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Abstract
Advances in magnetic resonance (MR) and computed 
tomography (CT) imaging have improved visualization 
of acute and scar infarct. Over the past decade, there 
have been and continues to be many significant tech-
nical advancements in cardiac MR and multi-detector 
computed tomography (MDCT) technologies. The 
strength of MR imaging relies on a variety of pulse se-
quences and the ability to noninvasively provide infor-
mation on myocardial structure, function and perfusion 
in a single imaging session. The recent technical devel-
opments may also allow CT technologies to rise to the 
forefront for evaluating clinical ischemic heart disease. 
Components of reperfusion injury including myocardial 
edema, hemorrhage, calcium deposition and microvas-
cular obstruction (MO) have been demonstrated using 
MR and CT technologies. MR imaging can be used seri-
ally and noninvasively in assessing acute and chronic 
consequences of reperfusion injury because there is 
no radiation exposure or administration of radioactive 
materials. MDCT is better suited for assessing coronary 
artery stenosis and as an alternative technique for as-

sessing viability in patients where MR imaging is con-
traindicated. Changes in left ventricular (LV) volumes 
and function measured on cine MR are directly related 
to infarct size measured on delayed contrast enhanced 
images. Recent MR studies found that transmural in-
farct, MO and peri-infarct zone are excellent predictors 
of poor post-infarct recovery and mortality. Recent MR 
studies provided ample evidence that growth factor 
genes and stem cells delivered locally have beneficial 
effects on myocardial viability, perfusion and function. 
The significance of deposited calcium in acute infarct 
detected on MDCT requires further studies. Cardiac MR 
and MDCT imaging have the potential for assessing re-
perfusion injury components and manifestations.

© 2010 Baishideng. All rights reserved.

Key words: Calcium deposits in myocardium; Magnetic 
resonance imaging; Multi-detector computed tomogra-
phy; Myocardial micro and macro-infarct; Reperfusion 
injury; Vascular injury
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death worldwide and accounts for the majority (almost 
70%) of  congestive heart failure cases. Reperfusion ther-
apy, which includes thrombolytic therapy, angioplasty 
and stent placement, is the greatest advancement in the 
treatment of  acute myocardial infarction. On the other 
hand, reperfusion therapy induces myocardial injury. 
Recent studies have shown that interstitial edema, infarct 
dimensions (size, circumferential extent and transmural-
ity), peri-infarct zone, microvascular obstruction (MO), 
interstitial hemorrhage and calcium deposition are major 
components of  reperfusion injury and these compo-
nents predict the short and long term survival.

The common denominator magnetic resonance (MR) 
sequences used in clinical viability protocols involves 
evaluating left ventricular (LV) function on cine tech-
niques and myocardial infarct size on delayed contrast 
enhancement (DE) imaging. Other pulse sequences, such 
as first pass perfusion, tagged, velocity encoded cine, 
T2-weighted turbo spin echo and T2*-susceptibility MR 
imaging have also been used for assessment of  the con-
sequences of  post-infarct reperfusion. MR imaging has 
also been useful in defining the etiology of  non-ischemic 
diseases, such as amyloidosis[1], viral myocarditis[2] and 
hypertrophic cardiomyopathy[3]. DE-MR imaging also 
eliminates the exposure of  patients to ionizing radiation 
used in computed tomography (CT) imaging[4].

On the other hand, the clinical indications for im-
plantable cardiac defibrillators and biventricular pacing 
therapy continue to expand, and the development and 
validation of  alternative imaging modalities with similar 
abilities for assessing LV function, perfusion and viabil-
ity, are needed to accommodate such a growing popula-
tion of  patients who are unfavorable candidates for MR 
imaging. The application of  multi-detector computed 
tomography (MDCT) does not suffer from relative 
contraindications (such as implanted active permanent 
pacemakers or defibrillators (or retained components of  
either, due to their potential to become dysfunctional) 
and/or unwanted conductors (e.g. induction of  ectopy 
or heating capable of  burning) within the rapidly chang-
ing magnetic and radiofrequency environments during 
imaging commonly confronting MR imaging in routine 
clinical cardiac imaging. Furthermore, there is no limita-
tion of  basic life-support and physiologic-monitoring 
equipment in the vicinity of  the CT scanner. MR and 
MDCT imaging have been used to assess cardiac anat-
omy[5], measure left and right ventricular volumes and 
function[6], regional perfusion[7,8] and myocardial viabil-
ity[9,10]. The focus of  this review is on the manifestations 
of  reperfusion injury using MR and MDCT imaging.

COMPONENTS OF REPERFUSION INJURY
Myocardial edema 
Reperfusion of  previously ischemic myocardium causes 
edema related to the leakage of  blood macromolecules 
into interstitium. Edema is one of  the features of  the 
salvageable area at risk[11,12]. The increase in mobile wa-
ter content (edema) within the ischemic region causes a 

prolongation of  T2 relaxation time[13]. The salvaged area 
at risk in reperfused infarct has been visualized on T2-
weighted turbo spin echo MR imaging as a hyperintense 
area (Figure 1)[14-18]. 

Accurate assessment of  the area at risk is required 
to compare different revascularization techniques or 
for studies aimed at improving myocardial salvage[19-22] 
as an end point. MR imaging has documented regional 
myocardial edema in patients with normal coronary an-
giograms[23] and stunning[24]. Kwong et al[25] combined 
the assessment of  LV function, myocardial perfusion 
and infarct in patients who presented to the emergency 
room with chest pain. The investigators found that MR 
imaging is the strongest predictor for the diagnosis of  
acute coronary syndrome compared with a standard 
workup. The sensitivity and specificity of  MR imaging 
for detecting acute coronary syndrome was 84% and 
85%, respectively. Moreover, multiple logistic regression 
analysis revealed that MR imaging had independent diag-
nostic value over clinical parameters, including ECG and 
initial troponin Ⅰ levels. In another adenosine perfusion 
MR study, Ingkanisorn et al[26] evaluated the diagnostic 
value of  adenosine in 135 patients who presented to the 
emergency room with chest pain with no elevation in 
troponin levels. MR imaging data indicated that there was 
no evidence of  significant ischemic heart disease in these 
patients. Patients were contacted 1 year later to deter-
mine the incidence of  coronary artery stenosis (> 50%) 
on invasive coronary angiography, abnormal correlative 
stress test, new infarct, or death. Based on this survey, 
MR perfusion imaging showed 100% sensitivity and 93% 
specificity for the detection of  myocardial ischemia. It 
was concluded that MR imaging had significant prog-

� January 28, 2010|Volume 2|Issue 1|WJR|www.wjgnet.com

Figure 1  Multi-slice T2-weighted turbo spin echo imaging demonstrates 
the hyperintense edematous area at risk (white arrows in the left images) 
with hypoenhanced zone, which may represent microvascular and/or 
interstitial hemorrhage zone (arrowhead in the left images). Delayed 
contrast enhancement magnetic resonance (DE-MR) imaging confirmed the 
presence of  microvascular and/or interstitial hemorrhage zone in the core (black 
arrowhead in the right images) of hyperenhanced infarcted myocardium (black 
arrows in the right images).

Saeed M et al . Reperfusion injury on MR and MDCT imaging



nostic value in predicting a future diagnosis of  ischemia, 
infarct, or death. First pass perfusion imaging can be 
used to discriminate ischemic myocardium. A recent MR-
impact study in 234 patients reported improved detection 
of  ischemic myocardium distal to coronary stenosis com-
pared to single photon emission computed tomography 
in a multicenter and multivendor randomized trial[27].

MDCT imaging has also been used in the evaluation 
of  cardiac function, myocardial viability and plaque mor-
phology[28-30]. A preclinical study demonstrated that this 
modality has the potential to detect infarct heterogeneity 
in the peri-infarct zone[31]. Recent experimental studies us-
ing modern MDCT technology confirmed the potential 
of  the technique in depicting ischemic myocardium during 
the first pass perfusion of  iodinated contrast media[10,32].

