly, tu-
mor residue unavoidably remains at the periphery due to 
the incomplete tumoricidal effect of  VDAs. The most ad-
opted whole-tumor-based quantitative analysis neglects the 
spatial heterogeneity with central necrosis and peripheral 
sparing, which, however, may affect therapeutic evaluation 
and prognostic prediction for the adjustment of  individual 
therapy strategy[144]. Other alternatives such as co-regis-
tration between pre- and post-treatment images facilitate 
the pixel-based demonstration of  treatment response, 
although they are still problematic for application in areas 
with significant movement, such as the abdomen[117]. 

It is only by combining multiparametric imaging bio-
markers that we may begin to understand how VDAs 
affect tissue environment and tumor cells. To date, DCE-
MRI and DWI, as well as 18F fluorodeoxyglucose PET are 
the most advanced biomarkers, from which we can gain 
insights into vascular function, programmed cell death or 
necrosis, and glucose metabolism. However, procedural 
rigor of  these multiparametric imaging biomarkers has to 
be established before they can take up an essential posi-
tion in clinical decision making[56,160]. 

CONCLUSION
Considering the requirements of  prompt therapeutic 
justification and adjustment for oncological patients with 
VDA treatment, there are urgent demands for establish-
ing comprehensive imaging protocol for “go or no-go” 
clinical decisions. Investigations in preclinical animal 
models can provide the insights into the mechanism of  
VDA action; realized by applying multiparametric imaging 
biomarkers with validation at microscopic levels. There-
fore, it is possible that combination of  these quantitative 
imaging biomarkers, especially DWI and DCE-MRI, can 
play an imperative role in clinical treatment regimens that 
involve VDAs. Standardization of  imaging acquisition and 
analysis with advanced hardware and software needs to be 
developed to improve the accuracy and comparability of  
VDA studies in multicenter studies.
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Abstract
AIM: To highlight various patterns of nodal involvement 
and post treatment changes in pediatric chest tubercu-
losis based on contrast enhanced computed tomography 
(CECT) scans of chest. 

METHODS: This was a retrospective study consisting 
of 91 patients aged less than 17 years, who attended 
Paediatrics OPD of All India Institute of Medical Sciences 
with clinically diagnosed tuberculosis or with chest ra-
diographs suggestive of chest tuberculosis. These pa-
tients had an initial chest radiograph as well as CECT 
of the chest and follow up imaging after 6 mo, and in 
some cases 9 mo, of completion of anti-tubercular treat-
ment (ATT). CECT of these patients was reviewed for 
the location and extent of nodal involvement along with 
determination of site, size, enhancement pattern and 
calcification. 

RESULTS: Enlargement of mediastinal or hilar lymph 
nodes was found in 88/91 patients (96.7%), with the 
most common locations being paratracheal (84.1%), 
and subcarinal (76.1%). The most common pattern 
of enhancement was found to be inhomogenous. 

The nodes were conglomerate in 56.8% and discrete 
in 43.2%. In addition, perinodal fat was obscured in 
84.1% of patients. In the post-treatment scan, there 
was 87.4% reduction in the size of the nodes. All nodes 
post-treatment were discrete and homogenous with 
perinodal fat present. Calcification was found both 
pre- and post-treatment, but there was an increase in 
incidence after treatment (41.7%). There was hence a 
reduction in size, change in enhancement pattern, and 
appearance of perinodal fat with treatment. 

CONCLUSION: Tubercular nodes have varied appear-
ance and enhancement pattern. Conglomeration and 
obscuration of perinodal fat suggest activity. In re-
sidual nodes decision to continue ATT requires clinical 
correlation. 

© 2011 Baishideng. All rights reserved.
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INTRODUCTION
Tuberculosis is one of  the major causes of  morbidity and 
mortality worldwide. Children represent one of  the high 
risk groups in the resurgence of  the disease. Pediatric 
patients generally have primary tuberculosis, presenting 
as Ghon’s complex, consisting of  small parenchymal in-
filtrates with lymphatic spread leading to mediastinal and 
hilar lymphadenopathy. This generally heals but may prog-
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ress to progressive pulmonary tuberculosis in 5%-10% of  
patients.

Chest radiography may not be sensitive in detecting 
lymphadenopathy, which is considered to be the fin-
gerprint of  primary pulmonary tuberculosis. Moreover, 
computed tomography (CT) is considered the imaging 
modality of  choice to diagnose the presence, location and 
characteristics of  mediastinal adenopathy. The advantages 
of  CT are the characterization of  lesions by showing low 
attenuation nodes with rim enhancement, calcification, 
nodules of  bronchogenic spread, or miliary disease, in de-
fining the extent of  tuberculous disease and its complica-
tions and in differentiating active from inactive phases[1-5]. 
This study describes the various CT patterns of  nodal in-
volvement in pediatric chest tuberculosis in active as well 
as in post-treatment phases. 

MATERIALS AND METHODS
In this retrospective study (from December 2006 to De-
cember 2009) we analyzed the CT scans of  91 patients 
less than 17 years of  age who were diagnosed with tuber-
culosis on the basis of  clinical and/or radiographic and/or 
pathological data. CT was performed after administration 
of  non ionic contrast [Iomeron 400 (Iomeprol, Bracco, 
Milano, Italy), Iohexol 300 (Omnipaque, GE Health care, 
Ireland)] which was injected by hand leading to an aver-
age delay of  50 to 70 s and thus providing venous phase 
images. The dose of  contrast was calculated based on the 
body weight of  the child, not exceeding 2 mL/kg body 
weight. CT scans of  these patients were reviewed by two 
radiologists with 20 years and 5 years experience, respec-
tively, in thoracic imaging. 

Medical records of  these patients were thoroughly 
studied by a clinical investigator who looked for present-
ing clinical symptoms, history of  Mycobacterium tuberculosis 
contact, previous diagnoses of  tuberculosis, demographic 
information, and status of  BCG vaccination, a Mantoux 
test result and isolation of  acid fast bacilli (AFB). 

Inclusion criteria 
Patients who presented with clinical symptoms suggestive 
of  active tuberculosis like cough for more than 2 wk, fe-
ver, weight loss, hemoptysis, anorexia, dyspnea and weak-
ness were included. Apart from these clinical features at 
least 2 of  the following 4 criteria had to be fulfilled: (1) A 
tuberculin skin test with 5 tuberculin units PPD, showing 
area of  induration more than 10 mm; (2) Radiographic 
findings compatible with Mycobacterium tuberculosis like mili-
ary disease, cavitary lesions, hilar lymphadenopathy or 
primary complex; (3) History of  adult source patient with 
contagious disease, caused by Mycobacterium tuberculosis; and 
(4) Isolation of  AFB from sputum, FNAC from cervical 
nodes, bronchioalveolar lavage, or other sites like empy-
ema, etc.

Informed consent and clearance from the local ethical 
committee was not required due to the retrospective na-
ture of  the study.

Contrast enhanced CT chest
An initial CT scan done within 30 d of  commencement of  
anti-tubercular treatment (ATT) was available in all these 
patients. Amongst these, 45 patients had a follow up CT 
performed following 6 mo of  treatment. Some patients 
with persistent nodes underwent a 3rd scan after 9 mo of  
ATT.

Contrast enhanced CT (CECT) was assessed for the 
location and extent of  nodal, parenchymal, airway, and 
pleural involvement. Particular attention was given to the 
site, size, enhancement pattern and calcification of  the 
lymph nodes. Mediastinal nodes having a size > 1 cm in 
the short axis were considered abnormal. In addition sites 
of  nodal involvement were also analyzed. The enhance-
ment pattern was categorized into three groups consisting 
of  homogeneously enhancing nodes, nodes with periph-
eral enhancement and central necrosis and inhomogeneous 
nodes. The nodes were also classified as being discrete or 
conglomerate and we looked for presence or obscuration 
of  perinodal fat. Discrete nodes were defined as having 
smooth, well defined margins with preserved adjacent fat; 
whereas clubbed or clusters of  nodes with ill defined mar-
gins and adjacent fat streakiness were called conglomerate. 
Nodes with ill defined fuzzy margins with loss of  adjacent 
fat or fat stranding were said to have obscuration of  peri-
nodal fat.

Further size as well as the enhancement pattern of  the 
nodes was compared with the follow up CT done after 6 
and 9 mo. 

RESULTS
The clinical profile of  the study population is depicted in 
Table 1. The 91 patients (47 males, 44 females) aged 3 mo 
to 17 years had a majority of  patients (42.9%) in the age 
group of  10 to 15 years, with a median age of  11 years. 
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Table 1  Demographic profile of patients  n  (%)

Variables Frequency (n  = 91)

Age group (yr)
   0-5  19 (20.9)
   5-10  26 (28.6)
   10-15  39 (42.9)
   15-17  7 (7.7)
Sex
   Male  47 (51.6)
   Female  44 (48.4)
Presenting symptoms
   Fever  88 (96.7)
   Cough  56 (61.5)
   Weight loss  78 (85.7)
   Loss of appetite  90 (98.9)
   Lymphadenopathy  38 (41.7)
   History of contact  41 (45.0)
Laboratory investigations
   Mantoux positivity 91 (100)
   Elevated ESR  65 (71.4)
   AFB detection  20 (22.0)

ESR: Erythrocyte sedimentation rate; AFB: Acid fast bacilli.



Most of  the patients presented with a plethora of  symp-
toms with the commonest being fever (96.7%), weight 
loss (85.7%) and loss of  appetite (98.9%). Of  these, Man-
toux positivity was seen in all patients (100%) whereas ele-
vated ESR in 61 (71.4%) cases and AFB could be isolated 
in only 20 (22%) cases.

An initial CT scan performed within 30 d of  com-
mencement of  ATT was available for all 91 patients. It 
was reviewed for nodal, parenchymal, airway, and pleural 
lesions (Table 2). Enlargement of  mediastinal or hilar 
lymph nodes was found in 88 patients (96.7%). The nodal 
distribution and lymph node size is described in Table 3.  
The most common site for lymphadenopathy was the 
paratracheal location, and the largest nodes were seen in 
prevascular and subcarinal locations. The incidence of  
lymphadenopathy in children < 5 years was 19/19 (100%), 
while that in children > 5 years was 69/72 (96%).

Enlarged nodes displayed 3 patterns of  enhancement 
consisting of  homogeneous, inhomogeneous and periph-
erally enhancing nodes with central necrosis (Figures 1-3). 
A homogeneous and inhomogenous pattern of  enhance-
ment was more common than peripheral enhancement. 
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Figure 1  Computed tomography chest of a patient (A) showing large, conglomerate rim enhancing nodes, with central necrosis (B) post anti-tubercular 
treatment, showing resolution of adenopathy, with appearance of perinodal fat.

Table 2  Computed tomography findings  n  (%)

Findings Frequency (n  = 91)

Lymph nodal involvement 88 (96.7)
Parenchymal lesion 64 (70.3)
Airway disease 32 (35.2)
Pleural lesion 18 (19.8)

Table 3  Nodal distribution and characteristics

Frequency (n  = 88) %

Nodal distribution Frequency and mean size
   Paratracheal   74 (2.21 cm) 84.1
   Pretracheal   50 (1.62 cm) 56.8
   Precarinal   48 (1.72 cm) 54.4
   Subcarinal   67 (2.03 cm) 76.1
   Right hilar   46 (1.87 cm) 52.3
   Left hilar   32 (1.68 cm) 36.4
   Prevascular   22 (2.82 cm) 25.0
   Azygoesophageal 30 (1.9 cm) 34.1
   Aorto-pulmonary window 10 (2.0 cm) 11.4
Nodal characteristics
   Enhancement pattern
      Peripheral rim 12 13.6
      Homogeneous 30 34.1
      Inhomogeneous 46 52.3
   Calcification 25 28.4
   Conglomerate 50 56.8
   Discrete 38 43.2
   Obscured perinodal fat 74 84.1

BA

Figure 2  Pretreatment computed tomography (A) showing conglomerate, inhomogenous paratracheal lymph nodes and follow up computed tomography (B) 
showing reduction in size of the nodes to < 1 cm size, with reappearance of perinodal fat.
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Nodal calcification was seen even in the pre-treatment 
scan of  25 patients (28.4%). The majority of  patients had 
conglomerate nodes in the initial scan and most of  the 
patients (84.1%) showed obscuration of  perinodal fat. 

In 45 of  these 91 patients a follow up scan (performed 
6-7 mo after ATT) was available. Comparison of  pre- 
and post-treatment scans of  these 45 patients was made. 
Regression of  nodes was seen in 30 patients (Figures 1-3). 
Out of  30 patients, 6 patients showed complete resolu-
tion of  nodes whereas 24 had nodes < 1 cm in the short 
axis. These nodes were insignificant according to the 
size criteria; we, however, studied these small nodes for 
morphological characteristics. In the post-treatment CT, 
these nodes were discrete. Perinodal fat was obscured in 

17 patients in pre-treatment scans and it reappeared in all 
patients in post-treatment scans (Figures 1-3). A peripheral 
and inhomogenous pattern of  enhancement changed to a 
homogenous pattern of  enhancement (Figure 2). Calcifica-
tion was found in 8 patients in the pre-treatment scan and 
10 patients after treatment (41.7%) (Figure 4 and Table 4). 

The comparison between active and inactive disease (n 
= 30) was made using McNemar test and a value of  P < 0.05 
was regarded as significant. For comparison between size 
of  nodes, Wilcoxon signed ranks test was used. There was 
a statistically significant reduction in the size of  nodes. The 
difference in the incidence of  peripheral, inhomogenous, 
and mixed patterns of  enhancement, conglomerate nodes 
and obscuration of  perinodal fat was statistically significant.
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Figure 3  Computed tomography (A) showing conglomerate, homogenous paratracheal lymph nodes and (B) showing reduction in size of the nodes (< 1 cm) 
after treatment.

Figure 4  Pretreatment computed tomography (A, B) showing calcified precarinal, prevascular, right hilar, and azygoesophageal nodes, with necrotic areas 
and follow up computed tomography after anti-tubercular treatment (C, D) showing resolution of necrotic areas, with residual calcification.
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Fifteen patients had nodes > 1 cm, which were hence 
within the significant range using the size criteria. The 
decision for continuing or stopping ATT in these patients 
was based on correlation of  radiological and clinical find-
ings. A further follow up scan after 3 mo was available in 
9 patients divided into 2 groups - one in whom ATT was 
continued (n = 7) and the other in whom ATT was dis-
continued (n = 2) (Table 5). Though a constant reduction 
in the mean and maximum size of  the nodes was noted as 
the duration of  treatment progressed, at the end of  9 mo 
of  ATT, significant nodes (> 1 cm) persisted in 3 cases, 
with few showing rim enhancement and conglomeration, 
suggesting activity. 