HOMOGENEOUS MYOCARDIAL INFARCT 
Several studies indicated that there is a close correlation 
between homogeneous myocardial infarct size, dimen-
sions (size, circumferential extent and transmurality) and 
LV remodeling. Inversion-recovery low-angle-shot MR 
imaging and helical MDCT imaging have been recently 
introduced and performed following the intravenous ad-
ministration of  contrast media with a delay of  5-10 min to 
define myocardial infarct dimensions[7,9,10,33-39] (Figure 2). 
Investigators found that differentially contrast enhanced 
regions on MR and MDCT imaging correlate well with 
areas of  decreased flow[32,40] and dobutamine stress on 
echocardiography[41]. Furthermore, the combined use 
of  cine and DE-MR imaging are able to differentiate re-
gional transitional dysfunction in stunned and hibernat-
ing myocardium from permanent dysfunction on con-

trast enhanced infarct[42,43]. A recent study showed multi-
contrast MR imaging enables simultaneous assessment 
of  wall motion, MO and viability[44].

Cine and DE-MR imaging have been used to de-
termine contractile reserve in transmural and non-
transmural infarct[45,46]. These studies have also indicated 
the substantial improvement in regional function in seg-
ments with 50% transmural enhancement and global LV 
improvement in transmural enhancement of  less than 
25% of  LV wall thickness[45-47]. Others found that 75% 
of  the patients with transmural enhancement died within 
26-36 mo of  diagnosis[48]. Tarantini et al[49] demonstrated 
in 76 patients with reperfused infarct that transmural 
enhancement using DE-MR imaging is associated with 
LV remodeling. These findings were confirmed by Roes 
et al[50] who showed that the size of  the infarct scar in 
231 patients is a stronger predictor of  all-cause mortality 
than LV ejection fraction and LV volumes. Thus, exten-
sive transmural enhancement is an excellent predictor of  
poor recovery.

Contrast enhanced T1-weighted and non-contrast T2-
weighted MR imaging is useful in discriminating acute 
from chronic myocardial infarct[51]. In a study of  73 pa-
tients with acute and chronic infarct by Abdel-Aty et al[51] 
MR imaging was effective (96% sensitive) in discrimi-
nating acute from chronic infarct. In a preclinical study, 
Saeed et al[52] observed lack of  deferential enhancement 
of  chronic infarct after administration of  blood pool MR 
contrast media, but not after clinically approved extracel-
lular MR contrast media. Unlike acute reperfused infarct, 
chronic infarct lacks edema, MO or hemorrhage because 
they are resorbed.

Expanding the use of  coronary MDCT into clinical 
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Figure 2  Head-to-head comparison between first 
pass perfusion MR (top left) and first pass multi-
detector computed tomography (MDCT) imaging 
(top right) in a 42-year-old man with acute reper-
fused infarct. Ischemic myocardium (arrows) appears 
as a hypoenhanced region with comparable extent 
on both imaging modalities. Bottom: Head-to-head 
comparison of DE-MR (bottom left) and DE-MDCT im-
aging (bottom right) shows a bright region comparable 
in size to enhanced inferior infarct (arrows). Note that 
the enhanced infarct on DE-imaging is substantially 
smaller than ischemic myocardium[38]. 

Saeed M et al . Reperfusion injury on MR and MDCT imaging



practice has sparked interest in using the modality for as-
sessing myocardial viability[53]. Gerber et al[9] showed the 
similarity between infarct size measured on DE-MDCT 
and DE-MR imaging in a series of  patients. The inves-
tigators demonstrated good agreement (82%, k = 0.61, 
P < 0.001) between the two measurements (Figure 2). 
Nikolaou et al[54] demonstrated the diagnostic power of  
MDCT in assessing the presence, age, and size of  myo-
cardial infarct in 106 patients. Myocardial infarct was 
found in 27 of  106 patients. MDCT detected 23 of  27 
patients with infarct with a sensitivity of  85%, specificity 
of  91% and accuracy of  90%.

Transfer of  angiogenic genes to ischemic myocardium 
is a promising approach under development for the treat-
ment of  myocardial infarct. MR and CT imaging may be 
a useful tool for defining myocardial infarct and for use in 
targeting the infarct for gene and stem cell therapies[55-60]. 
Catheter-based fluoroscopic MR and MDCT imaging 
has been recently used for delivering these therapies tran-
sendocardially[37,58]. Sequential cine and DE-MR imaging 
showed great sensitivity in detecting improvement in 
ejection fraction, reduction of  LV volumes and infarct 
size (Figures 3 and 4) after intramyocardial delivery of  
different angiogenic genes[58-60]. Figure 5 demonstrates 
the increase in vascular density of  infarcted myocardium 
8 wk after intramyocardial delivery of  vascular growth 
factor gene. Thus, MR imaging provides great promise in 
evaluating gene and cell therapies[58,61-63].

A preliminary experimental study investigated MDCT 
for the assessment of  the efficacy of  stem cells in in-
farcted myocardium and showed that this technique has 
the capability to elucidate new therapies[37]. The radiation 
doses in MDCT may limit such application in patients 
because therapeutic studies need a minimum of  two im-
aging sessions. The potential advantages of  using MDCT 
in assessing myocardial viability may be related to faster 
acquisition time compared with cardiac MR imaging and 
the ability to scan claustrophobic or uncooperative pa-
tients. Additionally, MDCT angiography is the method 
of  choice for direct visualization of  the coronary arteries, 
coronary calcium and atherosclerosis in its earliest stages; 
when treatment can be most effective in preventing 
subsequent heart attacks or sudden death. On the other 
hand, MR imaging has other advantages over MDCT 
including: (1) the absence of  radiation exposure; (2) the 
lack of  nephrotoxic iodinated contrast media; and (3) 
it allows for repeated scans, particularly in pediatric pa-
tients. It should be noted that MR contrast media cause 
nephrogenic systemic fibrosis in patients with compro-
mised renal function[64].
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Figure 4  Histogram shows the difference in infarct size prior to intramyo-
cardial gene delivery at 3 d and 8 wk after infarction in control animals (left 
block) and animals treated with hepatocyte growth factor gene (VM202) 
(right block) measured on DE-MR imaging (black and white bars) and 
postmortem (gray bars). Note the decline in infarct size was greater in gene 
treated animals compared with control animals. aP < 0.05 compared with 3 d 
acute infarction. cP < 0.05 compared with 8 wk chronic infarction in control ani-
mals. %LV: Percentage of LV mass[59].
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Figure 3  The ejection fraction (A), end systolic volumes (B) and end 
diastolic volumes (C) are shown for control and hepatocyte growth factor 
gene (VM202) treated animals. The hepatocyte growth factor gene administered 
at 3 d after reperfusion significantly decreased end diastolic (mL/kg) and end 
systolic volumes at 8 wk compared to 3 d infarct (aP < 0.05) and control group  
(cP < 0.05). Control animals at 8 wk showed a significant decrease in ejection 
fraction and significant increase in end systolic and end diastolic volumes 
compared with 3 d infarct[59].
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MANIFESTATIONS OF REPERFUSION 
INJURY
MO zone
In the setting of  an acute myocardial infarction, treat-
ment strategies have primarily focused on the manage-
ment of  culprit occlusions in the epicardial coronary 
arteries[65]. Interventional cardiologists, however, found 
that the benefits of  revascularization of  the epicardial 
coronary artery is limited and later discovered that MO 
is a major component of  infarction, which is frequently 
seen after revascularization of  the epicardial coronary 
artery. Investigators found that the formation of  MO is 
related to plaque emboli, endothelial swelling, inflamma-
tion, extravascular edema and microvascular spasm[66].

How best to measure MO in terms of  predictive 
values is an important question. A variety of  techniques, 
flow or frame count[67,68], myocardial blush grade[69] coro-
nary Doppler imaging[70], contrast echocardiography[68], 
contrast-enhanced MR imaging[71,72] and contrast en-
hanced MDCT[32,38], have been used to detect MO zone 
in patients with TIMI (thrombosis in myocardial infarc-
tion). The quality of  some of  these techniques, however, 
is suboptimal due to poor spatial resolution. 

MR and MDCT imaging delineated MO as a hypoen-
hanced zone in the core of  acutely reperfused infarct 
(Figure 6). The delineation is attributed to inadequate con-

trast media delivery during first pass perfusion (17 s blood 
recirculation time)[46], early (1-2 min; equilibrium phase of  
contrast medium in the blood and tissue interstitium)[72] 
and delayed (10 min; peak enhancement of  myocardial 
infarct) MR imaging[73]. The extent of  MO after bolus 
administration of  contrast media is time dependent and 
varies between first pass, early contrast enhancement and 
DE-imaging because it is governed by 2 processes namely: 
perfusion and passive diffusion. Figure 6 illustrates the 
comparable MO extent measured on DE-MR and DE-
MDCT imaging in a patient subjected to reperfusion.

Both early and delayed persistent MO has been shown 
to predict post-infarct LV remodeling and outcome in 
patients with ST-elevation myocardial infarction (STE-
MI)[72-76]. A recent study showed that MO detected on 
DE-MR imaging is more frequently observed in patients 
with the most severe LV dyfunction[77]. A clinical study in 
25 patients demonstrated that delayed persistent MO is 
also high (32%) in the No-STEMI population after suc-
cessful percutaneous coronary intervention[78], but less 
than that observed in STEMI patients[73,79]. Recent studies 
indicated that MO is predictive of  increasing recurrent 
myocardial infarct, congestive heart failure, stroke and 
death up to 16 mo after the event[72,73,75].

Preclinical studies showed that the extent of  MO in re-
perfused infarct is less variable in the first 10 min after ad-
ministration of  blood pool MR contrast media, which may 
be attributed to slow convection of  the contrast medium 
in the interstitium and its retention in the blood pool[80].
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Figure 5  Micrographs of representative infarcts in control and VEGF-
gene treated swine. A: The infarct in the control animal shows no appreciable 
angiogenesis and residual blood vessels have been remodeled, as shown 
by the thick vascular wall and small lumen (black arrows). B: VEGF-gene 
treated animal contains numerous blood vessels (arrowheads) in linear array 
representing injection track (calibration bar = 200 μm)[60].
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Figure 6  Head-to-head comparison of DE-MR (A) and DE-MDCT images (B) 
showing the dark MO zone (arrowheads) surrounded by a bright enhanced 
infarct in a reperfused patient (arrows)[38]. 
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INTERSTITIAL HEMORRHAGE
Interstitial hemorrhage is another component of  reper-
fusion injury in patients with ST-segment elevation due 
to acute infarct. Its presence is an important marker for 
myocardial and microvascular damage. Interstitial hemor-
rhage causes signal loss on T2*-weighted images, which 
depends on the status of  hemoglobin (oxyhemoglobin, 
deoxyhemoglobin, or methemoglobin) and the presence 
of  blood products such as ferritin and hemosiderin[15,81]. 
Figure 7 demonstrates intensive hypointense interstitial 
hemorrhage 3 d after reperfusion in a swine model on 
T2*-weighted (susceptibility) turbo spin echo MR imag-
ing. O’Regan et al[82] quantified the extent of  interstitial 
hemorrhage on T2*-weighted mapping and compared it 
with other indices of  ischemic injury, such as area at risk 
and infarct size.

Although non-enhancing myocardium within the 
infarct is thought to represent MO[46], it is possible that 
the presence of  blood products may also contribute to 
its low signal seen on MR images[15]. Ganame et al[83] also 
used T2-weighted MR imaging to measure the extent of  
hemorrhage and area at risk in 98 patients with a large 
reperfused infarct. Based on this technique, the inves-
tigators demonstrated a high prevalence of  myocardial 
hemorrhage of  25% in this patient cohort, more com-
mon amongst patients with large transmural infarct and 
severe LV global and regional dysfunction. 

PERI-INFARCT ZONE
A mixed population of  viable and non-viable myocytes 
has been found around acutely infarcted myocardium, 
a territory previously described as the peri-infarct 
zone[84,85]. Microscopic studies indicated that the peri-
infarct zone has leaky microvessels[84-88]. The peri-infarct 

zone has consistently been substantiated by a variety of  
modalities, including echocardiography[89], radiopaque 
bead arrays[90] and MR imaging[82]. The physiological cor-
relates of  the peri-infarct zone using MR imaging have 
been described[91].

MR or CT contrast media have been used to define 
the peri-infarct zone[31,88], identify patients who are sus-
ceptible to ventricular arrhythmias[92] and predict post-
infarct mortality[93]. Using preclinical necrosis-specific 
(mesoporphyrin) and extracellular MR contrast medium 
in a seminal animal study, Saeed et al[94] demonstrated MR 
characterization of  the peri-infarct zone. They found 
that the enhanced region on DE-MR imaging is larger 
than the true infarct delineated on TTC staining, which 
was identical to regions enhanced by the necrosis-spe-
cific contrast medium. The difference in enhancement 
regions demarcated by the 2 contrast media was con-
sidered the peri-infarct zone. At that time our findings 
were in contrast to other groups who demonstrated that 
differentially enhanced myocardium represents necrotic 
tissue. Recent clinical MR studies confirmed our find-
ings[31,92,95] and went further to report the associations 
between infarct size, the peri-infarct zone and inducible 
ventricular arrhythmias[31,92,93,95]. Yan et al[93] found that 
the extent of  the peri-infarct provides prognostic value 
for mortality incremental to that offered by ejection frac-
tion and LV end-diastolic volume. On the other hand, 
the existence of  viable myocytes in a large peri-infarct 
zone may raise an interesting hypothesis that reperfusion 
could be beneficial by reducing arrhythmogenic triggers, 
despite the apparent lack of  measurable improvement 
in contractile function. Furthermore, implantable car-
dioverter-defibrillator therapy may be warranted in such 
high-risk patients identified by MR due to the creation 
of  multiple action potential circuits derived from the 
peri-infarct zone.

CALCIUM DEPOSIT
Considering the deleterious effects of  calcium overload 
in reperfused myocardium[96,97], the development of  a 
noninvasive technique to visualize calcium deposits in 
infarcted myocardium may have clinical value. Nonin-
vasive imaging techniques that directly incorporate the 
spatial distribution of  calcium in infarcted myocardium 
may help our understanding of  the relationship between 
calcium deposits in the myocardium, the rate of  infarct 
resorption, and LV function[98].

Calcium deposited in infarcted myocardium has pre-
viously been used as a target for 99m-Tc pyrophosphate 
scintigraphy to delineate reperfused myocardial infarcts 
in patients[99,100]. For over a decade, electron-beam CT 
has been clinically used for calcium scoring in the coro-
nary arteries of  patients. In addition to calcium scoring 
and detection of  coronary stenosis, modern MDCT 
scanners have been used to assess the extent of  acute 
and chronic infarct[10,101]. 
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Figure 7  Multislice T2*-weighted (susceptibility) turbo spin echo images 
show severe interstitial hemorrhage in the core (arrowheads) of the 
hyperintense edematous area at risk (arrows) 3 d after reperfusion.
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In a recent animal study, non-contrast MDCT im-
ages depicted calcium deposits as “hot-spots” 1 wk after 
reperfusion (Figure 8). The presence of  calcium deposits 
on non-contrast MDCT images, however, was transient 
and specific to acute infarct because the calcium was 
resorbed from the infarct scar at 8 wk as shown on CT 
imaging and histopathology (Figure 9). Histopathology 
confirmed the engulfment of  the deposited calcium by 
macrophages[102]. Noninvasive evaluation of  the benefi-
cial administration of  calcium channel blockers on cal-
cium overload during reperfusion may be possible using 
MDCT.

HETEROGENOUS MICROINFARCT
Heterogeneous microinfarct results from showers of  mi-
croemboli shed following coronary intervention. Clinical 
studies showed that 42% of  patients experience major 

cardiac problems, such as heart failure and sudden death, 
after percutaneous coronary angioplasty[103,104]. High in-
cidences (30%-50%) of  defects on myocardial perfusion 
scintigraphy have also been detected soon after coro-
nary balloon angioplasty and with optimally implanted 
stents[105,106] and these events continued during follow-
up[107-109]. The emboli sizes, collected by distal protection 
devices during percutaneous coronary intervention, 
differ widely (47-2503 μm)[110] and the size and number 
of  ruptured atherosclerotic plaques is a key event in the 
pathogenesis of  heterogeneous microinfarct[111]. A recent 
clinical study demonstrated that the volume of  embo-
lized material relates directly to the volume of  new ne-
crosis detected by delayed-enhancement MR imaging[112]. 
The American College of  Cardiology and the European 
Society of  Cardiology recently recognized the detrimen-
tal consequences of  coronary microembolization in pa-
tients in their 2007 guidelines[113].