DISCUSSION
Tuberculosis continues to be a major health problem all 
over the world, especially in developing countries. Pediat-
ric cases are particularly important epidemiologically be-
cause each usually represents a new infection rather than 
reactivation of  prior disease. Indeed it is said that, “Chil-
dren with primary tuberculosis are the reservoir from 
which future cases will emerge”[6].

Lymphadenopathy is the most common finding in 
primary TB. In a study by Lamont et al[7], it was concluded 
that lymphadenopathy was the most common single 
manifestation of  primary tuberculosis in children, occur-
ring in two-thirds of  patients in a series of  154 patients, 

90% of  whom had associated parenchymal abnormalities. 
Weber et al[8] reported lymphadenopathy in 96% of  cases. 
Leung et al[9] found lymphadenopathy was present in 92% 
cases on chest radiography, and it was the most common 
abnormality detected. We found enlargement of  mediasti-
nal or hilar lymph nodes in 88/91 patients (96.7%), which 
is comparable to other reports.

Location
The common sites of  lymphadenopathy reported in pri-
mary tuberculosis are right paratracheal, hilar and subcari-
nal. Leung et al[9] noted that the most common sites were 
right paratracheal and hilar. Andronikou et al[10] observed 
that the most frequently involved location was subcarinal 
(90%), followed by the hilar (85%), anterior mediastinum 
(79%), precarinal (64%) and right paratracheal (63%). 
Multiple sites were involved in 88% of  patients and a 
single site (subcarinal) was present in only 4% of  patients. 
Nodes at all the sites simultaneously were present in 35% 
of  patients. Kim et al[11] found that right paratracheal nodes 
(73%) were the most common, followed by right hilar 
(34.1%). Our study was in concordance with the above 
studies, with the most common locations being paratra-
cheal (84.1%), subcarinal (76.1%), pretracheal (56.8%), 
precarinal (54.5%), and right hilar (52.3%). Prevascular 
nodes were enlarged in 25% of  patients. Lymph node 
involvement was found in a single site in only 1 (1.1%) 
patient, involving the right paratracheal node, while in the 
rest of  the patients multiple sites were involved. Lymph 
nodes were seen in all the sites in 4 (4.4%) patients.

Size
In a study by Andronikou et al[10], subcarinal was the most 
commonly affected site and also the site with the larg-
est nodes. Other sites with the largest lymph nodes were 
prevascular and paratracheal. We also observed that the 
largest nodes were found in the prevascular (6.5 cm), sub-
carinal (5.5 cm), and paratracheal (5 cm) nodes. 

Characteristics
Though the typical enhancement pattern reported in 
tuberculosis is peripheral rim enhancement with central 
necrosis, several studies have described other patterns, like 
homogenous and inhomogenous enhancement. Kim et al[11] 
found that 70.7% of  patients had nodes with a low attenua-
tion centre and enhancing rim. In the study by Andronikou  
et al[10], enhancement was present in 67% and was invari-
ably ghost like, rather than ring enhancing. In our study, 
we found the most common pattern enhancement to be 
inhomogeneous (52.3%) followed by homogeneous (34.1%) 
and rim enhancing (13.6%). The major difference observed 
in our study was the presence of  homogeneous nodes 
which has not been reported in pediatric studies; however 
in a study in adults, the incidence was reported to be 9%[12]. 

We also observed calcification in 28.4% of  patients, as 
compared to the reported incidence of  9% by Andronikou 
et al[10], and 12.2% by Kim et al[11]. In the present study, we 
observed conglomeration of  nodes and obliteration of  
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Table 4  Comparison of nodal characteristics pre- and post-
treatment

Lymph nodal 
characteristics

Frequency (n  = 30) P  value

Pre-treatment Post-treatment

Lymph nodes seen with 
mean size

30 (1.83 cm) 24 (0.23 cm) < 0.05

Enhancement pattern
   Peripheral rim   3   0 < 0.05
   Homogeneous   7 24 > 0.05
   Inhomogeneous 20   0 < 0.05
Calcification   8 10 > 0.05
Conglomerate 11   0 < 0.05
Discrete 19 24 > 0.05
Obscured perinodal fat 17   0 < 0.05

Table 5  Nodal characteristics in patients who had residual dis-
ease at 6 mo

Nodes Pre-treatment 6 mo 9 mo

Mean size (cm)    2.4    1.8    1.4
Maximum size (cm) 5    4.5    3.5
Enhancement 
   Peripheral rim 2 2 1
   Homogeneous 0 1 2
   Inhomogeneous 1 0 0
Calcification 1 1 1
Conglomerate 1 1 1
Discrete 2 2 2
Obscured perinodal fat 2 1 0

Mukund A et al . Nodes in pediatric chest tuberculosis



perinodal fat as an important indicator of  active disease. 
The nodes were conglomerate in 56.8% and discrete in 
43.2%. In addition, perinodal fat was obscured in 84.1% 
patients. The pediatric studies did not make a mention 
of  these characteristics. In a study in adults, by Pombo  
et al[12], obliteration of  perinodal fat was found in 39.5% 
of  patients. 

To the best of  our knowledge, there is no study in 
a pediatric population which has compared the nodal 
characteristics on imaging before and after treatment in 
children. In a study in adults, by Moon et al[13], 49 patients 
were studied, of  which 37 were classified as active and 
12 as inactive on the basis of  lymph nodal biopsy. They 
reported that in 100% of  patients with active disease, the 
nodes had peripheral rim enhancement with central low 
attenuation on CT. Calcification was observed in 19%. 
On the other hand, in inactive disease the nodes were 
homogenous, without central low attenuation areas, and 
calcification was found in 83% of  patients. The central 
hypodense areas pathologically corresponded to areas of  
caseation necrosis. In the present study, we found small 
nodes in 24/30 patients (80%), which were insignificant 
as they were < 1 cm in size. The mean size of  the nodes 
was 0.23 cm, with 87.4% reduction in size of  the nodes, 
as compared to the initial scan. All nodes in the post-
treatment scan were discrete and homogenous with visible 
surrounding perinodal fat. Calcification was found in both 
pre- and post-treatment scans, but there was an increase 
in its incidence after treatment (41.7%). Hence, although 
nodes were seen on follow up, these were insignificant as 
per size criteria.

Thus, there was a reduction in size, change in the 
enhancement pattern, and reappearance of  perinodal fat 
with treatment. Our study correlated with the study by 
Moon et al[13] in adults, in terms of  homogenous nodes 
without necrosis in the post-treatment CT. However, the 
incidence of  calcification in inactive disease was lower in 
our study. 

In our study, there were 15 patients who had residual 
disease on imaging after 6 mo of  ATT. Even though there 
was a 52% reduction in the size of  nodes the mean size 
was still significant. There was an increase in the number 
of  patients showing homogenous nodes, but still 33.3% 
patients showed peripheral and inhomogenous enhance-
ment. Obscuration of  perinodal fat was found in 13.3% 
of  patients. Thus, though there was a response to treat-
ment, significant nodes persisted after 6 mo. Further 
follow-up CT at 9 mo was available in 9 patients which 
showed regression of  nodes, either with ATT (n = 4), or 
without ATT (n = 2). Hence, in all patients, nodes became 
insignificant, except in 3 patients in whom the clinical 
signs of  activity still persisted. The decision for continu-
ation or discontinuation of  ATT was based on clinical 
signs of  activity. 

Hence, residual sizable nodes at the end of  6 mo of  
ATT did not necessarily indicate an active disease on the 
basis of  radiological finding alone. Rather the evaluation of  
activity required a clinical correlation. Hence, nodes of  size 

> 1 cm represented an active disease only in symptomatic 
patients. We have reached this conclusion based on the fact 
that our patients who became clinically inactive at 6 mo  
(n = 2) showed regression of  nodes at 9 mo to insignificant 
size despite stopping the ATT at 6 mo. The rate of  regres-
sion, however, was variable in children, ranging from 6 to 
9 mo. We do not have a pathological correlation to say that 
the residual nodes were active or inactive, and the decision 
to treat these nodes was based on clinical correlation. Also 
to ascertain the significance of  residual nodes, particularly 
in asymptomatic children, and to determine whether nodes 
should determine the end point of  treatment, further stud-
ies with histopathological correlation can only conclusively 
prove activity vs inactivity in these patients. Although the 
numbers in our study are small for making any definite 
conclusions we recommend that in patients having >  
1 cm size nodes on completion of  6 mo of  treatment the 
decision to continue or stop treatment should be based on 
clinical and radiological correlation.

To conclude, tubercular nodes may have varied ap-
pearances, the most common being inhomogeneous and 
only a small number of  patients having typical rim en-
hancement with central necrosis. However, homogeneous 
enlargement does not exclude tubercular etiology. Major 
determinants of  disease activity are nodal enlargement, 
conglomeration and obscuration of  perinodal fat. The 
decision to continue or withdraw ATT should always be 
taken after correlating clinical and imaging findings as per-
sistent homogeneous and discrete but enlarged/equivocal 
nodes may not always suggest active disease.
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Abstract
AIM: To present a content-based image retrieval (CBIR) 
system that supports the classification of breast tis-
sue density and can be used in the processing chain to 
adapt parameters for lesion segmentation and classifica-
tion.

METHODS: Breast density is characterized by image 
texture using singular value decomposition (SVD) and 
histograms. Pattern similarity is computed by a support 
vector machine (SVM) to separate the four BI-RADS 
tissue categories. The crucial number of remaining 
singular values is varied (SVD), and linear, radial, and 
polynomial kernels are investigated (SVM). The system 
is supported by a large reference database for training 
and evaluation. Experiments are based on 5-fold cross 
validation.

RESULTS: Adopted from DDSM, MIAS, LLNL, and RWTH 
datasets, the reference database is composed of over 
10 000 various mammograms with unified and reliable 
ground truth. An average precision of 82.14% is ob-
tained using 25 singular values (SVD), polynomial kernel 
and the one-against-one (SVM).

CONCLUSION: Breast density characterization using 
SVD allied with SVM for image retrieval enable the devel-
opment of a CBIR system that can effectively aid radiolo-
gists in their diagnosis.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION
Breast cancer represents one of  the main causes of  death 
among women in occidental countries[1], and its early de-
tection is the most effective way to reduce mortality with 
mammography posing as the best method of  screening. 
Breast tissue density has been shown to be related to 
the risk of  development of  breast cancer[2], since dense 
breast tissue can hide lesions, causing the disease to be 
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detected at later stages. As a result, there is also a decline 
in the sensitivity of  mammography with increasing breast 
density. The Breast Imaging Reporting and Data System 
(BI-RADS)[3], developed by the American College of  Ra-
diology (ACR) (http://www.acr.org), provides a standard-
ized density scale. BI-RADS defines density as (1) almost 
entirely fatty; (2) heterogeneously dense tissue; and (3) 
extremely dense tissue.

Besides visual evaluation and the report of  breast den-
sity by radiologists, computer-aided diagnosis (CAD) and 
content-based image retrieval (CBIR) may assist the radi-
ologist to improve the reliability of  medical findings, and 
to decrease the number of  breast biopsies from benign 
tissue[4-6]. CBIR aims at retrieving images from a database, 
which are relevant to a given query[7-9]. Information access 
is based on comparing visual attributes that are extracted 
from the image. The definition of  a set of  features (so-
called feature vector or signature, which is capable of  
effectively describing each region of  the image) and an 
appropriate similarity measure are the most complex tasks 
affecting all subsequent steps of  a CBIR system[10].

An effective CAD or CBIR system, i.e. a system that 
provides diagnostic information of  the image or a system 
that effectively presents similar images according to a 
certain pattern, must be evaluated using a large number 
of  reference images with approved findings (ground 
truth). Nevertheless, published studies are usually based 
on a rather small set of  data. For instance, Castella et al[11] 
developed a semi-automatic method in order to estimate 
the ACR breast density category using features extracted 
from 352 mammograms from Grangettes Hospital (http://
www.grangettes.ch), Geneva, Switzerland. Sheshadri et al[12] 
used 60 mammograms of  the Mammographic Image 
Analysis Society digital mammogram database (MIAS) 
(http://peipa.essex.ac.uk/ipa/pix/mias/) to characterize 
breast tissue density according to the BI-RADS catego-
ries. The mean, standard deviation, smoothness, third 
moment, uniformity, and entropy from the intensity 
histograms have been used to describe the tissue texture. 
Wang et al[13] used 195 mammograms from the Medical 
Center of  Pittsburgh (http://www.upmc.com/Services/
Radiology/Pages/default.aspx) in order to automatically 
evaluate breast density according to the BI-RADS cat-
egories. Bovis et al[14] proposed to increase breast cancer 
detection sensitivity through breast density classification 
using 377 mammograms taken from the Digital Database 
for Screening Mammography (DDSM) (http://marathon.
csee.usf.edu/mammography/database.html), although 
DDSM provides about 10 000 images. Therefore, the reli-
ability of  classification rates published in these studies 
is ambiguous, and the smallness of  the data hinders the 
generalization of  results obtained.

Furthermore, the appropriate characterization of  im-
ages, the storage and management of  the large amount 
of  image data produced by hospitals and medical centers 
are not straightforward issues to be jointly taken care of. 
Although large databases for mammography are publicly 
available[15], the problem of  reference data requirement is 

manifold, and a sufficient number of  appropriate cases for 
CAD and CBIR development and evaluation is needed.

From a clinical point of  view, CBIR systems based on 
breast density can guide radiologists in the detection of  
a lesion and its classification. Moreover, from a techni-
cal point of  view, this system is the first step, and a very 
important one, for the development of  a CAD system. 
Based on the Image Retrieval in Medical Applications 
(IRMA) (http://irma-project.org) framework[16], we aimed 
to define a unified database structure and coding scheme 
for mammography that is associated with diagnostic infor-
mation, and use this reference to develop and evaluate a 
CBIR system called MammoSVx, where singular value de-
composition (SVD) and a support vector machine (SVM) 
are used for breast density characterization and retrieval, 
respectively. This article will contribute to a reliable and 
large reference database, and the combination and param-
eterization of  SVD and SVM for automatic breast density 
classification.