Figure 8  Non-contrast enhanced MDCT imaging demonstrates deposited calcium 7 d after reperfusion (right block arrows). In all 3 animals (the 3 rows) the 
deposited calcium was not evident at 2-3 h after reperfusion on non-contrast enhanced MDCT (left block)[102].
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In a preclinical study, a microinfarcted region was 
detected on first pass perfusion imaging 2-3 h as well 
as 7 d after embolization[114]. DE-MR imaging failed to 
define microinfarct early but at 7 d it was clearly visible. 
Microinfarct was visualized as bright heterogeneous sub-
regions on DE-MR imaging (Figure 8). Furthermore, 
DE-MR and DE-MDCT imaging is sensitive in detect-
ing the direction of  embolized vessels in experimental 
animals (Figure 9). 

Several studies demonstrated the potential of  DE-
MR imaging in visualizing heterogeneous microinfarct 
in patients[102,112,114-118]. Ricciardi et al[118] and Choi et al[119] 
have demonstrated heterogeneous microinfarct in pa-
tients on DE-MR imaging. The investigators found 

a link between MR visualization of  microinfarct and 
impaired myocardial perfusion (Figure 10)[119]. Selvanaya-
gam et al[120] demonstrated that the extent of  elevated 
troponin Ⅰ levels 24 h after coronary intervention is 
directly related to the extent of  microinfarct on DE-
MR imaging. More recently, they examined myocardial 
perfusion and microinfarct serially after percutaneous 
coronary intervention using MR technique[117]. They 
found that myocardial perfusion is reduced in myocardial 
segments with new microinfarct 24 h after percutaneous 
coronary intervention. It has been shown that microin-
farct causes severe and persistent LV dysfunction and in 
some cases sudden death[40]. Investigators concluded that 
even small amounts of  infarct (microinfarct) detected on 
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Figure 9  Histopathology from at 1-wk-old reperfused infarct shows calcium deposits as a black-brown precipitation product (arrows) on Masson trichrome 
(A) and the special calcium stain (von Kossa stain) (B). At 8 wk the stain shows traces of calcium deposits (C, arrow) surrounded by giant cell (arrowhead). 
Apparently the giant macrophages digest deposited calcium (calibration bars = 20 mm)[102].

Figure 10  Preclinical study shows the patchy enhanced embolized region in two animals after delivery of embolic materials (7200 microsphere count, 
100-300 μm diameters). Animal one received the embolic materials in the left anterior descending coronary artery causing perfusion deficit in the antero-septal wall 
2-3 h after delivery of the embolic materials (top left, arrows), while animal two received the embolic materials in the left circumflex coronary artery causing perfusion 
deficit in the inferior wall (bottom left, arrows). Short (center images) and long (right images) axis views of DE-MR imaging illustrates the microinfarct of the same 
ischemic territory 7 d after embolization[114].



DE-images provides prognostic value beyond the rou-
tine clinical, angiographic and functional predictors[25].

Heterogeneous microinfarct is not limited to percu-
taneous coronary intervention for atherosclerosis but 
include a wide range of  diseases, such as valvular dis-
ease, prosthetic valve, endocarditis, cardiomyopathy with 
mural thrombus, arrhythmias and during heart-lung-
bypass[121-125]. This pathology has also been reported in 
patients with hypertension, diabetes[126], systemic lupus 
erythematosus[127] and sickle cell disease, where abnor-
mally shaped erythrocytes obstructing the capillaries and 
small arterioles may cause myocardial fibrosis[128]. There-
fore, early detection and subsequent effects of  microin-
farct need highly sensitive imaging modalities.

CONCLUSION
The clinical role of  MR and MDCT imaging continues 
to expand supported by the advances in software and 
hardware. The strength of  MR imaging relies on the va-
riety of  pulse sequences and the ability to noninvasively 
provide information on myocardial structure, function 
and perfusion in a single imaging session. The comple-
mentary use of  both MR and MDCT imaging allows the 
components and manifestations of  reperfusion injury 
including myocardial edema, interstitial hemorrhage, cal-
cium deposition and MO to be visualized. MR imaging 
can be used serially and noninvasively in assessing the 
consequences of  reperfusion injury because there is no 
radiation exposure or administration of  radioactive ma-
terials. MDCT is better suited for assessing coronary ar-
tery stenosis and as an alternative technique for assessing 
viability in patients where MR imaging is contraindicated. 
Clinical MR studies found that the presence of  transmu-
ral infarct, MO and peri-infarct are excellent predictor 
of  poor post-infarct recovery and mortality[31,92,93,95,129]. 
Heterogeneous cardiac microinfarct detected on contrast 
enhanced MR and MDCT imaging has a prolonged ef-
fect on LV function and perfusion (Figure 11)[130]. The 
clinical significance of  deposited calcium, detected on 
MDCT, in acute homogeneous infarct requires further 
studies. Recent preclinical MR studies provided ample 
evidence that angiogenic genes and stem cells, delivered 
transendocardially under MR-guidance, have beneficial 
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effects on myocardial function, perfusion and viability. 
Imaging protocols are in progress to monitor the long-
term efficacy of  such therapeutic agents. Cardiac MR 
and MDCT imaging can characterize reperfusion injury 
components and manifestations.
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Abstract
Contrast enhanced ultrasound (CEUS) has gained clinical 
importance over the last years for the characterization 
of hepatic masses. Its role in extrahepatic indications 
has been investigated repeatedly but has been less 
comprehensively studied. Currently more than 50% 
of renal masses are incidentally diagnosed, mostly 
by B-mode ultrasound. The method of choice for 
characterization of renal lesions is contrast enhanced 
computed tomography (CECT). In the case of cystic 
lesions CECT refers to the Bosniak classification for 
cystic lesions to assess the risk of malignant behavior. 
The majority of masses are renal cell carcinoma, but the 
exact proportion is controversial. Disadvantages of CECT 
are a significant risk for patients with impaired renal 
function, allergic reactions and hyperthyroidism due to 
iodinated contrast agents. Several studies concerning 
CEUS for the characterization of both solid and cystic 
renal lesions have been published, but prospective 
multicenter studies are missing, the presented data 
being mainly descriptive. The aim of the this manuscript 
is to review the current literature for CEUS in renal 
masses, to summarize the available data and focus on 
possible concepts for studies in the future. 
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INTRODUCTION
Ultrasound (US) is the most frequently used imaging 
method since it is inexpensive, has no side effects and is 
widely available. The majority of  asymptomatically diag-
nosed renal tumors are detected by US. Nevertheless, to 
date the standard method for staging purposes is con-
trast enhanced computed tomography (CECT). Contrast 
enhanced US (CEUS) has been introduced for diagnostic 
imaging in the liver, heart, pancreas, trauma and several 
other organs. Contrast agents are used for CECT and 
magnetic resonance imaging (MRI) techniques, and in-
crease the sensitivity and specificity of  these techniques. 
US contrast agents have been introduced relatively re-
cently. They consist of  microbubbles with a size similar 
to an erythrocyte. They resonate in the US beam and 
change the backscattered wave resulting in both an en-
hancement and a change in the waveform. This enables 
a selective presentation of  contrast information. Both 
agents are usually given in a single bolus followed by a 
rapid saline flush intravenously, but extravascular use 
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has been described[1]. Whereas SHU 508A (Levovist®), a 
first generation contrast agent has some affinity with the 
reticuloendothelial system, BR1 (Sonovue®), a second 
generation contrast agent is a strictly vascular contrast 
agent. In contrast to SHU 508A, BR1 allows real time 
imaging because of  the higher stability of  the micro-
bubbles, which contain an inert gas. Studies using SHU 
508A could be confirmed with BR1. 

Detection and characterization of  focal liver lesions 
are the single most important application of  CEUS in 
the abdomen[2,3]. CEUS now equals CECT, and in some 
instances exceeds it, in accuracy. Its use for renal evaluation 
has been less comprehensively studied. Several studies 
indicate also a role for CEUS in the characterization of  
renal masses and renal cell carcinoma (RCC) but the results 
are controversial[4]. The aim of  this study is to analyze the 
role of  CEUS in renal masses referring to the literature 
and our own experience. 

RENAL MASSES
Cancer of  the kidney represents about 2% of  human all 
cancers. In Africa and Asia the incidence is lower than in 
Northern America and Western Europe. The incidence 
and detection of  asymptomatic renal masses has increased 
over the last 25 years - e.g. by 38% in the United States 
of  America between 1974 and 1990. Apart from an 
increase in average body weight and other risk factors, this 
is the result of  improved imaging technology as well as 
improved understanding of  the clinical and pathological 
findings of  RCC[5-9]. It can be shown that the survival 
rate has improved over the years as a result of  earlier 
diagnosis[7,10-12]. To date, most (61%) renal masses are 
found incidentally[13]. From the diagnostic point of  view, 
in the case of  a focal renal lesion, the following entities 
must be taken into account (Figure 1): neoplastic lesions, 
non-neoplastic lesions or masses (e.g. inflammatory, 
traumatic, ischemic lesions, simple and complicated non 
neoplastic cysts), and pseudotumors/lesions.

Neoplastic lesions can be divided into primary lesions 
that originate from the renal parenchyma or from the 
urinary system in the renal pelvis, and secondary lesions 
such as metastases, lymphoma, plasmocytoma, leukemia, 
and lesions close to the renal parenchyma e.g. urothelial/
transitional cell carcinoma, adrenal lesions, and retroperi-
toneal lesions which mimic true renal lesions. The World 
Health Organization (WHO) distinguishes primary tu-
mors of  the kidney into renal cell tumors, metanephric 
tumors, nephroblastic tumors, mesenchymal tumors, neu-
ral/neuroendocrine tumors, hemotologic lesions, germ 
cell tumors.

In the following section the most frequent renal 
lesions (renal cell carcinoma, angiomyolipoma (AML), 
oncocytoma, renal adenoma) are presented. Table 1 
presents an overview of  rare renal tumors according to 
the current WHO classification. 

Malignant tumors
Renal cell carcinoma: Renal cell lesions can be separated 

into RCC with its several subtypes, papillary adenoma and 
oncocytoma. This strict pathological organization is not 
suitable for imaging purposes. The majority of  masses 
seen in imaging methods consist of  renal cell tumors 
(RCC, oncocytomas, cystic lesions), metanephric tumors 
(metanephric adenomas), mesenchymal tumors (AML), 
secondary lesions (e.g. metastases), and inflammatory 
lesions. 

The typical triad of  flank pain, hematuria and flank 
mass is uncommon (about 10%) and is a sign of  an 
advanced stage of  disease. Syndromes such as hyper-
calcemia, Stauffer syndrome, anemia, and cachexia are 
frequently caused by metastatic lesions or paraneoplastic 
syndromes[14]. 

In 4%-22% of  autopsied corpses small renal lesions 
are found which are malignant or pre-malignant. Patients 
are a mean of  65 years old at the time of  diagnosis of  
RCC, and the majority is older than 40 years[15]. In up 
to 20% of  RCC > 3 cm, synchronous RCC are found 
in the same kidney. Even small tumors grow in size and 
metastasize and there is a benefit for the patients if  they 
undergo surgery at an early stage[7,16-21].

RCC are reported to grow at a rate of  about 0.4 cm 
per year[17,22], but this depends on the size of  the lesion. 
In a retrospectively reviewed series of  63 consecutive 
patients with observational treatment for renal cancer 
(mean age 77 years) with a mean tumor size of  4.3 cm, 
there was a 5-year cancer-specific survival of  93% and 
an overall survival of  43%. The mean annual growth rate 
was < 1 cm in 85% of  cases. In patients with tumors ≤ 
4 cm only 4% had a growth rate of  > 1 cm/year but this 
was significantly higher for lesions > 4 cm. The authors 
conclude that observational strategies for small RCC in 
older and comorbid patients can give acceptable results 
in a period of  5 years[23].

Radical nephrectomy has been the standard for 
treatment of  RCC. The parenchyma-sparing therapy 
proved to have a survival rate comparable to that for 
nephrectomy and is now considered to be the method 
of  choice for small lesions. Arguments against this 
therapeutic approach are that 7%-11% of  tumors ap-
pear multifocally and the local tumor recurrence rate is 
4%-10%[24]. The rate of  multicentricity for tumors ≤ 
3 cm has been shown to be less than 3%. Thus paren-
chyma-sparing surgery should be considered when a 
small tumor is confined to the renal parenchyma and is 
encapsulated[25].

RCC can be divided into 4 subtypes, each develop-
ing from a different origin cell: clear cell RCC, papillary 
RCC, chromophobic RCC and collecting duct RCC. 
Clear cell RCC is the most frequent subtype of  RCC. 
Multilocular (cystic) RCC consist entirely of  cysts and 
the number of  clear cell carcinoma cells is small whereas 
cysts in ordinary RCC are frequent; it cannot be distin-
guished from cystic clear cell RCC and should, therefore, 
be resected. Papillary RCC comprise 10% of  RCC. Bi-
laterality is more frequent than in other RCC. There is 
a hereditary type, where multiple microscopic tumors 
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are described. In angiographic studies, hypovascularity 
has been demonstrated which could be reproduced by 
CECT[26,27]. Chromophobe RCC comprises about 5% 
of  RCC. A hereditary form exists also, and most of  the 
tumors have a good prognosis. Typically, they are large 
and do not show necrosis or calcification. RCC of  the 
collecting ducts of  Bellini are a rare entity. Most patients 
show metastasis at the time of  diagnosis. Renal medul-
lary carcinoma is a rare entity as well. Those tumors are 
typically seen in young people with sickle cell disease; the 
prognosis is poor. Other rare entities are: (1) RCC as-
sociated with Xp11.2 translocations/TFE3 gene fusions; 
(2) RCC associated with neuroblastoma which appear 
in long term survivors of  childhood neuroblastoma; (3) 
mucinous RCC; and (4) spindle cell RCC. 

Unclassified RCC appear in 5% of  patients in surgi-
cal series. This category contains tumors with varied ap-
pearances and sometimes a sarcomatoid change is found. 

Bilateral RCC appear in about 5% of  all patients with 
RCC. They are hereditary in about 10% (von-Hippel-
Lindau-disease, hereditary papillary RCC, hereditary clear 
cell RCC). Bilateral oncocytomas are described also. The 
survival rate is similar to that of  patients with singular 
RCC. Metachronous lesions can appear years later[28].

Metastases and lymphomas
Typically renal metastases are detected when a nonrenal 
malignancy progresses[29], and the median survival is low 
when renal metastases occur[30]. However, patients can 
present with a single renal metastasis without symptoms 
of  tumor progression in follow-up investigations after a 

long period of  stable disease[31,32]. Renal metastases from 
bronchogenic carcinoma, breast cancer, colon cancer, 
esophageal cancer, hepatocellular carcinoma, pancreatic 
adenocarcinoma, prostatic cancer, follicular and papillary 
thyroid carcinoma have been reported[32-39]. 

Secondary renal lymphomas are 30-fold more fre-
quent than primary renal lymphoma without evidence 
of  systemic involvement. They are mostly present in the 
advanced stages of  the disease. Also, a plasmocytoma 
can occur as a manifestation of  a disseminated multiple 
myeloma. In contrast to RCC metastases are suggestive 
if  they show the following imaging features: (1) < 3 cm; 
(2) not totally spheric, sometimes wedge-shaped; (3) 
signs of  “infiltrative” growth; (4) bilateral multiple; (5) 
no encapsulation; and (6) no calcification[40-42]. 