MATERIALS AND METHODS
The MammoSVx system was developed in several stages. 
In the following, we describe the composition of  the 
reference database, which is used to respond to user que-
ries. We also describe the feature extraction and selection 
process using SVD and the similarity measure based on 
the SVM. As part of  our methodology, we describe the 
implementation of  the system, as well as the design of  the 
evaluation experiments. 

IRMA reference database
The IRMA project aims to develop and implement high-
level methods for CBIR with prototypal application for 
medico-diagnostic tasks on radiological image archives[16]. 
The database for mammograms integrated to the IRMA 
project was developed based on the union of  the DDSM, 
MIAS, the Lawrence Livermore National Laboratory 
(LLNL), and routine images from the university hospi-
tal of  Rheinisch-Westfälische Technische Hochschule 
(RWTH) Aachen University, Aachen, Germany[15].

DDSM database
The DDSM database[17] officially contains 2,479 studies 
(695 normal, 870 benign, and 914 cancerous cases). Each 
study includes two images of  each breast, acquired in 
craniocaudal (CC) and mediolateral (ML) views that have 
been scanned from the film-based sources by four differ-
ent scanners with a resolution between 50 and 42 microns, 
providing a total of  9916 radiographs. Since image coding 
was originally proprietary, they had to be converted to a 
standard file format with special software: the C source 
code provided at the DDSM web page needed extensions 
to cope with endianness, palettes, and others[15]. For all 
cases, ground truth is provided in additional ACSII text 
files including the BI-RADS tissue type classification and 
type as well as resolution of  the scanner used to digitize 
the film-based mammograms. 
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MIAS database
The MIAS database[18] contains only 322 mammograms, 
all of  which were acquired in the ML view. Initially 
scanned from film with a resolution of  50 microns, all 
images were reduced to 200 microns and clipped/padded 
so that they fit into a 1024 × 1024 bounding box. The 
image files are available in the portable network graphics 
(PNG) format and annotated with the following details: a 
database reference number indicating left and right breast, 
character of  background tissue, pathology, class of  lesion 
present and coordinates as well as size of  these lesions.

LLNL database
The LLNL database[19] contains a total of  197 mammo-
grams that have been digitized at 35 microns per pixel. 
The images are stored in the image cytometry standard 
(ICS) format and had to be converted to a standard file 
format with a program provided as source code. For 190 
images, there is a plain text file containing patient status, 
biopsy results and ground truth comments.

RWTH dataset
In order to evaluate the extensibility of  mammogram ref-
erence resources, 170 cases were extracted arbitrarily from 
the picture archiving and communication system (PACS) 
at the Department of  Diagnostic Radiology, University 
Hospital, RWTH Aachen University, Aachen, Germany. 
These images were acquired digitally using a General Elec-
tric Senographe operating with low beam energy about 
26 to 32 kV and with a phosphor storage system from 
Fuji/Philips capable of  recording 7 lp/mm (approx 70 
microns). The cassette was read using a Philips PCR Eleva 
CosimaX. Where available, a free text diagnosis in Ger-
man describing the breast examination, pathology, type of  
tissue and lesion was included along with the digital imag-
ing and communications in medicine (DICOM) files.

Integration
To uniformly integrate all data into the IRMA system, 
the IRMA code[20] was extended for mammography, and 
based on the meta-information available with all the da-

tabases, all images were coded consistently according to 
the mono-hierarchical, multi-axial IRMA ontology[15]. In 
particular, there are four axes, each having three to four 
hierarchical positions, which describe: (1) technique: The 
imaging modality axis of  the coding scheme is used to 
differ direct digital and secondarily digitized imaging and 
their resolution; (2) direction: The body orientation axis 
captures the CC and ML views; (3) anatomy: The body re-
gion examined axis holds information on the left and right 
breast; and (4) biosystem: The biological system examined 
provides three positions that code the tissue density ac-
cording to the ACR classes, the tumor staging according 
to BI-RADS[3], and the type of  lesion, i.e. micro or macro 
calcification, speckled or circumscribed masses, architec-
tural distortions, and asymmetry.

Breast density characterization
In machine vision, an image is represented numerically by 
a so-called feature vector (also referred to as signature), 
preferentially at a low-dimensional space in which the 
most relevant visual aspects are emphasized[21,22]. Visually, 
breasts of  fatty and dense tissues differ through gray level 
intensities (Figure 1). Since texture contains information 
about the spatial distribution of  gray levels and varia-
tions in brightness, its use for breast density assessment 
becomes appropriate[23]. However, the high dimensionality 
of  a feature vector that represents texture attributes limits 
its computational efficiency, so it is desirable to choose 
a technique that combines the representation of  texture 
with the reduction of  dimensionality, in such a way as to 
make the retrieval algorithm more effective and computa-
tionally treatable.

SVD may satisfy these requirements representing the 
structure of  the original data on a new basis in which 
the variables are ordered from the largest to the smallest 
degree of  explained variation[24,25]. Wang et al[26] proposed 
a method of  classification based on neural networks, in 
which the features used are the singular values of  face 
images. For face photography recognition, the relevant 
technical properties of  SVD are (1) stability (if  a small 
disturbance is inserted in the image, the singular values 
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Figure 1  Mammograms of different breast tissues. From left to right: BI-RADS Ⅰ to BI-RADS Ⅳ. Corresponding Image Retrieval in Medical Applications (IRMA) 
codes are given below the images.
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alter only slightly); (2) algebraic properties, and; and (3) 
invariance of  an image by the singular values. 

Singular values represent important attributes of  a 
matrix. As images can be observed as matrices, the singu-
lar values can serve as important features for evaluation 
of  similarity. Also aiming to reduce the dimensionality 
and characterizing images in a medical CBIR system, 
Chen et al[27] applied SVD to represent color images of  
the stomach. SVD was performed on the color histo-
grams to form a new feature vector. Concluding their 
study, the authors indicated the need for further studies 
to determine the optimal parameterization.

In general, let A be an m × n signature representing an 
image. Then, SVD is expressed as: A = UWVT (1). where 
U and V are orthogonal matrices, W = diag(λ1, λ2, … , 
λk) and is the matrix of  singular values of  A with λ1 ≥ λ2  
≥ …  ≥ λk ≥ 0 and k is the rank of  A. For purposes of  
dimensionality reduction, suppose that matrix Uk of  size 
m × k is composed of  the first k leftmost singular vectors 
of  U, matrix Vk of  size n × k is composed of  the first k 
rightmost singular vectors of  V and the diagonal matrix 
Wk of  size k × k is composed of  the k singular values. 
Matrix Ak is defined as follows: Ak = UkWkVT

k (2). The 
parameter k is crucial[27]. The smaller the value of  k, the 
less storage and processing load is required, but if  k is too 
small, important visual information is disregarded by the 
signature and retrieval results will become worse. In our 
study, k is determined by systematic experiments (see Ex-
periments).

Similarity of signatures
The support vector machine (SVM) method was initially 
developed to solve binary classification problems[28]. It 
guides the construction of  classifiers with a good de-
gree of  generalization[29], i.e. with the ability of  correctly 
predicting the class of  a sample that was not used in the 
learning process. The use of  SVM was extended to CBIR 
systems[30], where the similarity between images is mea-
sured by the relevance of  an image to a particular que-
ry[31]. For instance, Yang et al[32] have used SVM specifi-
cally for CBIR of  mammograms. However, SVM requires 
adjustments when applied to more than two classes, such 
as the four BI-RADS codes used for breast density clas-
sification.

Machine learning techniques may employ an inference 
principle called induction. The general conclusions are ob-
tained from a particular set of  examples[22]. In supervised 
learning, an external agent is used to indicate the desired 
answers to the entry patterns. The classifier is trained 
with a broad set of  labeled data. Given a set of  labeled 
examples as (xi,yi), where xi represents an example and yi 
denotes its label, one should be able to produce a classi-
fier that can precisely predict the label of  the new data. 
This induction process of  a classifier from a sample of  
data is called training. The obtained classifier may also be 
seen as a function f that receives a dataset x and associated 
labels y. The labels or classes represent the phenomenon 
of  interest on which one wants to make predictions. The 

labels can assume discrete values 1, …, p. A classification 
problem with p = 2 is called binary.

For a binary classification, SVM can be described as 
follows: given two classes and a set of  points that belong 
to these classes, the SVM classifier determines the hy-
perplane in the feature space that separates the points in 
order to place the highest number of  points of  the same 
class on the same side, while maximizing the distance of  
each class to that hyperplane. The hyperplane is deter-
mined by a subset of  items from the two classes, called 
support vectors. In most cases, however, the data set can-
not be precisely separated by a hyperplane, so a kernel 
function is used instead. It receives two points xi and xj 
from the input space and computes the product between 
these data in the feature space. The most commonly used 
kernels are polynomial and Gaussian, in which the param-
eters must be empirically adjusted.

For more than two classes, this problem turns into a 
multi-class problem[33,34], which is the case of  the Mam-
moSVx system that works with four classes correspond-
ing to the four BI-RADS categories for breast density.

There are two basic approaches for a multi-class ap-
plication: (1) one-against-all: A SVM is built for each 
class through the discrimination of  this class against the 
remaining classes. Successively, i.e. class by class, the deci-
sion is made. Let C denote the number of  classes (here, 
C = 4). Then, the number of  SVMs used is M = C-1. 
Hence, the MammoSVx system yields M = 3. Test data x 
is classified using a decision strategy, i.e. the class with the 
maximum value of  the discriminant function f  (x) is as-
signed to that data. All the n training examples are used to 
construct the SVM for one class. The SVM for one class 
p is built using the set of  training data (x) and the desired 
outputs (y); (2) one-against-one: A SVM is built for a pair 
of  classes through its training in the discrimination of  
two classes. In this way, the number of  SVMs used in the 
method is M = (C-1)(C-2)/2 = 3. Here, one SVM for a 
pair of  classes (p,m) is built using training examples be-
longing to only these two classes. This approach is a kind 
of  generalization of  the binary classification to more than 
two classes. Advantageously, all training examples are used 
at the same time[33].

With respect to the four BI-RADS tissue classes, both 
methods require three SVMs. In order to optimize the 
training phase providing all the data, we apply the one-
against-one method to separate the four BI-RADS cat-
egories, two by two, for all experiments.

Implementation
The MammoSVx system was implemented using MatLab 
(Matrix Laboratory), using the image processing and sym-
bolic math toolboxes, and the LSSVM library[35]. It was 
executed on an Intel Core 2 Duo 2GHz processor with 
3GB of  RAM under the Microsoft Windows operating 
system.

The IRMA system is implemented in C and operated on 
a common Linux/Unix system. The PostgreSQL database is 
used to manage image, feature, and feature transform data[36]. 
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Web-based access is provided by PHP hypertext preproces-
sor and the Smarty template engine (http://www.smarty.
net)[37].

The methodologies were fused to MammoSVx (Figure 2).  
To remove noise, examination labels and other annota-
tions from all images, regions of  interest (ROI) were 
extracted. In a first step, a standardized image size was ob-
tained shrinking all mammograms into a format of  1024 
× Z pixels, where Z varies according to the aspect ratios 
of  the radiographs between 300 and 800 pixels. In this 
step, linear interpolation is applied. In the resulting scale, 
the size of  the ROI that was extracted automatically was 
set to 300 × 300 pixels, which ensures the ROI contains 
tissue pattern only. Thereafter, the textural features were 
extracted using the SVD method, and compared to the 
features in the IRMA reference database using the SVM 
method.

Experiments
Selection of  image data: The IRMA database was merged 
from data of  different sources and provides a reliable base 
for parameterization and evaluation of  CBIR and CAD 
applications. Using the IRMA code, groups of  reference 
images can be easily formed. As a result, the data used in 
the experiments were uniformly mixed from directly digi-
tal acquired and secondarily digitized mammograms of  
the left or right breast in CC or ML views with and with-
out pathological alteration. However, the frequency of  oc-
currence of  tissue type in the IRMA database differs. To 
ensure an equal distribution for classification experiments, 
all images from the least frequent BI-RADS class are used, 
and the same amount is taken arbitrarily from the other 
classes.

Extraction of  features: SVD was performed for all se-
lected mammograms. The first k singular values were kept 
for the composition of  the feature vector. The values for 
k used in the experiments were 25, 50, 100, 150 and 200. 
These values were chosen empirically in accordance with 
Elden and Andrews[25,38]. Optionally, SVD features were 
combined with the gray level histogram, as histograms 
have been successfully used in previous work[12,13,39]. In ad-
dition, we analyze the impact of  the gray level histograms 
using this information solely for retrieval.

Evaluation of  MammoSVx for CBIR: The CBIR task 
keeps the physician in the loop. Usually, the user presents 
an image, and the system offers a set of, for instance, ten 
responses, visually displayed to the physician, who can se-
lect appropriate information from the responses, or refine 
the query. 

For the evaluation of  the CBIR system, measures of  
precision and recall were obtained based on the top 10 
retrieved images. Precision is the ratio of  the number of  
relevant images retrieved to the total number of  irrelevant 
and relevant images, whereas recall is the ratio of  the 
number of  relevant images retrieved to the total number 
of  relevant images in the database[40]. Both measures are 
usually expressed as a percentage. We apply 5-fold cross 
validation and variance analysis (ANOVA) to obtain the 
best configuration of  MammoSVx. 

Evaluation of  MammoSVx as a classifier: Furthermore, 
one can think of  using the MammoSVx system as an au-
tomatic classifier. In this setting, the physician is excluded 
from the loop, and the system is used for automatic deci-
sion making. There are several ways of  combining the 
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ground truth of  a set of  retrieved images and forming a 
decision. The easiest, but usually not the best way, is to re-
turn only one image, and simply decide whether it is from 
the correct class or not. In doing so, the obtained results 
can be best compared with others. 

Hence, this evaluation was performed measuring the 
accuracy, which is the percentage of  correctly classified 
images of  a certain class over the ground truth of  the 
total mammograms in that class. For this experiment, we 
apply 10-fold cross validation.

Results
Reference database
Based on international standards such as ACR and BI-
RADS, we provided a scheme to integrate available mam-
mogram databases using a standardized description of  
imaging modality and resolution, orientation and view, left 
and right position of  the breast, tissue type, tumor staging 
and lesion description. Integrating different resources that 
are freely available in the Internet, our database currently 
holds 10 509 images from 232 different code classes.