They often appear hypoenhanced in contrast enhanced 
studies[29]. The group around Lassau and Lamuraglia 
were able to monitor the response of  advanced RCC 
to antiangiogenetic therapy with Sorafenib in a hetero
geneous group including 2/30 patients (7%) with 
contralateral renal metastases. Nevertheless, there was no 
description of  the enhancement pattern in CEUS before 
therapy. The group suggested quantitative CEUS for 
monitoring antiangiogenetic drug effectiveness which has 
been also proposed by our group[43]. In our experience, 
metastases in CEUS are typically hypovascular in more 
than 80% of  cases. Since metastases typically do represent 
advanced tumor stages histologically proven elsewhere, we 
can only refer to one histologically proven metastasis in 
our patients which was hypoenhancing both in the arterial 
and late phase (unpublished data). 
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Figure 1  Differential diagnosis of renal masses.
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Metastases in the kidney appear in advanced tumor 
stages and should be expected in the case of  a hypoen
hancing mass and/or evidence of  a primary tumor. Biopsy 
can be discussed to rule out a secondary malignancy if  
this leads to therapeutic consequences. The evidence in 
the CEUS literature is rare.

Benign renal tumors
Angiomyolipoma (AML): The prevalence of  AML 
(hamartomas) reported in the literature varies from 

0.03%-0.07%[44]. They are composed of  a variable pro-
portion of  adipose tissue, spindle and epithelioid smooth 
muscle cells and abnormal thick-walled blood vessels. 
AML can occur in patients with tuberous sclerosis. They 
belong to a family of  lesions characterized by prolifera-
tion of  perivascular epithelioid cells (PEC). Clonality 
could be shown. There is onset of  AML after puberty 
as well as a progesterone receptor immunoreactivity in 
AML. Synchronous occurrence with oncocytomas or 
with RCC has been described. Vascular extension up to 
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Table 1  Rare renal tumors according to the current WHO classification[76]

Entity Dignity Clinical meaning

Renal cell tumors
RCC associated with neuroblastoma Malignant Long term survivors of childhood neuroblastoma
Nephroblastic tumors
Nephroblastoma Malignant Malignant embryonal neoplasm; 1:8000 children, 98% < 10 yr; if treated excellent 

prognosis = Wilm’s tumor
Nephrogenic rests and nephroblastomatosis Malignant 

potential
Nephrogenic rests in 1% of infant autopsies; possible transformation into 
nephroblastoma

Mesenchymal tumors in children
Ossifying renal tumor of infants Benign 12 cases reported, mostly in children < 18 mo
Clear cell sarcoma Malignant Typically bone metastasis, metastases can develop late
Rhabdoid tumor Malignant Highly invasive; 80% ≤ 2 yr; 2 yr survival rate < 20%
Congenital mesoblastic nephroma Malignant Excellent prognosis when completely excised; recurrence rate 5%; metastases in 

rare cases
Mesenchymal tumors in adults
Leiomyoma Benign Arises typically from the renal capsule; incidental tumors < 10 mm, but sometimes 

large
Hemangioma Benign No mitosis and nuclear pleomorphism
Lymphangioma Benign Presenting as a peripelvic or renal sinus mass. Some cases may develop secondary 

to inflammatory lower urinary tract diseases; cystic
Juxtaglomerular cell tumor Benign Benign rennin-secreting tumor → hypertension; about 70 tumors described; 

typically < 3 cm
Renomedullary interstitial cell tumor Benign Common autopsy findings in adults; > 1 tumor in 50%; < 5 mm
Intrarenal Schwannoma Benign Common benign tumor of peripheral and auditory nerves 
Cystic nephroma Benign Cystic; female >> male
Mixed epithelial and stromal tumor Benign Complex renal neoplasm; contains large cysts
Neuroblastoma Benign
Solitary fibrous tumor Malignant 

potential
Frequent painless hematuria; confused with RCC

Paraganglioma/phaeochromocytoma Malignant 
potential

Leimyosarcoma (incl. renal vein) Malignant The most common renal sarcoma; 5-yr survival rate 35%; chemotherapy is 
ineffective

Osteosarcoma Malignant
Angiosarcoma Malignant Rare, aggressive; poor prognosis; strong male predominance, androgen factor 

possible; rapid metastases
Hemangiopericytoma Malignant
Malignant fibrous histiocytoma Malignant Pararenal and retroperitoneal extension
Synovial sarcoma Malignant Characterized by a specific translocation: t (X; 18)(p11.2; q11); recurrence is 

commonly seen
Renal carcinoid tumor Malignant Association with horseshoe kidney; carcinoid syndrome < 10%; cystic, calcification
Neuroendocrine carcinoma Malignant Poorly differentiated epithelial NPL with neuroendocrine differentiation; poor 

prognosis; necrotic mass
Primitive neuroectodermal tumor (Ewing sarcoma) Malignant Inhomogeneous, often replacing the entire kidney; hemorrhage, necrosis 
Plasmocytoma, Lymphoma and Leukemia
Lymphoma Malignant Typically secondary renal lymphomas; primary renal lymphoma very rare
Plasmocytoma Malignant Occurs as a manifestation of a disseminated multiple myeloma
Leukemia Malignant Interstitial infiltration of leukemic cells can be called extramedullary leukemia in 

the kidney
Germ cell tumors
Teratoma Benign
Choriocarcinoma Malignant Difficult to differentiate from high grade urothelial carcinomas; mostly metastases 

from testicular germ cell tumors

RCC: Renal cell carcinoma; NPL: Neoplasia; >>: Much more frequent or predominantly seen in female. 
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the vena cava has also been reported, as well as 3 cases 
of  sarcoma arising in AML[45-47]. Small precursor lesions 
consist of  epithelioid smooth muscle cells whereas the 
proportion of  adipocytes and spindle cells increase when 
they grow. Some rare cases are associated with spontane-
ous hemorrhage in lesions > 4 cm and in pregnant wom-
en. Epithelioid AML is a malignant variant. More than 
50% of  patients with epithelioid AML have tuberous 
sclerosis; the typical patient is 35-40 years old, and one-
third suffer from metastatic disease at the time of  diag-
nosis. Patients frequently present with pain. The tumors 
show typically a poor fat content, therefore, in imaging 
techniques they are rarely confused with classic AML. 

AML are lesions which are frequently found in 
screening investigations. In patients investigated at our 
hospital the typical sonographic findings of  AML were 
found in about 1% of  10 000 consecutive patients (un-
published data). Diagnosis using unenhanced CT is pos-
sible in most patients with respect to demonstration of  
fat equivalent density. AML represents a diagnostic chal-
lenge for every imaging method in case of  hemorrhage, 

calcification, arteriovenous shunts (“highly vascular 
AML”), necrosis, and low fat content[48,49].

Up to 14% of  all AML are wrongly diagnosed with 
CECT leading to unnecessary surgery. Papillary RCC 
can mimic AML with low fat appearance with homoge-
neous enhancement and slow washout[50]. Some authors 
suggest nephron-sparing surgery in the case of  calcified 
lesions[51-53]. In US they show a typical snowball-like pro-
nounced hyperechoic appearance. Up to 25% of  small 
RCC are hyperechoic in comparison to the surrounding 
renal parenchyma (own unpublished data). Atypical only 
slightly hyperechoic AML are found in 30%, and iso- or 
hypoechoic variants in 6%. 

Some reports focused on the fat content in renal 
cell carcinomas[54-57]. In particular, fat containing renal 
tumors can also be lipomas, liposarcomas, and oncocy-
tomas[58]. Several reasons have been discussed, such as 
lipid producing necrosis, intra-tumoral bone metaplasia 
containing fatty marrow elements, and entrapment of  
perirenal or sinus fat[57-59].

In CEUS, AML appear typically as hypoenhancing 
with a progressive hypoenhancement in the late phase 
(Figure 2[60-62]). In other studies, AML showed a wide 
range of  enhancement patterns without sharp discri
mination in comparison to RCC[63].

The typical AML can be diagnosed with satisfying 
accuracy by unenhanced CT. Up to 14% of  all AML are 
atypical and can lead to unnecessary surgery, especially 
when hemorrhage, calcification, arteriovenous shunts, 
necrosis or low fat content appears. RCC or oncocytoma 
can also contain fatty components. In CEUS, AML are 
typically less enhancing than RCC but there are overlaps 
in the CEUS appearance.

Renal adenoma: In the literature the concept of  renal 
adenoma is controversial. The current WHO classifica-
tion only describes papillary and metanephric adenomas, 
of  which papillary adenomas are < 5 mm and, therefore, 
do not play a significant role in imaging of  renal masses. 
All renal tumors of  the clear cell type are considered 
malignant[64] since malignant transformation of  renal 
adenomas have been described and genetic predictors 
of  the transformation are unknown[5,27,65-68]. Papillary 
adenomas are tumors with low nuclear grade, show no 
mitotic figures and are ≤ 5 mm. In autopsy studies they 
are found in 10% of  patients < 40 years old and in 40% 
of  patients > 70 years old. They are typically located be-
low the renal capsule. They can be multiple and bilateral. 
Multiloculated adenomas are called renal adenomato-
sis. Metanephric adenoma, adenofibroma and stromal 
tumors are rare benign neoplasia with similar features 
occurring at different ages. Metanephric stromal tumors 
appear only in children, metanephric adenofibroma in 
children and young adults and metanephric adenomas 
in the young and old. One single case of  a high grade 
sarcoma in association with metanephric adenoma has 
been reported[69]. An association of  metanephric adeno-
mas with Wilm’s tumor or RCC has been described[70]. 
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Figure 2  Histologically proven angiomyolipoma with typical central artery 
(which has been also described in some oncocytoma). Doppler US analysis 
reveals a relatively low resistance index (A); In CEUS the lesion shows a 
hypovascular enhancement (B, C).

A

B

C



There are only a few reports on progression of  these 
tumors[66,69]. Typically they have a size of  3-6 cm and are 
well circumscribed. Hemorrhage and necrosis are com-
mon. Twenty percent show calcification, as well as small 
cysts. 

In studies using CEUS, metanephric adenomas ap-
peared in only 2 patients of  2 different studies from the 
same group[60,61]. The contrast enhanced features revealed 
hyperenhancement in the arterial phase but progressive 
hypoenhancement in the late phase. Our own data re-
vealed one metanephric adenoma which showed a rim 
enhancement with hypovascular appearance in the arterial 
and in the late phase. 

Adenoma histology in renal tumors is rare. There is 
evidence for malignant transformation in some variants. 
Papillary adenoma is ≤ 5 mm. Metanephric adenomas 
have no specific imaging features either in CECT or in 
CEUS.

Oncocytoma: Histologically, oncocytomas are com
posed of  large cells with mitochondria-rich eosinophilic 
neoplasm, and originate from intercalated cells of  the 
distal renal tubules. The entity was first described by 
Zippel in 1942. Oncocytosis or oncocytomatosis is a 
syndrome with oncocytic tumors, oncocytic changes in 
benign tubules, microcysts lined by oncocytic cells and 
clusters of  oncocytes within the renal interstitium[64,71]. 
In the current WHO classification, oncocytomas are 
considered as benign lesions. Nevertheless there is an 
ongoing discussion on cases of  oncocytomas developing 
metastases[72].

Oncocytomas are difficult to differentiate patho
logically from an eosinophilic variant of  chromophobe 
RCC which itself  is considered to have low malignant 
potential. In a study by Breda et al[73] a chromophobe 
RCC was diagnosed via biopsy as an oncocytoma, and 
an oncocytoma was diagnosed via biopsy as an chro-
mophobe RCC. In a case of  oncocytosis, a hybrid 
oncocytoma/chromophobe RCC lesion was identified 
by Al-Saleem et al[74]. The literature concerning the rate 
of  metastatic oncocytomas is weak, in some instances 
sometimes lacking histological confirmation of  the on-
cocytoma origin of  the metastases, and sometimes the 
oncocytoma diagnosis was questionable[72,75]. A review 
of  non-urothelial renal tumors revealed 70/954 oncocy-
tomas (7%)[76], of  which 1/70 had an asymptomatic liver 
metastasis confirmed by needle biopsy. 

In imaging, the diagnosis can also be difficult. 
Choudhary et al[77] investigated CECT imaging features 
in 21 patients with 28 histologically confirmed oncocy-
tomas. The lesion size ranged from 1.2-12 cm, mean 4.9 
cm. In all lesions contrast enhancement could be detect-
ed. In 64% the enhancement was isodense and in 36% 
the enhancement was hypodense in comparison to the re-
nal cortex. In 5/28 lesions (18%) a central scar could be 
identified pathologically, but was detected by CECT only 
in 3/28 lesions (11%, lesion size 10-29 mm). The authors 
concluded that imaging features fail to demonstrate typi-

cal features in oncocytomas. The often discussed central 
scar is seen histologically in 18%-33% of  tumors and 
correlates with the size of  the lesion[64,77]. It can be con-
fused with areas without enhancement in RCC (own data: 
69% in 300 histologically proven RCC, 40% of  20 lesions 
published by Wink et al[78]). Correlation of  this sign with 
tumor size has been published[79]. Therefore, the central 
scar sign lacks specificity as well as sensitivity. In the 
CEUS literature, the perfusion pattern in patients with 
oncocytomas is described by the group around Strobel[4]. 
They found a stellate scar in none of  3 oncocytoma, 2 
of  3 (67%) were hypervascular in the arterial phase, 1 
of  3 (33%) was hypovascular. In the late phase all were 
hypoenhancing compared to the surrounding renal pa-
renchyma. Tamai et al[80] evaluated 29 patients with CEUS, 
2/29 (7%) had an oncocytoma. In 50% of  patients with 
an oncocytoma, a spoke-like enhancement pattern could 
be demonstrated with CEUS in contrast to CECT. Fan  
et al[62] reported that there were no characteristic patterns 
in one patient with oncocytoma.

Oncocytomas are benign lesions. Typical but rare 
signs for oncocytomas are a spoke-like enhancement 
and a central scar. Nevertheless neither in CECT nor in 
CEUS can both signs be displayed regularly, and positive 
and negative predictive values are low. We suggest 
discussing a biopsy in lesions with typical oncocytoma 
appearance. Histological diagnosis is also difficult.

Renal pseudotumors: Pseudotumors are mass-like ana
tomical variations without pathological significance. 
Besides fetal lobation, dromedary or splenic humps, a 
proportion of  pseudotumors is caused by hypertrophied 
columns of  Bertin. Those represent unresorbed polar 
parenchyma of  one or both of  2 subkidneys that fuse to 
form a normal kidney and contain renal cortex, pyramids, 
and columns (septa) of  Bertin. It can be referred to as 
junctional parenchyma[81,82]. In clinical practice, the abil-
ity of  US and CECT to distinguish between anatomical 
variations and real neoplasia is frequently challenging. 
Typical US features are: (1) location between the overlap-
ping portion of  2 renal sinus systems; (2) clear definition 
from the renal sinus; (3) a size < 3 cm; (4) comparable 
echogenicity to the renal parenchyma; (5) the structure 
is bordered by a junctional parenchymal line; and (6) the 
demonstration of  regular/branch-like renal blood flow in 
the suspected lesion[83]. 

Ascenti et al[84] described their experience with con-
trast enhanced power Doppler with SHU 508A in 4 
patients with renal pseudotumors. They could differen-
tiate those changes from real neoplastic disease[84]. In 
more than 300 patients with renal masses investigated 
prospectively with US, color Doppler US (CDUS) and 
CEUS at our institution there were 4% histologically 
proven pseudotumors which could be reliably differenti-
ated from real neoplasm. Neoplasia could not be ruled 
out with CECT. Nevertheless follow-up investigations 
must be performed in certain cases. Several other inves-
tigators have stressed this issue also[62,63,85-90].
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 In the diagnosis of  pseudotumors with US there are 
different B-mode and CDUS criteria. If  in CEUS a normal 
perfusion pattern can be distinguished, this represents 
a major criterion for the diagnosis of  a pseudotumor. 
Published evidence is limited.