BI-RADS tissue class Ⅱ was found to be most com-
mon with about 4000 entries, and BI-RADS class I was at 
least represented with only 1256 images. According to the 
protocol defined in the previous section, 1256 radiographs 
were randomly selected from all the groups yielding a total 
of  5024 mammograms.

Feature extraction
Table 1 shows the resulting parameterization of  the SVM 
with polynomial, radial, and linear kernels. Depending on 
the kernel, k = 25, k = 100, and k = 200 performed best, 
respectively. Therefore, the polynomial SVM kernel was 
superior since it needed the least number of  data. Table 2 
shows the overall results. In general, the combination of  
SVD and gray level histogram outperformed SVD and 
histogram feature extraction.

Evaluation of MammoSVx 
The best average precision of  82.14%, 71.75%, and 
76.87% was obtained using the polynomial, radial, and lin-
ear kernel functions, respectively (Table 2). The ANOVA 
variance analysis yielded statistical significance. In order 
to verify the number of  singular values that really repre-
sent breast density, the trace of  the matrix Ak of  singular 
values was examined. The last column in Table 2 shows 
the average amount of  variables that are represented by 
the k singular values. The diagonal matrix has k singular 
values that are significantly larger than the others, and the 
zero singular values usually appear as small numbers. For 
all different values of  k, only 24 singular values really rep-
resented breast density, and so the other values could be 
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Table 1  Parameters of the kernels of the support vector ma-
chine model

Parameters Polynomial kernel Radial kernel

Cost (C) 10 1
Gamma (g)              0.00022          0.0055
Epsilon (e)      0.1    0.1
Degree   2 -

BI-RADS Ⅰ BI-RADS Ⅰ

Image 10

BI-RADS Ⅰ

Image 9

BI-RADS Ⅰ

Image 8

BI-RADS Ⅰ

Image 7

BI-RADS Ⅰ

Image 6Image 5

BI-RADS Ⅰ

Image 4

BI-RADS Ⅰ

Image 3

BI-RADS Ⅰ

Image 2

Image 1

BI-RADS Ⅰ

Query image:

BI-RADS Ⅰ

Images Image 1 Image 2 Image 3 Image 4 Image 5 Image 6 Image 7 Image 8 Image 9 Image 10
Distance from query image 1 0.9990 0.9976 0.9949 0.9910 0.9909 0.9719 0.9680 0.9611 0.9514

Figure 3  Retrieval example of the MammoSVx system. The retrieval is based on breast density, with k = 25 as parameter for singular value decomposition (SVD) 
and support vector machine (SVM) using the polynomial kernel.
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considered irrelevant. In conclusion, k = 25 appropriately 
represented breast texture in a lower-dimensional space 
with maximized computational savings, and the polyno-
mial kernel significantly outperformed the other configu-
rations.

Figure 3 represents an example of  the MamoSVx sys-
tem, with a query image of  BI-RADS category Ⅰ for breast 
density. All the top ten retrieved images are from the same 
category of  breast density of  the query image. In this 
experiment, the system was not designed to differentiate 
the projection (CC or MLO) as only a ROI was selected 
for characterization, which does not consider the pecto-
ral muscle (signature of  the MLO projection). Also, the 
distance of  these retrieved images to the query image is 
presented, where images with distance values near 1.0 are 
closer to the query image. Time of  retrieval was 3.85 s. 

Considering the classification experiment, an average 
accuracy rate of  76.4% was obtained.

DISCUSSION
We have presented a system design for CBIR for breast 
tissue density classification, which can be used directly to 
assist radiologists or as a preprocessing stage in CAD ap-
plications for lesion detection and tumor staging. 

The evaluation of  MammoSVx was based on a large 
database merged from a variety of  sources, which sup-
ports the generalization of  the experimental results. Fur-
thermore, we were able to improve previously published 
results. For instance, Bovis and Singh[14] reported an aver-
age recognition rate of  71.4%, calculated on 377 images 
only, which is clearly below the corresponding finding in 
our experiment (76.4% obtained from 5,024 mammo-
grams). This improvement was obtained by combining 
SVD with the gray scale histogram distribution. In other 
words, the chosen signature characterized breast density 
well. Furthermore, the small standard deviations obtained 
within the cross-over design (Table 2) indicate that our 
reference database was of  sufficient size for the given 
problem. 

An important characteristic of  the MammoSVx CBIR 
system is the use of  a priori breast density classification, 

as all the images contained in the IRMA database have 
their ground truth already set by an experienced radiolo-
gist. This supports the physician visually, as can be seen 
in Figure 3. Although radiologists might look further for 
breast lesions such as masses and calcifications in mam-
mograms, a CBIR system for mammograms should in-
clude all possibilities. Therefore, MammoSVx may form 
the first stage of  a CAD system, as breast density plays 
an important role in the diagnostic process.

Future work may focus on tests with more images 
and the combination of  breast density, view and lesion as 
a pattern for retrieval. In addition, a weight combination 
of  features should be tested in an attempt to avoid non-
relevant images in the results.
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Abstract
Pancreatic neuroendocrine tumors (PNETs) are an un-
common malignancy, accounting for a small percentage 
of all pancreatic malignancies. Due to their insidious 
course, most PNETs present with metastatic disease. 
Although reports in the literature describe PNET me-
tastasis to the liver, lung and brain, to date there are 
no reports of stage Ⅳ disease involving the breast. 
Moreover, the lack of consensus regarding classification 
and treatment of this entity leaves practitioners with-
out standards of practice or a firm base from which to 
formulate prognosis. In this report, the case of a previ-
ously healthy 51-year-old woman with stage Ⅳ PNET 
is examined. After combined neoadjuvant therapy with 
5-fluorouracil, carboplatin, etoposide and radiation, sur-
gical resection revealed metastatic PNET to the breast 
and lung, with no microscopic evidence of residual dis-
ease within the pancreas. An extensive analysis of the 
presentation, diagnosis, imaging modalities, treatment 
options, and prognosis is included in the discussion. As 
demonstrated by our review, there is a need for further 

studies to delineate inconclusive evidence with respect 
to subtype classification, treatment and prognosis of 
PNETs.
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INTRODUCTION
Neuroendocrine cells are widely distributed throughout 
the body. Common sites include the lung, gastrointestinal 
tract, adrenal gland and thyroid gland; any of  which may 
give rise to malignant neoplasms. Pancreatic neuroen-
docrine tumors (PNETs) are thought to develop from 
embryonic neural crest cells[1] that later give rise to islet 
cell tissue. It is believed that these cells belong to the 
amine precursor uptake decarboxylase system[2-4]. PNETs 
are an uncommon malignancy, accounting for 1%-5% of  
all pancreatic malignancies[4-8]. The estimated incidence 
is 1-5 cases per million[5,7,9]. However, incidence rates of  
1-1.5 cases per 100 000 population have been reported[8,10]. 
Abood et al[4] and You et al[8] have reported approximately 
2500 cases per year in the United States, with a peak age 
of  30-60 years, and no gender preference. PNETs are 
classified as functioning or non-functioning depending 
on the presence of  clinical manifestations secondary to 
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increased hormonal secretion, with multiple hormones 
being common[11]. Non-functioning PNETs are the result 
of  tumors that either produce inert hormones or subclini-
cal concentrations of  active hormones without symptoms. 
Non-functioning PNETs account for 15%-52% of  all 
pancreatic endocrine tumors[2,4,6,7,12-14]. 

In 2000, the World Health Organization (WHO) clas-
sified gastroenteropancreatic neuroendocrine tumors 
based on histological and pathological characteristics 
into well-differentiated, poorly differentiated, and mixed 
endocrine-exocrine subtypes[2,15]. Other classifications 
grade PNETs based on behavior as low, intermediate, 
or high grade lesions[2,16]. Histologically, PNETs show 
features similar to small cell carcinoma of  the lung, lym-
phoma, and neuroendocrine tumors of  the stomach and 
colon. PNETs have a more indolent course than the 
more common pancreatic adenocarcinoma with a lon-
ger survival, although 50%-75% present with metastatic 
disease[2,4,6,9]. Common PNET metastases occur in lymph 
nodes, liver, spleen, and bone at 50%, 30%, 10% and 7%, 
respectively[17]. Solorzano et al[18] have described metastasis 
to lung and brain as well. The malignancy rate is often 
> 50%[2,4,7,9,19], with a mean survival of  6-8 years even in 
widely metastatic disease[2,10].

A literature search of  Medline and Embase has re-
vealed no cases of  PNETs metastatic to the breast. 
Thus, the present case broadens the discussion because 
it describes the clinical course of  a 51-year-old woman 
with a poorly differentiated pancreatic neuroendocrine 
carcinoma metastatic to the breast and lung. Additionally, 
this case illustrates the successful management of  stage Ⅳ 
disease with neoadjuvant chemotherapy and radiotherapy, 
followed by radical surgical resection. The benefit of  
combined, aggressive medical and surgical management is 
highlighted, as well as an interesting parallel to the man-
agement of  metastatic liver disease.

CASE REPORT
A previously healthy 51-year-old, Caucasian woman pre-
sented to her primary care physician with a 1-wk history 
of  bloating and right abdominal discomfort, with radia-
tion to the back. Initial imaging by abdominal ultrasound 
showed a pancreatic head mass with associated biliary dila-
tation, which was highly suspicious for primary pancreatic 
carcinoma. Further assessment by computed tomography 
(CT) revealed a 5 cm × 5 cm well-circumscribed pancre-
atic head lesion in the c-loop of  the duodenum, which 
appeared to have a well-circumscribed edge or capsule. 
Of  note, the lesion was not clearly cystic and had solid 
heterogeneous enhancement. Initial laboratory tests were 
significant for elevated amylase and lipase (598 IU/L and 
1802 IU/L, respectively), along with elevated aspartate 
aminotransferase, alanine aminotransferase and alkaline 
phosphatase (86 IU/L, 129 IU/L and 334 IU/L, respec-
tively) and elevated total bilirubin at 2.9 mg/dL, despite 
normal prothrombin and partial thromboplastin time. 
Tumor markers at the time were significant for elevated 
visceral cancer markers: carbohydrate antigen (CA) 19-9 

(81 IU/mL) and CA 125 (39 IU/mL). CA 27.29 and car-
cinoembryonic antigen (CEA) were within normal limits.

During the work-up of  the pancreatic mass, the pa-
tient developed a stabbing breast pain and a new lump in 
the right breast. A diagnostic mammogram showed a new 
lobular mass in the right breast that was not present a year 
before. Positron emission tomography (PET)/CT was 
done to stage the disease process. There was abnormal ac-
tivity corresponding to a large, ill-defined mass in the head 
of  the pancreas, as well as within a 2.7-cm nodule in the 
left lower lobe of  the lung and a 2.5-cm nodule in the su-
perior aspect of  the right breast (Figure 1). Both the lung 
and breast lesions were suspected to be metastatic nodules 
from the primary pancreatic mass. With these findings, 
stage Ⅳ carcinoma was diagnosed.
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Figure 1  Preoperative computed tomography scans of the chest, abdo-
men and pelvis. A: Pancreatic mass with associated biliary dilatation; B: Large, 
well-circumscribed, right breast lesion; C: Small left lung lesion. Postoperative 
pathology revealed a poorly differentiated carcinoma with clear cell features, fa-
voring a poorly differentiated neuroendocrine carcinoma in the right breast and 
left lower lobe of the lung. The arrows depict the lesion of reference.



One month after the onset of  symptoms, the patient 
underwent endoscopic retrograde cholangiopancreatogra-
phy with stent placement to improve biliary obstruction. 
During the procedure, a single 40-mm region of  stenosis 
was noted in the distal third of  the main duct, with diffuse 
dilation in the middle third. Pancreatic biopsy revealed 
cellular evidence of  poorly differentiated carcinoma, with 
non-contributory immunostaining. In addition, a right 
breast core biopsy demonstrated poorly differentiated car-
cinoma. Subsequent immunostaining for CD10 and epi-
thelial membrane antigen (EMA) was positive, with stains 
for RCA and ER being negative. As such, the breast mass 
was considered to be immunohistochemically consistent 
with metastatic renal cell carcinoma. This pathology was 
later reviewed at an outside facility and described as a well-
differentiated endocrine neoplasm with clear cell features. 
There was no prior clinical or radiographic evidence of  
renal involvement, therefore, renal cell carcinoma was un-
likely. An octreotide scan, done 2 mo after the biopsy, was 
positive for uptake in the large pancreatic mass and right 
breast lesion. Given the results of  this scan, a diagnosis of  
neuroendocrine carcinoma was favored by the consultant 
pathologist.

Shortly after the octreotide scan, the patient developed 
life-threatening gastrointestinal hemorrhage as the pancre-
atic tumor eroded into the duodenum. She subsequently 
underwent angiography and embolization of  branched 
tumor vessels of  the celiac, gastroduodenal and superior 
mesenteric arteries. She developed diarrhea and was start-
ed on 5-fluorouracil (5-FU) and octreotide (Sandostatin), 
for its postulated symptomatic relief  and antitumor effect. 
She remained on Sandostatin LAR 30 mg once monthly 
for 6 mo. In an attempt to reduce tumor size, neoadjuvant 
chemotherapy and radiation were initiated. She underwent 
radiation for 3 mo and received three cycles of  5-FU fol-
lowed by three cycles of  carboplatin and etoposide (Ap-
pendix A). Bone marrow stimulation was administered via 
a combination of  filgrastim, pegfilgrastim and darbepo-
etin alfa.

Surveillance CT scans were obtained at 5 mo post-
presentation and again at 7 mo, just 3 wk before her first 
operation. During this 2-mo interval, there was progres-
sion of  the right breast mass from 2.5 cm at presentation 
to 4.1 cm at 5 mo and 4.5 cm at 7 mo. The lesion in the 
left lung was reduced in size from 2.7 cm at presentation 
to 2.1 cm and remained relatively unchanged at 2.2 cm  
7 mo later. Of  note, there were small bilateral pulmonary 
nodules seen on the second scan at 5 mo. Finally, the 
mass at the head of  the pancreas was reduced from 5 cm 
at presentation to 3.4 cm 7 mo later. A benign heman-
gioma of  the left liver lobe was also noted on her 5-mo 
scan, which was the only liver finding.

Her first operation was a combined robotic video-
assisted thoracoscopy with mini-thoractomy, resection of  
anterior basilar segment of  the left lower lobe of  the lung, 
and a right breast lumpectomy. There were no known 
post-surgical complications. The final pathology report 
of  the right breast mass revealed a poorly differentiated 

carcinoma with clear cell features with positive margins, 
whereas the lung segment showed poorly differentiated 
malignant neoplasm with spindle and clear cell features 
with clear margins. Both specimens were thought to favor 
the diagnosis of  poorly differentiated neuroendocrine 
carcinoma. Immunohistochemical staining of  both speci-
mens revealed some variability (Table 1). However, there 
was enough histological similarity to consider these two 
lesions to be from the same primary site.

Three weeks later, in preparation for her Whipple 
procedure (pancreatoduodenectomy), she underwent an-
other CT scan of  the chest, abdomen and pelvis. Imaging 
demonstrated that the previously visualized pulmonary 
nodule in the left lower lobe was resected, with no new 
pulmonary nodules. The liver had a cystic lesion that was 
consistent with a hemangioma, but no new lesions were 
seen. Additionally, there was still some enlargement of  the 
pancreatic head mass, although it was smaller compared to 
a prior study (now 2.9 cm from 3.4 cm). The pancreas was 
also atrophic from mid-body to tail with no lymphade-
nopathy. Laboratory tests at that time were within normal 
limits, demonstrating resolution of  previously elevated 
liver enzymes, lactate dehydrogenase, serotonin, uric acid, 
and chromogranin A.

Nine months after presentation, the patient had a 
pylorus-sparing Whipple procedure and intraoperative 
ultrasound of  the liver (Figure 2). Imaging showed a 
marked reduction in the size of  her primary pancreatic 
head lesion, with atrophic body and tail. She also had a 
hemangioma in the left lobe of  the liver and a cyst in the 
right lobe. The pancreatic specimen had no evidence of  
viable tumor, with clear margins and negative nodes.

The postoperative course was uncomplicated and the 
patient was discharged to home 1 wk later. One month 
after the operation, she is doing well and will undergo an-
other round of  chemotherapy with carboplatin and gem-
citabine.

DISCUSSION
Most PNETs are diagnosed incidentally as a part of  the 
workup for non-specific abdominal pain or mass effect 
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Table 1  Immunohistochemical characterization of breast and 
lung lesions

Staining Breast Lung

NSE Positive Positive
CD 56 Positive Positive
HMB-45 Positive Positive
CD10 Positive Positive
MIB-1 High index High index
EMA Negative Negative
S-100 Negative Negative
Melan A Negative Negative
Synaptophysin Negative Negative
Chromogranin Negative Negative
AE1-3 Weakly reactive Negative
CAM 5.2 Weakly reactive Negative
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leading to biliary or bowel obstruction[4]. General present-
ing symptoms include abdominal pain, weight loss, pal-
pable mass and jaundice[6,8,16]. With lesions in the head of  
pancreas, there can be gastrointestinal bleeding secondary 
to erosion in the duodenum, as well as gastric or biliary 
outlet obstruction[18]. The patient presented with many of  
these symptoms including abdominal pain, weight loss, 
biliary obstruction and gastrointestinal bleeding.

As initial imaging, transabdominal ultrasound may be 
done. It is relatively inexpensive and widely available, but 
has a reported sensitivity of  only 9%-64%[6]. Therefore, 
further imaging modalities may still be necessary. CT 
scanning also may be done as initial imaging to localize 
and stage the disease. It also can be used to assess liver 
metastases and pancreatic lymph node involvement[9]. 
Magnetic resonance imaging (MRI) also is helpful to 
evaluate metastatic disease, and to delineate the mass in 
relation to the pancreatic duct and major vessels[9]. MRI 
has been shown to be generally effective at detecting le-
sions > 1 cm, with 50% effectiveness in detecting lesions 
between 1 and 2 cm[6]. Somatostatin receptor scintigraphy 
or octreotide scanning has been deemed to be the most 
sensitive imaging modality[4] because it can effectively 
localize and stage disease by detecting primary and meta-
static tumors > 1 cm[4,9]. It is especially good at detecting 
hepatic and bone metastases; however, it provides no in-
formation about tumor size or resectability[6]. Endoscopic 
ultrasound allows for visualization of  small tumors in the 

head, uncinate and body of  the pancreas[9]. It has been 
reported to be capable of  detecting lesions as small as  
0.5 cm[6]. It allows for visualization of  lymph nodes, with 
a sensitivity of  58%[9]. Additionally, it is effective at visu-
alizing the walls of  the stomach, duodenum and adjacent 
structures[6]. Intraoperative ultrasound is used to evaluate 
non-palpable tumors, as well as the ducts, vessels, duo-
denal wall and lymph nodes[9]. Other modalities include 
PET, radiolabeled imaging selective venous sampling and 
selective pancreatic angiography. Imaging for this pa-
tient included many of  these modalities: transabdominal 
ultrasound as initial evaluation, CT scan for initial and 
follow-up imaging, octreotide scan for localization, and 
intraoperative ultrasound for evaluation during resection. 
In this particular case, there was moderate concordance 
among these particular imaging modalities in determining 
the appearance and location of  the primary cancer and its 
metastases.

Several studies have reported a difference in tumor 
size based on tumor type and stage. Hochwald et al[16] have 
reported the median size of  non-functioning tumors to be 
4.7 cm as opposed to 1.6 cm seen in functioning tumors 
(P = 0.005). O'Grady et al[6] have noted similar findings of   
4.0 cm for non-functioning tumors vs 1.9 cm for functional 
tumors. Additionally, You et al[8] have reported that the aver-
age size of  malignant tumors is 3.5 cm compared to 2.5 in 
well-differentiated tumors (P = 0.001). In consideration for 
metastatic disease, Bruzoni et al[2] have reported a median 
size of  7.3 cm vs 4.7 cm in patients without metastatic dis-
ease (P < 0.05). Additionally, the majority of  these lesions 
are found in the pancreatic head[4,6,9]. These dimensions 
are consistent with this case because our patient presented 
with a 5-cm mass in the head of  the pancreas.

PNETs have features similar to small cell cancer of  
the lung, as well as neuroendocrine tumors at other sites. 
Immunohistochemistry can help to differentiate between 
these tumors. PNETs commonly have granules that con-
tain neuron specific enolase (NSE), synaptophysin and 
chromogranin[4]. As such, these tumors commonly stain 
positive for NSE and synaptophysin, with poor expres-
sion of  chromogranin, sometimes staining negative in 
carcinomas[11]. Lloyd has suggested that thyroid factor-1 
distinguishes lung from pancreatic primary tumor, and 
that stains for CD45, CD20 and CD45RO can help to 
distinguish pancreatic tumors from lymphomas[3]. Despite 
being negative for synaptophysin, immunohistochemical 
staining of  the breast and lung lesions was positive for 
NSE, which is consistent with a PNET. 

Serum markers also can be used to detect disease and 
monitor its course. They are particularly helpful in moni-
toring disease progression, relapse and burden. Chromo-
granin A has been considered to be the most sensitive 
marker for PNETs[10]. In fact, it is elevated in 60%-100% 
of  patients[9]. Although the exact initial level of  chromo-
granin A is unavailable, it was reported to be elevated in 
our patient, as expected. Of  note, after octreotide therapy, 
the serum chromogranin level normalized and staining of  
the breast and lung specimens was negative. These were 
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Figure 2  Pyloric sparing Whipple gross specimen with biliary stent in place. 
A: There is a marked decrease in the size of the tumor, producing an undetect-
able remnant lesion on gross examination; B: Small periampullary remnant lesion 
(arrow) noted on gross examination.
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not unexpected findings because octreotide can affect the 
synthesis and release of  chromogranin A in granules[20]. 
This effect on the granules could also explain the negative 
staining for synaptophysin. In addition to measuring these 
markers of  PNETs, it is important to rule out other sites 
of  primary disease. Markers such as CEA, CA 19-9, CA 
125 and others should be measured.

The treatment of  metastatic PNETs is under much 
debate with some studies recommending aggressive treat-
ment, and others, observation. There are no published 
guidelines, and there is very little Level I evidence on a 
proper treatment plan for these tumors. Hence, treatment 
is approached on an individual basis with consideration 
of  disease burden and comorbidity[2]. Treatment includes 
somatostatin analogs, interferon-α, site-directed radioab-
lation, cytotoxic chemotherapy, and molecular targeted 
therapy. Somatostatin analogs, such as octreotide, have 
been shown to result in tumor stabilization and symptom 
relief  in some patients[11]. Clancy et al[10] have indicated that 
analogs only rarely lead to tumor regression and that these 
drugs may lose efficacy over time. Octreotide is given two 
or three times per day for 2 wk; then the long-acting drug 
is dosed at 10, 20 or 30 mg monthly. Chemotherapy with 
streptozotocin and 5-FU or doxorubicin has been used as 
first-line treatment[11], with response rates varying between 
39% and 69%[4,7]. However, in patients with more ma-
lignant disease, therapy with cisplatin and etoposide has 
shown a response in 41%-67% of  patients with poorly 
differentiated PNETs[11,20] and thus is used as initial thera-
py in these patients. Despite metastatic disease, our patient 
had significant improvement with 5-FU in combination 
with carboplatin (which has similar pharmacology to cis-
platin), etoposide and octreotide. As a result, she serves as 
a good example of  the benefits of  aggressive medical and 
surgical management. In continuation of  therapy, given 
the history of  small bilateral pulmonary nodules and mi-
croscopically positive breast lesion margins, she will also 
receive postoperative chemotherapy with carboplatin and 
gemcitabine in an attempt to increase survival in this pa-
tient with R0 resection of  the primary tumor.

No clear prognostic factors have been determined. 
However, many researchers have presented a variety of  
factors that could be used to assess survival. Prognosis 
can be stratified based on criteria from the WHO, which 
takes into account stage- and grade-related factors: tumor 
size, distant metastasis, mitotic rate, necrosis, and patient 
age[20]. Similarly, an analysis using the National Cancer 
Database of  3851 patients with PNETs has concluded 
that age, tumor grade, and distant metastasis were the 
most significant predictors of  survival[5]. A study of  137 
patients described by Clancy et al[10] has confirmed age as 
a strong prognostic factor, as demonstrated by both uni-
variate and multivariate survival analysis (P < 0.0003)[10]. 
Of  interest, one article stated that age is not a significant 
prognostic factor if  the patient is found to be medically 
fit for surgery[7]. The analysis done by Clancy et al[10] also 
showed that chromogranin A level > 500 ng/mL was as-
sociated with decreased survival from the date of  evalua-

tion, on univariate survival analysis (P < 0.030). Addition-
ally, it was proposed that elevated alkaline phosphatase 
levels (> 127 U/L) could serve as a marker of  prognosis, 
because they were associated with shorter survival by 
both univariate and multivariate survival analysis. Kaifi 
et al[12] have evaluated 63 patients to determine L1, a cell 
adhesion molecule, as a possible prognostic marker of  
poorly differentiated carcinoma. In this study, there was 
no difference between primary and metastatic specimens; 
also normal tissue did not stain positive, while 44% of  
poorly differentiated carcinoma specimens stained posi-
tive, as opposed to 1.9% in well-differentiated carcino-
mas. A study by Strosberg et al[21] has proposed that the 
mitotic rate and Ki-67 index (measured using MIB-1) 
could be related to tumor grade and thus could be used 
as prognostic factors. Using a Ki-67 index of  0%-2% as 
low grade, 2%-20% as intermediate grade, > 20% as high 
grade, there was an inverse relationship between Ki-67 
index and mitotic rate with survival. This was supported 
by Hochwald et al[16] who have reported that MIB-1 index 
and necrosis show a difference in survival. The signifi-
cance between functional and non-functional tumors is 
controversial because some studies have concluded no 
significance[2,6], whereas others have reported that non-
functional tumors have decreased survival[10]. Addition-
ally, extensive metastatic disease has been associated with 
a decrease in survival rates[2]. From a surgical standpoint, 
Solorzano et al[18] have concluded that the ability to resect 
the primary tumor and extent of  metastatic disease are 
powerful predictors of  outcome (P < 0.0001 for both 
variables). Given the variability of  these factors, it would 
be difficult to determine prognosis in this relatively 
young asymptomatic patient with a high grade, metastat-
ic, non-functioning malignancy that underwent R0 resec-
tion of  the primary tumor, a high index of  MIB-1, and 
elevated alkaline phosphatase. The previously mentioned 
study by Bilimoria et al[5] has formulated a prognostic 
score to be used to estimate 5-year survival. A score is 
determined by assigning points to each prognostic fac-
tor: age, grade and distant metastasis. Using this model, 
our patient had a prognostic score of  3, which was as-
sociated with a 5-year survival of  35.7%. However, this 
model does not account for the aggressive treatment 
that she received. Despite this aggressive treatment, it is 
important that our patient has long-term follow-up to 
monitor for further metastases, especially of  the liver, 
and for disease recurrence.

From our literature review, there is a necessity for fur-
ther investigations to understand fully the spectrum of  
gastroenteropancreatic neuroendocrine tumors, especially 
with regard to the determination of  prognosis. Our case 
supports the proposed utility and effectiveness of  the var-
ious imaging modalities. It also provides evidence for the 
benefit of  aggressive medical and surgical management, 
as well as the response of  poorly differentiated PNETs to 
combination treatment. Currently, the patient is doing well 
and she will be routinely followed to monitor her disease 
course.
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APPENDIX A
Treatment was initiated with three cycles of  5-FU; the 
first dose being 360 mg/d × 3 d followed by 360 mg/d 
× 5 d, and finally, 360 mg/d × 4 d, each 1 wk apart. One 
month after completing 5-FU treatment, the patient re-
ceived three cycles of  carboplatin and etoposide; the first 
cycle was 900 mg/m2 of  carboplatin and etoposide at  
160 mg/m2 per day × 3 d. The remaining two cycles were 
completed 4 wk and 7 wk later with the regimen reduced 
to 720 mg/m2 of  carboplatin and 130 mg/m2 per day × 
3 d of  etoposide. Filgrastim 273 µg every 3 d was started 
after the first round of  carboplatin and etoposide for a 
total of  four doses. At the end of  both the second and 
third rounds of  chemotherapy, a 6-mg dose of  pegfil-
grastim was received. Finally, 3 wk after completing the 
first round of  carboplatin and etoposide, darbepoetin 
α was started with a total of  three doses received; each  
500 μg was received at 3-wk intervals, with the last dose 
being received at the completion of  therapy. 
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Abstract
Roux-en-Y choledochojejunostomy is a common biliary 
reconstruction procedure. The collection of gallstones in 
the jejunal limb is a rare complication. Here we present 
a case of a 61-year-old Chinese female who received 
Roux-en-Y choledochojejunostomy 10 years ago. Di-
agnosis of recurrent bile duct stones accompanying 
infection was made before operation. She also had an 
abdominal mass which was possibly an intussuscepted 
colon or a huge fecolith. At laparotomy, an oval stone 
(5 cm in diameter) and 3 smaller multifaceted stones (2 
cm in diameter) were found in the jejunal limb. A fistula 
between this jejunum and colon was also found. Al-
though the typical manifestations of diarrhea were pres-
ent, the diagnosis of a biliary colonic fistula was missed 
before operation. Partial colectomy was performed with 
the fistulous opening repaired. A T-tube was left in the 
jejunal limb and the mesocolon aperture was enlarged 
and revised. Her postoperative convalescence was un-
eventful. We report this case hoping to sharpen our di-
agnostic acumen.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION
Roux-en-Y choledochojejunostomy is common procedure 
for biliary reconstruction. This procedure has early and 
late complications although it is effective and sometimes 
the only alternation[1,2]. The collection of  gallstones in the 
jejunal limb is a rare complication[3]. Biliary colonic fistula 
is also one of  rare complications following gallstone dis-
ease[4]. A fistula between reconstructed biliary tract and 
colon is hard to be recognized beforehand. Although di-
arrhea and infection may be claimed, they are typical but 
non-specific clinical manifestations. 

Here we present a case of  recurrent bile duct stones 
with infection and an abdominal mass in a 61-year-old 
female 10 years after Roux-en-Y choledochojejunostomy. 
A preoperatively missing biliary colonic fistula was found 
during operation.

CASE REPORT
A 61-year-old female complained of  abdominal pain and 
unrelenting fever for 2 wk. She underwent cholecystecto-
my 10 years ago. Other details were not available. She had 
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a mild vague right abdominal discomfort on and off  after 
operation. About 2 years ago, her discomfort increased in 
intensity and turned into pain and became more frequent. 
Chills and high fever accompanied the episodes and she 
also developed chronic diarrhea, 6-8 motions a day, with 
scanty stools.

On examination, she appeared emaciated, pale and mal-
nourished. Her temperature was 39℃, pulse rate 95/min,  
blood pressure 101/69 mmHg, and respiratory rate 18/min.  
She had no jaundice and the right upper rectus incision 
healed well. There was fullness of  the right upper abdo-
men. A mass with vague margins was palpable with no 
significant muscle spasm. Her white blood cell count was 
3100 per mm3 with 68.9% neutrophils, her hemoglobin and 
hematocrit values were 10.8 g/dL and 33.2%, respectively. 
Serum chemistry studies demonstrated that her total biliru-
bin was 21.1 μmol/L (normal range = 3.4-21.1 μmol/L), 
direct bilirubin 13.9 μmol/L (normal range < 6.8 μmol/L), 
alkaline phosphatase 335 U/L (normal range = 42-28 U/L),  
AST 71 U/L (normal range < 75 U/L), ALT 58 U/L 
(normal range < 75 U/L), albumin 28 g/L (normal range 
= 35-52 g/L), and prealbumin 0.17 g/L (normal range = 
0.25-0.4 g/L). Imaging studies showed air (black arrows) 
and stones (white arrows) in the diffusely distended bile 
passages (Figure 1) and a mass or filling defect in the intes-
tine (white circle) (Figure 2A and B).

A diagnosis of  recurrent bile duct stones with infec-
tion was made. The abdominal mass was possibly an 
intussuscepted colon or a huge fecalith. She was managed 
conservatively and prepared for surgery.

At laparotomy, a Roux-en-Y choledochojejunostomy 
was found. The jejunal limb was markedly distended and 
intimately adhered to the hepatic flexure of  the colon. A 
mass (5 cm in diameter) could be palpated in the jejunal 
limb. The ascending and transverse colons were mobilized 
with no tumor mass found. The jejunal limb was opened 
with an oval stone (5 cm in diameter) and 3 smaller multi-
faceted stones (2 cm in diameter) removed. The big stone 
was light yellow in color, stratified and loose in texture, 
with a 1.2 cm hard dark yellow kernel. The multifaceted 
stones were brown and hard, typical of  mixed stones.

The hepatic ducts were patent with no stones ob-

served during exploration with a choledochoscope and the 
bilioenteric anastomosis was 1.5 cm long. However, turbid 
yellowish fluid continuously oozed from the posterior wall 
of  the jejunal limb. A fistula between the jejunum and 
colon was found with an opening about 2 cm in diameter. 
The adjacent bowel wall was not thickened. A frozen sec-
tion biopsy of  the colon mucosa showed only chronic 
inflammation.

The jejunal limb was 40 cm in length and compressed 
by a tight mesocolon aperture. A partial colectomy was 
performed with the fistulous opening repaired and rein-
forced using a piece of  colon wall. A T-tube was left in 
the jejunal limb with the mesocolon aperture enlarged and 
revised. It is a pity that we did not take photos during the 
operation.

Her postoperative convalescence was uneventful ex-
cept for a wound infection. Her diarrhea subsided and 
her general condition improved. A T-tube cholangiogram 
showed a patent bile passage with normal jejunal empty-
ing functions 2 wk after operation. The patient took 5 
tablets of  Dan-Ning-Pian (traditional Chinese medicine) 3 
times per day to prevent recurrence of  the stone. 

DISCUSSION
The significance of  this report is the preoperative diag-
nostic challenge for gallstone in jejunal lim. The precise 
location of  a huge stone detected on imaging studies be-
fore operation cannot be pin-pointed anatomically. Most 
observers made a diagnosis of  a mass or filling defect in 
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Figure 1  Computed tomography showing air (arrows) and stones (white 
arrows) in distended bile ducts. 

R

Figure 2  A mass or filling defect in the intestine (white circle). A: Com-
puted tompograph image; B: Magnetic resonance image.
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the colon. Due to the stratified structure of  the mass, an 
intussusception of  the colon cannot be excluded merely 
on unenhanced CT scanning. As intussusception or ster-
colith obstruction cannot be ruled out, surgery is usually 
performed.

Without any question, recurrent stones and infection 
were present in this case. Air in the biliary passage is an 
expected sequel of  a bilioenteric anastomosis. However, in 
this case, a previous bilioenteric procedure was not known 
exactly. A huge stone in the jejunal limb was a surprise to 
all. To our knowledge, only 3 cases have been reported[3-5]. 
Although the typical manifestations of  diarrhea and infec-
tion were present in our case, the diagnosis of  a biliary 
colonic fistula was missed before operation as previously 
described[6]. It was only found on careful examination at 
operation. On the other hand, since the patient had not 
any evidence of  colon obstruction, a diagnosis of  pos-
sible obstruction due to intussusception or stercolith was 
completely groundless.

Roux-en-Y choledochojejunostomy is a common and 
effective procedure for biliary reconstruction. However, 
it is not without early and late complications. Reoperation 
may be necessary because of  anastomotic stricture, cal-
culi recurrence, biliary tract infection, or even malignant 
change[2]. Even though anastomotic stricture is relatively 
common after a bilioenteric procedure, this patient had 
not any stricture 10 years after Roux-en-Y choledochojeju-
nostomy. Although collection of  stones in the jejunal limb 
has been reported, to our knowledge, it is uncommon[3-5]. 
Such collection may be due to delayed emptying of  the je-
junal limb, because of  motility dysfunction or mechanical 
obstruction because of  torsion or kinking or compression 
of  the limb by a tight mesocolon aperture. Poor empty-
ing of  the jejunal limb might have played an important 
role and a tight mesocolon aperture was the culprit in this 
case. Stasis caused the growth of  the stone. Together with 

repeated infection, it finally led to formation of  the jeju-
nocolonic fistula. 

Although a strictured anastomosis is the most fre-
quent indication for reoperation after a Roux-en-Y bil-
ioenteric procedure, one should also be on the alert for 
other conditions, such as motility dysfunction or inad-
equate patency as a cause for the delayed emptying of  the 
jejunal limb. We report this case hoping to sharpen our 
diagnostic acumen.
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Meetings

Events Calendar 2011

January 23-27
Radiology at Snowbird
San Diego, Mexico

January 24-28
Neuro/ENT at the Beach
Palm Beach, FL, United States

January 28-29 
MIAD 2011 - 2nd International 
Workshop on Medical Image 
Analysis and Description for 
Diagnosis System
Rome, Italy

February 5-6
Washington Neuroradiology Review
Arlington, VA, United States

February 12-17
MI11 - SPIE Medical Imaging 2011
Lake Buena Vista, FL, United States

February 17-18 
2nd National Conference Diagnostic 
and Interventional Radiology 2011
London, United Kingdom

Februrary 17-18
VII National Neuroradiology Course
Lleida, Spain

February 18 
Radiology in child protection
Nottingham, United Kingdom

Februrary 19-22
COMPREHENSIVE REVIEW OF 
MUSCULOSKELETAL MRI
Lake Buena Vista, FL, United States

March 2-5
2011 Abdominal Radiology Course
Carlsbad, CA, United States

March 3-7 
European Congress of Radiology 
Meeting ECR 2011
Vienna, Austria

March 6-9 
World Congress Thoracic Imaging - IV
Bonita Springs, FL, United States

March 14-18
9th Annual NYU Radiology Alpine 
Imaging Symposium at Beaver 
Creek
Beaver Creek, CO, United States

March 20-25
Abdominal Radiology Course 2011
Carlsbad, CA, United States

March 26-31 
2011 SIR Annual Meeting
Chicago, IL, United States

March 28-April 1 
University of Utah Neuroradiology 
2nd Intensive Interactive Brain & 
Spine Imaging Conference
Salt Lake City, UT, United States

April 3-8 
1st Annual Ottawa Radiology 
Resident Review
Ottawa, Canada

April 3-8
43rd International Diagnostic Course 
Davos on Diagnostic Imaging and 
Interventional Techniques
Davos, Switzerland

April 6-9
Image-Based Neurodiagnosis: 
Intensive Clinical and Radiologic 
Review, CAQ Preparation
Cincinnati, OH, United States

April 28-May 1 
74th Annual Scientific Meeting 
of the Canadian Association of 
Radiologists CAR
Montreal, Canada

May 5-8 
EMBL Conference-Sixth 
International Congress on Electron 
Tomography
Heidelberg, Germany

May 10-13
27th Iranian Congress of Radiology
Tehran, Iran

May 14-21 
Radiology in Marrakech
Marrakech, Morocco

May 21-24 
European Society of Gastrointestinal 
and Abdominal Radiology 2011 
Annual Meeting
Venice, Italy

May 23-25 
Sports Medicine Imaging State of 
the Art: A Collaborative Course for 
Radiologists and Sports Medicine 
Specialists
New York, NY, United States

May 24-26 
Russian Congress of Radiology
Moscow, Russia

May 28-31 
International Congress of Pediatric 
Radiology (IPR)
London, United Kingdom

June 4-8
58th Annual Meeting of the Society 
of Nuclear Medicine
San Antonio, TX, United States

June 6-8 
UKRC 2011 - UK Radiological 
Congress
Manchester, United Kingdom

June 8-11
CIRA 2011 - Canadian Internventinal 
Radiology Association Meeting
Montreal, QC, Canada

June 9-10
8th ESGAR Liver Imaging Workshop
Dublin, Ireland

June 17-19
ASCI 2011 - 5th Congress of Asian 
Society of Cardiovascular Imaging
Hong Kong, China

June 22-25 
CARS 2011 - Computer Assisted 
Radiology and Surgery - 25th 
International Congress and 
Exhibition
Berlin, Germany

June 27-July 1 
NYU Summer Radiology 
Symposium at The Sagamore
Lake George, NY, United States

July 18-22 
Clinical Case-Based Radiology 
Update in Iceland
Reykjavik, Iceland

August 1-5 
NYU Clinical Imaging Symposium 
in Santa Fe
Santa Fe, NM, United States

September 22-25 
European Society of Neuroradiology 
(ESNR) XXXV Congress and 19th 
Advanced Course
Antwerp, Belgium

October 12-14
International Conference Vipimage 
2011 - Computational Vision and 
Medical Image Processing
Algarve, Portugal

October 15-16 
Essentials of Emergency and Trauma 
Radiology
Ottawa, Canada

October 23-29 
2011 IEEE NSS - 2011 IEEE Nuclear 
Science Symposium and Medical 
Imaging Conference
Valencia, Spain

October 25-28 
NYU Radiology in Scottsdale - Fall 
Radiology Symposium in Scottsdale
Scottsdale, AZ, United States

October 28-30
Fourth National Congress of 
Professionals of Radiological 
Techniques
Florianópolis, Brazil

October 28-30 
Multi-Modality Gynecological & 
Obstetric Imaging
Ottawa, Canada

November 3-4 
9th ESGAR Liver Imaging Workshop
Taormina, Italy

November 15-19 
EANM 2011 - Annual Congress of 
the European Association of Nuclear 
Medicine
Birmingham, United Kingdom

November 22-29 
NSS/MIC - Nuclear Science 
Symposium and Medical Imaging 
Conference 2011
Valencia, Spain

November 26-28 
8th Asia Oceaninan Congress of 
Neuro-Radiology
Bangkok, Thailand
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GENERAL INFORMATION
World Journal of  Radiology (World J Radiol, WJR, online ISSN 
1949-8470, DOI: 10.4329), is a monthly, open-access (OA), peer-
reviewed journal supported by an editorial board of  319 experts in 
Radiology from 40 countries.

The biggest advantage of  the OA model is that it provides free, 
full-text articles in PDF and other formats for experts and the pub-
lic without registration, which eliminates the obstacle that traditional 
journals possess and usually delays the speed of  the propagation 
and communication of  scientific research results. The open access 
model has been proven to be a true approach that may achieve the 
ultimate goal of  the journals, i.e. the maximization of  the value to 
the readers, authors and society.

Maximization of personal benefits
The role of  academic journals is to exhibit the scientific levels of  
a country, a university, a center, a department, and even a scientist, 
and build an important bridge for communication between scien-
tists and the public. As we all know, the significance of  the publica-
tion of  scientific articles lies not only in disseminating and com-
municating innovative scientific achievements and academic views, 
as well as promoting the application of  scientific achievements, but 
also in formally recognizing the “priority” and “copyright” of  in-
novative achievements published, as well as evaluating research per
formance and academic levels. So, to realize these desired attributes 
of  WJR and create a well-recognized journal, the following four 
types of  personal benefits should be maximized. The maximization 
of  personal benefits refers to the pursuit of  the maximum personal 
benefits in a well-considered optimal manner without violation of  
the laws, ethical rules and the benefits of  others. (1) Maximization 
of  the benefits of  editorial board members: The primary task of  
editorial board members is to give a peer review of  an unpublished 
scientific article via online office system to evaluate its innovative-
ness, scientific and practical values and determine whether it should 
be published or not. During peer review, editorial board members 
can also obtain cutting-edge information in that field at first hand. 
As leaders in their field, they have priority to be invited to write 
articles and publish commentary articles. We will put peer review-
ers’ names and affiliations along with the article they reviewed in 
the journal to acknowledge their contribution; (2) Maximization of  
the benefits of  authors: Since WJR is an open-access journal, read-
ers around the world can immediately download and read, free of  
charge, high-quality, peer-reviewed articles from WJR official web-
site, thereby realizing the goals and significance of  the communica-
tion between authors and peers as well as public reading; (3) Maxi-
mization of  the benefits of  readers: Readers can read or use, free of  
charge, high-quality peer-reviewed articles without any limits, and 
cite the arguments, viewpoints, concepts, theories, methods, results, 
conclusion or facts and data of  pertinent literature so as to vali-
date the innovativeness, scientific and practical values of  their own 
research achievements, thus ensuring that their articles have novel 
arguments or viewpoints, solid evidence and correct conclusion; 
and (4) Maximization of  the benefits of  employees: It is an iron law 
that a first-class journal is unable to exist without first-class editors, 
and only first-class editors can create a first-class academic journal. 
We insist on strengthening our team cultivation and construction so 
that every employee, in an open, fair and transparent environment, 
could contribute their wisdom to edit and publish high-quality ar-
ticles, thereby realizing the maximization of  the personal benefits 

of  editorial board members, authors and readers, and yielding the 
greatest social and economic benefits.

Aims and scope
The major task of  WJR is to rapidly report the most recent improve-
ment in the research of  medical imaging and radiation therapy by the 
radiologists. WJR accepts papers on the following aspects related to 
radiology: Abdominal radiology, women health radiology, cardiovas-
cular radiology, chest radiology, genitourinary radiology, neuroradiol-
ogy, head and neck radiology, interventional radiology, musculoskel-
etal radiology, molecular imaging, pediatric radiology, experimental 
radiology, radiological technology, nuclear medicine, PACS and 
radiology informatics, and ultrasound. We also encourage papers that 
cover all other areas of  radiology as well as basic research.

Columns
The columns in the issues of  WJR will include: (1) Editorial: To in-
troduce and comment on major advances and developments in the 
field; (2) Frontier: To review representative achievements, comment 
on the state of  current research, and propose directions for future 
research; (3) Topic Highlight: This column consists of  three formats, 
including (A) 10 invited review articles on a hot topic, (B) a com-
mentary on common issues of  this hot topic, and (C) a commentary 
on the 10 individual articles; (4) Observation: To update the develop-
ment of  old and new questions, highlight unsolved problems, and 
provide strategies on how to solve the questions; (5) Guidelines for 
Basic Research: To provide guidelines for basic research; (6) Guide-
lines for Clinical Practice: To provide guidelines for clinical diagnosis 
and treatment; (7) Review: To review systemically progress and 
unresolved problems in the field, comment on the state of  current 
research, and make suggestions for future work; (8) Original Articles: 
To report innovative and original findings in radiology; (9) Brief  
Articles: To briefly report the novel and innovative findings in radiol-
ogy; (10) Case Report: To report a rare or typical case; (11) Letters to 
the Editor: To discuss and make reply to the contributions published 
in WJR, or to introduce and comment on a controversial issue of  
general interest; (12) Book Reviews: To introduce and comment on 
quality monographs of  radiology; and (13) Guidelines: To introduce 
consensuses and guidelines reached by international and national 
academic authorities worldwide on the research in radiology.
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squared test, Ridit, probit, logit, regression (linear, curvilinear, or 
stepwise), correlation, analysis of  variance, analysis of  covariance, 
etc. The reviewing points include: (1) Statistical methods should 
be described when they are used to verify the results; (2) Whether 
the statistical techniques are suitable or correct; (3) Only homoge-
neous data can be averaged. Standard deviations are preferred to 
standard errors. Give the number of  observations and subjects (n). 
Losses in observations, such as drop-outs from the study should be 
reported; (4) Values such as ED50, LD50, IC50 should have their 
95% confidence limits calculated and compared by weighted probit 
analysis (Bliss and Finney); and (5) The word ‘significantly’ should 
be replaced by its synonyms (if  it indicates extent) or the P value (if  
it indicates statistical significance). 

Conflict-of-interest statement
In the interests of  transparency and to help reviewers assess any po-
tential bias, WJR requires authors of  all papers to declare any compet-
ing commercial, personal, political, intellectual, or religious interests  
in relation to the submitted work. Referees are also asked to indi-
cate any potential conflict they might have reviewing a particular 
paper. Before submitting, authors are suggested to read “Uniform 
Requirements for Manuscripts Submitted to Biomedical Journals: 
Ethical Considerations in the Conduct and Reporting of  Research: 
Conflicts of  Interest” from International Committee of  Medical 
Journal Editors (ICMJE), which is available at: http://www.icmje.
org/ethical_4conflicts.html. 

Sample wording: [Name of  individual] has received fees for serv-
ing as a speaker, a consultant and an advisory board member for [names 
of  organizations], and has received research funding from [names of  
organization]. [Name of  individual] is an employee of  [name of  or-
ganization]. [Name of  individual] owns stocks and shares in [name of  
organization]. [Name of  individual] owns patent [patent identification 
and brief  description]. 

Statement of informed consent
Manuscripts should contain a statement to the effect that all human 
studies have been reviewed by the appropriate ethics committee 
or it should be stated clearly in the text that all persons gave their 
informed consent prior to their inclusion in the study. Details that 
might disclose the identity of  the subjects under study should be 
omitted. Authors should also draw attention to the Code of  Ethics 
of  the World Medical Association (Declaration of  Helsinki, 1964, 
as revised in 2004).

Statement of human and animal rights
When reporting the results from experiments, authors should fol-
low the highest standards and the trial should conform to Good 
Clinical Practice (for example, US Food and Drug Administration 
Good Clinical Practice in FDA-Regulated Clinical Trials; UK Medi-
cines Research Council Guidelines for Good Clinical Practice in 
Clinical Trials) and/or the World Medical Association Declaration 
of  Helsinki. Generally, we suggest authors follow the lead investiga-
tor’s national standard. If  doubt exists whether the research was 
conducted in accordance with the above standards, the authors 
must explain the rationale for their approach and demonstrate that 
the institutional review body explicitly approved the doubtful as-
pects of  the study. 

Before submitting, authors should make their study approved by 
the relevant research ethics committee or institutional review board. 
If  human participants were involved, manuscripts must be accompa-
nied by a statement that the experiments were undertaken with the 
understanding and appropriate informed consent of  each. Any per-
sonal item or information will not be published without explicit con-
sents from the involved patients. If  experimental animals were used, 
the materials and methods (experimental procedures) section must 
clearly indicate that appropriate measures were taken to minimize 
pain or discomfort, and details of  animal care should be provided.

SUBMISSION OF MANUSCRIPTS
Manuscripts should be typed in 1.5 line spacing and 12 pt. Book 

Antiqua with ample margins. Number all pages consecutively, and 
start each of  the following sections on a new page: Title Page, Ab-
stract, Introduction, Materials and Methods, Results, Discussion, 
Acknowledgements, References, Tables, Figures, and Figure Leg-
ends. Neither the editors nor the publisher are responsible for the 
opinions expressed by contributors. Manuscripts formally accepted 
for publication become the permanent property of  Baishideng 
Publishing Group Co., Limited, and may not be reproduced by any 
means, in whole or in part, without the written permission of  both 
the authors and the publisher. We reserve the right to copy-edit and 
put onto our website accepted manuscripts. Authors should follow 
the relevant guidelines for the care and use of  laboratory animals 
of  their institution or national animal welfare committee. For the 
sake of  transparency in regard to the performance and reporting of  
clinical trials, we endorse the policy of  the ICMJE to refuse to pub-
lish papers on clinical trial results if  the trial was not recorded in a 
publicly-accessible registry at its outset. The only register now avail-
able, to our knowledge, is http://www.clinicaltrials.gov sponsored 
by the United States National Library of  Medicine and we encour-
age all potential contributors to register with it. However, in the case 
that other registers become available you will be duly notified. A 
letter of  recommendation from each author’s organization should 
be provided with the contributed article to ensure the privacy and 
secrecy of  research is protected.

Authors should retain one copy of  the text, tables, photographs 
and illustrations because rejected manuscripts will not be returned 
to the author(s) and the editors will not be responsible for loss or 
damage to photographs and illustrations sustained during mailing.

Online submissions
Manuscripts should be submitted through the Online Submission 
System at: http://www.wjgnet.com/1949-8470office. Authors are 
highly recommended to consult the ONLINE INSTRUCTIONS 
TO AUTHORS (http://www.wjgnet.com/1949-8470/g_info_ 
20100316162358.htm) before attempting to submit online. For 
assistance, authors encountering problems with the Online Submi
ssion System may send an email describing the problem to wjr@
wjgnet.com, or by telephone: +86-10-85381892. If  you submit your 
manuscript online, do not make a postal contribution. Repeated 
online submission for the same manuscript is strictly prohibited.

MANUSCRIPT PREPARATION
All contributions should be written in English. All articles must be 
submitted using word-processing software. All submissions must be 
typed in 1.5 line spacing and 12 pt. Book Antiqua with ample mar-
gins. Style should conform to our house format. Required informa-
tion for each of  the manuscript sections is as follows:

Title page
Title: Title should be less than 12 words.

Running title: A short running title of  less than 6 words should be 
provided.

Authorship: Authorship credit should be in accordance with the 
standard proposed by International Committee of  Medical Journal 
Editors, based on (1) substantial contributions to conception and 
design, acquisition of  data, or analysis and interpretation of  data; (2) 
drafting the article or revising it critically for important intellectual 
content; and (3) final approval of  the version to be published. Au-
thors should meet conditions 1, 2, and 3.

Institution: Author names should be given first, then the complete 
name of  institution, city, province and postcode. For example, Xu-
Chen Zhang, Li-Xin Mei, Department of  Pathology, Chengde 
Medical College, Chengde 067000, Hebei Province, China. One au-
thor may be represented from two institutions, for example, George 
Sgourakis, Department of  General, Visceral, and Transplantation 
Surgery, Essen 45122, Germany; George Sgourakis, 2nd Surgical 
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Department, Korgialenio-Benakio Red Cross Hospital, Athens 
15451, Greece

Author contributions: The format of  this section should be: 
Author contributions: Wang CL and Liang L contributed equally 
to this work; Wang CL, Liang L, Fu JF, Zou CC, Hong F and Wu 
XM designed the research; Wang CL, Zou CC, Hong F and Wu 
XM performed the research; Xue JZ and Lu JR contributed new 
reagents/analytic tools; Wang CL, Liang L and Fu JF analyzed the 
data; and Wang CL, Liang L and Fu JF wrote the paper.

Supportive foundations: The complete name and number of  sup-
portive foundations should be provided, e.g., Supported by National 
Natural Science Foundation of  China, No. 30224801

Correspondence to: Only one corresponding address should be 
provided. Author names should be given first, then author title, af-
filiation, the complete name of  institution, city, postcode, province, 
country, and email. All the letters in the email should be in lower 
case. A space interval should be inserted between country name and 
email address. For example, Montgomery Bissell, MD, Professor of  
Medicine, Chief, Liver Center, Gastroenterology Division, Universi-
ty of  California, Box 0538, San Francisco, CA 94143, United States. 
montgomery.bissell@ucsf.edu

Telephone and fax: Telephone and fax should consist of  +, coun-
try number, district number and telephone or fax number, e.g., Tele-
phone: +86-10-85381892 Fax: +86-10-85381893

Peer reviewers: All articles received are subject to peer review. 
Normally, three experts are invited for each article. Decision for 
acceptance is made only when at least two experts recommend 
an article for publication. Reviewers for accepted manuscripts are 
acknowledged in each manuscript, and reviewers of  articles which 
were not accepted will be acknowledged at the end of  each issue. 
To ensure the quality of  the articles published in WJR, reviewers of  
accepted manuscripts will be announced by publishing the name, 
title/position and institution of  the reviewer in the footnote ac-
companying the printed article. For example, reviewers: Professor 
Jing-Yuan Fang, Shanghai Institute of  Digestive Disease, Shanghai, 
Affiliated Renji Hospital, Medical Faculty, Shanghai Jiaotong Uni-
versity, Shanghai, China; Professor Xin-Wei Han, Department of  
Radiology, The First Affiliated Hospital, Zhengzhou University, 
Zhengzhou, Henan Province, China; and Professor Anren Kuang, 
Department of  Nuclear Medicine, Huaxi Hospital, Sichuan Univer-
sity, Chengdu, Sichuan Province, China.

Abstract
There are unstructured abstracts (no more than 256 words) and 
structured abstracts (no more than 480). The specific requirements 
for structured abstracts are as follows: 

An informative, structured abstracts of  no more than 480 
words should accompany each manuscript. Abstracts for original 
contributions should be structured into the following sections. AIM 
(no more than 20 words): Only the purpose should be included. 
Please write the aim as the form of  “To investigate/study/…; 
MATERIALS AND METHODS (no more than 140 words); 
RESULTS (no more than 294 words): You should present P val-
ues where appropriate and must provide relevant data to illustrate 
how they were obtained, e.g. 6.92 ± 3.86 vs 3.61 ± 1.67, P < 0.001; 
CONCLUSION (no more than 26 words).

Key words
Please list 5-10 key words, selected mainly from Index Medicus, which 
reflect the content of  the study.

Text
For articles of  these sections, original articles and brief  articles, the 
main text should be structured into the following sections: INTRO-

DUCTION, MATERIALS AND METHODS, RESULTS and 
DISCUSSION, and should include appropriate Figures and Tables. 
Data should be presented in the main text or in Figures and Tables, 
but not in both. The main text format of  these sections, editorial, 
topic highlight, case report, letters to the editors, can be found at: 
http://www.wjgnet.com/1949-8470/g_info_20100313183720.htm. 

Illustrations
Figures should be numbered as 1, 2, 3, etc., and mentioned clearly 
in the main text. Provide a brief  title for each figure on a sepa-
rate page. Detailed legends should not be provided under the 
figures. This part should be added into the text where the figures 
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples 
can be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf; http://
www.wjgnet.com/1007-9327/13/4891.pdf; http://www.
wjgnet.com/1007-9327/13/4986.pdf; http://www.wjgnet.
com/1007-9327/13/4498.pdf. Keeping all elements compiled is 
necessary in line-art image. Scale bars should be used rather than 
magnification factors, with the length of  the bar defined in the leg-
end rather than on the bar itself. File names should identify the fig-
ure and panel. Avoid layering type directly over shaded or textured 
areas. Please use uniform legends for the same subjects. For exam-
ple: Figure 1  Pathological changes in atrophic gastritis after treat-
ment. A: ...; B: ...; C: ...; D: ...; E: ...; F: ...; G: …etc. It is our principle 
to publish high resolution-figures for the printed and E-versions.

Tables
Three-line tables should be numbered 1, 2, 3, etc., and mentioned 
clearly in the main text. Provide a brief  title for each table. Detailed 
legends should not be included under tables, but rather added into 
the text where applicable. The information should complement, 
but not duplicate the text. Use one horizontal line under the title, a 
second under column heads, and a third below the Table, above any 
footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations
Data that are not statistically significant should not be noted. aP < 
0.05, bP < 0.01 should be noted (P > 0.05 should not be noted). If  
there are other series of  P values, cP < 0.05 and dP < 0.01 are used. 
A third series of  P values can be expressed as eP < 0.05 and fP < 0.01. 
Other notes in tables or under illustrations should be expressed as 
1F, 2F, 3F; or sometimes as other symbols with a superscript (Arabic 
numerals) in the upper left corner. In a multi-curve illustration, each 
curve should be labeled with ●, ○, ■, □, ▲, △, etc., in a certain se-
quence.

Acknowledgments
Brief  acknowledgments of  persons who have made genuine con-
tributions to the manuscript and who endorse the data and conclu-
sions should be included. Authors are responsible for obtaining 
written permission to use any copyrighted text and/or illustrations.

REFERENCES
Coding system
The author should number the references in Arabic numerals ac-
cording to the citation order in the text. Put reference numbers in 
square brackets in superscript at the end of  citation content or after 
the cited author’s name. For citation content which is part of  the 
narration, the coding number and square brackets should be typeset 
normally. For example, “Crohn’s disease (CD) is associated with 
increased intestinal permeability[1,2]”. If  references are cited directly 
in the text, they should be put together within the text, for example, 
“From references[19,22-24], we know that...”

When the authors write the references, please ensure that the 
order in text is the same as in the references section, and also ensure 
the spelling accuracy of  the first author’s name. Do not list the same 
citation twice. 
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PMID and DOI
Pleased provide PubMed citation numbers to the reference list, e.g. 
PMID and DOI, which can be found at http://www.ncbi.nlm.nih.
gov/sites/entrez?db=pubmed and http://www.crossref.org/Sim-
pleTextQuery/, respectively. The numbers will be used in E-version 
of  this journal.

Style for journal references
Authors: the name of  the first author should be typed in bold-faced 
letters. The family name of  all authors should be typed with the ini-
tial letter capitalized, followed by their abbreviated first and middle 
initials. (For example, Lian-Sheng Ma is abbreviated as Ma LS, Bo-
Rong Pan as Pan BR). The title of  the cited article and italicized 
journal title (journal title should be in its abbreviated form as shown 
in PubMed), publication date, volume number (in black), start page, 
and end page [PMID: 11819634   DOI: 10.3748/wjg.13.5396].

Style for book references
Authors: the name of  the first author should be typed in bold-faced 
letters. The surname of  all authors should be typed with the initial 
letter capitalized, followed by their abbreviated middle and first 
initials. (For example, Lian-Sheng Ma is abbreviated as Ma LS, Bo-
Rong Pan as Pan BR) Book title. Publication number. Publication 
place: Publication press, Year: start page and end page.

Format
Journals 
English journal article (list all authors and include the PMID where applicable)
1	 Jung EM, Clevert DA, Schreyer AG, Schmitt S, Rennert J, 

Kubale R, Feuerbach S, Jung F. Evaluation of  quantitative con-
trast harmonic imaging to assess malignancy of  liver tumors: 
A prospective controlled two-center study. World J Gastroenterol 
2007; 13: 6356-6364 [PMID: 18081224   DOI: 10.3748/wjg.13. 
6356]

Chinese journal article (list all authors and include the PMID where applicable)
2	 Lin GZ, Wang XZ, Wang P, Lin J, Yang FD. Immunologic 

effect of  Jianpi Yishen decoction in treatment of  Pixu-diar-
rhoea. Shijie Huaren Xiaohua Zazhi 1999; 7: 285-287

In press
3	 Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature 

of  balancing selection in Arabidopsis. Proc Natl Acad Sci USA 
2006; In press

Organization as author
4	 Diabetes Prevention Program Research Group. Hyperten-

sion, insulin, and proinsulin in participants with impaired glu-
cose tolerance. Hypertension 2002; 40: 679-686 [PMID: 12411462   
PMCID:2516377   DOI:10.1161/01.HYP.0000035706.28494. 
09]

Both personal authors and an organization as author 
5	 Vallancien G, Emberton M, Harving N, van Moorselaar RJ; 

Alf-One Study Group. Sexual dysfunction in 1, 274 European 
men suffering from lower urinary tract symptoms. J Urol 
2003; 169: 2257-2261 [PMID: 12771764   DOI:10.1097/01.ju. 
0000067940.76090.73]

No author given
6	 21st century heart solution may have a sting in the tail. BMJ 

2002; 325: 184 [PMID: 12142303   DOI:10.1136/bmj.325. 
7357.184]

Volume with supplement
7	 Geraud G, Spierings EL, Keywood C. Tolerability and safety 

of  frovatriptan with short- and long-term use for treatment 
of  migraine and in comparison with sumatriptan. Headache 
2002; 42 Suppl 2: S93-99 [PMID: 12028325   DOI:10.1046/
j.1526-4610.42.s2.7.x]

Issue with no volume
8	 Banit DM, Kaufer H, Hartford JM. Intraoperative frozen 

section analysis in revision total joint arthroplasty. Clin Orthop 
Relat Res 2002; (401): 230-238 [PMID: 12151900   DOI:10.10
97/00003086-200208000-00026]

No volume or issue
9	 Outreach: Bringing HIV-positive individuals into care. HRSA 

Careaction 2002; 1-6 [PMID: 12154804]

Books
Personal author(s)
10	 Sherlock S, Dooley J. Diseases of  the liver and billiary system. 

9th ed. Oxford: Blackwell Sci Pub, 1993: 258-296
Chapter in a book (list all authors)
11	 Lam SK. Academic investigator’s perspectives of  medical 

treatment for peptic ulcer. In: Swabb EA, Azabo S. Ulcer 
disease: investigation and basis for therapy. New York: Marcel 
Dekker, 1991: 431-450

Author(s) and editor(s)
12	 Breedlove GK, Schorfheide AM. Adolescent pregnancy. 

2nd ed. Wieczorek RR, editor. White Plains (NY): March of  
Dimes Education Services, 2001: 20-34

Conference proceedings
13	 Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. 

Proceedings of  the 5th Germ cell tumours Conference; 2001 
Sep 13-15; Leeds, UK. New York: Springer, 2002: 30-56

Conference paper
14	 Christensen S, Oppacher F. An analysis of  Koza's computa-

tional effort statistic for genetic programming. In: Foster JA, 
Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic 
programming. EuroGP 2002: Proceedings of  the 5th Euro-
pean Conference on Genetic Programming; 2002 Apr 3-5; 
Kinsdale, Ireland. Berlin: Springer, 2002: 182-191

Electronic journal (list all authors)
15	 Morse SS. Factors in the emergence of  infectious diseases. 

Emerg Infect Dis serial online, 1995-01-03, cited 1996-06-05; 
1(1): 24 screens. Available from: URL: http://www.cdc.gov/
ncidod/eid/index.htm

Patent (list all authors)
16	 Pagedas AC, inventor; Ancel Surgical R&D Inc., assignee. 

Flexible endoscopic grasping and cutting device and positioning 
tool assembly. United States patent US 20020103498. 2002 Aug 
1

Statistical data
Write as mean ± SD or mean ± SE.

Statistical expression
Express t test as t (in italics), F test as F (in italics), chi square test as 
χ2 (in Greek), related coefficient as r (in italics), degree of  freedom 
as υ (in Greek), sample number as n (in italics), and probability as P (in 
italics).

Units
Use SI units. For example: body mass, m (B) = 78 kg; blood pres-
sure, p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h, 
blood glucose concentration, c (glucose) 6.4 ± 2.1 mmol/L; blood 
CEA mass concentration, p (CEA) = 8.6 24.5 mg/L; CO2 volume 
fraction, 50 mL/L CO2, not 5% CO2; likewise for 40 g/L formal-
dehyde, not 10% formalin; and mass fraction, 8 ng/g, etc. Arabic 
numerals such as 23, 243, 641 should be read 23 243 641.

The format for how to accurately write common units and 
quantums can be found at: http://www.wjgnet.com/1949-8470/
g_info_20100313185816.htm.

Abbreviations
Standard abbreviations should be defined in the abstract and on 
first mention in the text. In general, terms should not be abbrevi-
ated unless they are used repeatedly and the abbreviation is helpful 
to the reader. Permissible abbreviations are listed in Units, Symbols 
and Abbreviations: A Guide for Biological and Medical Editors and 
Authors (Ed. Baron DN, 1988) published by The Royal Society of  
Medicine, London. Certain commonly used abbreviations, such as 
DNA, RNA, HIV, LD50, PCR, HBV, ECG, WBC, RBC, CT, ESR, 
CSF, IgG, ELISA, PBS, ATP, EDTA, mAb, can be used directly 
without further explanation.
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Instructions to authors

Italics
Quantities: t time or temperature, c concentration, A area, l length, 
m mass, V volume.
Genotypes: gyrA, arg 1, c myc, c fos, etc.
Restriction enzymes: EcoRI, HindI, BamHI, Kbo I, Kpn I, etc.
Biology: H. pylori, E coli, etc.

Examples for paper writing
Editorial: http://www.wjgnet.com/1949-8470/g_info_20100313 
182341.htm

Frontier: http://www.wjgnet.com/1949-8470/g_info_2010031318 
2448.htm

Topic highlight: http://www.wjgnet.com/1949-8470/g_info_201003 
13182639.htm

Observation: http://www.wjgnet.com/1949-8470/g_info_20100313 
182834.htm

Guidelines for basic research: http://www.wjgnet.com/1949-8470/
g_info_20100313183057.htm

Guidelines for clinical practice: http://www.wjgnet.com/1949- 
8470/g_info_20100313183238.htm

Review: http://www.wjgnet.com/1949-8470/g_info_20100313 
183433.htm

Original articles: http://www.wjgnet.com/1949-8470/g_info_2010 
0313183720.htm

Brief  articles: http://www.wjgnet.com/1949-8470/g_info_201003 
13184005.htm

Case report: http://www.wjgnet.com/1949-8470/g_info_20100313 
184149.htm

Letters to the editor: http://www.wjgnet.com/1949-8470/g_info_20 
100313184410.htm

Book reviews: http://www.wjgnet.com/1949-8470/g_info_201003 
13184803.htm

Guidelines: http://www.wjgnet.com/1949-8470/g_info_20100313 
185047.htm

SUBMISSION OF THE REVISED MANUSCRIPTS 
AFTER ACCEPTED
Please revise your article according to the revision policies of  WJR. 
The revised version including manuscript and high-resolution im-
age figures (if  any) should be re-submitted or uploaded online. The 
author should send copyright transfer letter, and responses to the 
reviewers and science news to us via email.

Editorial Office
World Journal of Radiology
Editorial Department: Room 903, Building D, 
Ocean International Center,
No. 62 Dongsihuan Zhonglu,
Chaoyang District, Beijing 100025, China
E-mail: wjr@wjgnet.com
http://www.wjgnet.com
Telephone: +86-10-85381892
Fax: +86-10-85381893

Language evaluation 
The language of  a manuscript will be graded before it is sent for 
revision. (1) Grade A: priority publishing; (2) Grade B: minor lan-
guage polishing; (3) Grade C: a great deal of  language polishing 
needed; and (4) Grade D: rejected. Revised articles should reach 
Grade A or B.

Copyright assignment form
Please download a Copyright assignment form from http://www.
wjgnet.com/1949-8470/g_info_20100313185522.htm.

Responses to reviewers
Please revise your article according to the comments/suggestions 
provided by the reviewers. The format for responses to the reviewers’ 
comments can be found at: http://www.wjgnet.com/1949-8470/
g_info_20100313185358.htm.

Proof of financial support
For paper supported by a foundation, authors should provide a 
copy of  the document and serial number of  the foundation.

Links to documents related to the manuscript 
WJR will be initiating a platform to promote dynamic interactions be-
tween the editors, peer reviewers, readers and authors. After a manu-
script is published online, links to the PDF version of  the submitted 
manuscript, the peer-reviewers’ report and the revised manuscript will 
be put on-line. Readers can make comments on the peer reviewer’s 
report, authors’ responses to peer reviewers, and the revised manu-
script. We hope that authors will benefit from this feedback and be 
able to revise the manuscript accordingly in a timely manner.

Science news releases
Authors of  accepted manuscripts are suggested to write a science 
news item to promote their articles. The news will be released rap-
idly at EurekAlert/AAAS (http://www.eurekalert.org). The title for 
news items should be less than 90 characters; the summary should 
be less than 75 words; and main body less than 500 words. Science 
news items should be lawful, ethical, and strictly based on your 
original content with an attractive title and interesting pictures.

Publication fee
Authors of  accepted articles must pay a publication fee.
EDITORIAL, TOPIC HIGHLIGHTS, BOOK REVIEWS and 
LETTERS TO THE EDITOR are published free of  charge.
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