DETECTION OF RENAL MASSES
The accuracy of  conventional B-mode alone, or in com-
bination with CDUS in the detection and characterization 
of  renal masses, is considered to be less reliable than 
other imaging techniques[91]. This is especially true if  they 
are not contour deforming[16]. Jamis-Dow et al[6] reported 
detection rates for lesions < 30 mm, < 20 mm, and < 10 
mm of  99%, 95% and 76%, respectively, for CECT. For 
US the rates were 95%, 70% and 20%, respectively. In 
more recent studies this is controversially discussed. Sixty 
patients with renal masses were investigated by Spahn 
and co-workers to assess the ability of  CDUS for staging 

purposes in comparison to CECT and surgical findings 
which served as reference methods[92]. The sensitivity of  
CDUS for tumor detection and detection of  lymph node 
metastases was 100%. CDUS was superior to CECT in 
the detection of  renal vein involvement. In a study of  
Dong et al[93] the detection rate with conventional US in 
42 patients with clear cell RCC (1.8-11.2 cm) was 30/42 
(71%), which could be improved by CEUS to 100%. The 
size distribution of  the lesions is not shown in the article 
whereas 33/42 lesions (78%) are referred to as “larger 
tumors”. We must admit that the results were not in ac-
cordance with our own experiences. In 143 patients with 
renal masses submitted to our hospital with available 
histology and accessible CECT imaging there were 3/143 
lesions (2%) with a < 15, 25 and 25 mm which were not 
detected in CECT but were detected in CEUS (unpub-
lished data, Figure 3). 

A major advantage of  US in comparison to other 
imaging techniques is its ability in the characterization of  
cystic lesions. CECT sometimes fails to differentiate cysts 
containing blood or fluids with high protein content and, 
therefore, elevated density (in comparison to water). The 
detection of  blood flow is a major issue in the detection 
of  renal masses. Kitamura et al[94] evaluated the ability of  
CDUS in comparison to CECT in the staging of  renal 
solid tumors. They investigated 110 patients with lesions 
< 7 cm. In 9/110 patients (8%), CECT showed enhance-
ment in the cortical nephrographic phase whereas CDUS 
showed no flow. In 8/110 patients (7%), CDUS showed 
flow whereas CECT showed poor enhancement. Thus it 
can be concluded that CDUS has an accuracy for detec-
tion equal to CECT. 

US (performed by a sophisticated investigator) has 
a detection rate comparable to that of  CECT but the 
evidence is sparse. In the detection of  blood flow in renal 
lesions CDUS, it has comparable sensitivity to CECT. 
CEUS is more sensitive than CDUS in the detection of  
blood and has been shown to be superior to CECT in a 
limited number of  patients. Published data are limited.

The majority of  renal masses are incidentally detected 
nowadays. The major issue for each imaging method is 
to characterize lesions when this leads to a therapeutic 
impact. For CEUS, this could be shown for liver lesions[95] 
or pancreatic lesions[96]. 

In contrast to liver or pancreas tumors, the charac
terization of  renal tumors is more difficult. There is a 
small and heterogeneous proportion of  benign lesions. 
Surgery is believed to be the method of  choice for each 
solid renal lesion because of  the high rate of  malignancy. 
So most studies for characterization of  renal masses 
with CEUS did not focus on the characterization but on 
the staging of  renal masses with US. In the more recent 
literature this strategy is questioned. Particularly in small 
lesions (< 4 cm), the proportion of  benign lesions has 
been reported to be higher than 13%[97-102] and histology 
obtained by transcutaneous biopsy is reliable and can be 
safely performed. An analysis of  the literature for the 
proportion of  benign lesions is given in Table 2.

Ignee A et al . CEUS of renal masses

Figure 3  Small renal cell carcinoma (13 mm) not detectable by computed 
tomography (CT); B-mode reveals an isoechoic lesion without mass effect 
(A); contrast enhanced ultrasound (CEUS) in the arterial phase showed the 
lesion slightly hypoenhancing (B) and after 33 s isoenhancing (C); 2D Video 
shows the transcutaneous biopsy proving clear cell renal cell carcinoma; 
consecutively the patient underwent surgery.
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Renal mass biopsy
Since there is a significant proportion of  lesions with 
benign diagnosis especially in small lesions (Table 2), 
several studies reported on percutaneous renal mass 
biopsy guided either by CECT or US. In the analysis of  
the literature the rates for benign lesions were between 
5% and 34% (Table 2). The question, which needle size 
to use was discussed by Breda et al[73]. They investigated 
intraoperatively 27/31 RCC (87%), 21/31 clear cell RCC 
(68%), 3/31 papillary RCC (10%), 3/31 chromophobe 
RCC (10%), 3/31 oncocytomas (10%), 1/31 benign 
lymphoid infiltrates (3%) with 14, 18 and 20 G core 
needle biopsies each after extirpation. They found a 
correlation of  biopsy findings with final histology in 94%, 
97% and 81%, respectively. They suggest 18 G to be a 
suitable size for renal biopsy. Wang et al[59] investigated the 
sufficiency and accuracy of  percutaneous core biopsy in 
renal masses < 4 cm performed with CT or US guidance 
(60% vs 40%). A total of  110 biopsies were performed, of  
which 100/110 (91%) were sufficient. Histology revealed 
35% benign lesions (Table 2). 8/110 complications (7%) 
were reported (1 hypotension, 2 hematomas without 
intervention, 4 patients with severe pain and 1 with wound 
infection). In 34 patients biopsy could be compared with 
final surgical histology, and the accuracy was 100%[59]. 
Shannon et al[116] investigated renal core biopsies of  222 
lesions < 5 cm with respect to accuracy in comparison 
with surgical histology. The rate of  diagnostic biopsies 
was 78%; 25% of  the lesions were benign. The accuracy 

rate in comparison with final surgical histology was 100%. 
Significant complications appeared in 0.9% of  patients. 
Kramer et al[117] report on their retrospective analysis 
of  intraoperative biopsies before surgical cryoablation 
of  renal tumors. There were 81/119 patients (68%) in 
which one core was taken, 38/119 patients (32%) had 3 
cores taken. In the “one core group” 49/81 (60%) were 
malignant and 14/81 (17%) were not diagnostic. In the “3 
core group” 27/38 (71%) were malignant (P = 0.25) and 
2/38 (5%) were not diagnostic (P = 0.03). To increase the 
number of  diagnostic biopsies it is reasonable to project 
this strategy to percutaneous biopsies, but there are no 
data concerning safety/complications. 

As there is a significant proportion of  benign lesions 
there is a need for preoperative histological analysis in 
selected cases. The reported rates for diagnostic biopsy 
range from 75% to 100%. It could be shown that at least 
18 G core biopsies should be used from a histopathological 
standpoint but data concerning complications following 
multiple biopsies are not available. It could be also proven 
that 3 cores in one patient are more sufficient than one 
biopsy. This could not be shown for percutaneous biopsies 
for ethical reasons.

Differential diagnosis of solid renal tumors on US
Unenhanced US: Since B-mode US lacks specific char-
acteristics to differentiate benign and malignant renal 
masses, CDUS characteristics were investigated in sev-
eral settings. Habboub et al[118] could demonstrate renal 

Table 2  Frequency of benign lesions in consecutive patients

Author n Benign Angiomyolipomas Oncocytomas Metanephric adenomas Atypical cysts Others Population

[103] 396   5% 1%7 2%8 Surgery 
[104] 30 17% 13% 3% Ultrasound
[105] 70 26% 1% 4% 14% 7%3 Biopsy
[106] 40 23% 10% 13% Ultrasound
[107] 35 17% 3% 10% 3%1 Surgery
[108] 173 14% 4% 8% 2% Surgery
[109] 20 35% 5% 5% 25%2 Surgery
[110] 78 21% 3% 17% Biopsy
[111] 26 21% 8% 12% Biopsy
[60] 26 31% 27% 4% Ultrasound
[80] 29 10% 3% 7% Ultrasound
[61] 23 34% 30% 4% Ultrasound
[112] 54 21% 4% 11% 6% Biopsy
[113] 97 25% 25% Ultrasound
[4] 30 10% 10% Ultrasound
[114] 99 7% 1% 6% Surgery/Biopsy
[115] 543 15% 5% 6% 0.2% 3%4 Surgery
[73] 31 13% 10% 3%5 Surgery
[59] 100 20% 3% 13% 2% 2%6 Biopsy
[64] 954   7% 7% Surgery
[100] 2770 13% Surgery
[78] 18 33% 11% 22% Ultrasound
Own data (unpublished) 143 15% 3% 1% 1% 1% 8%9 Ultrasound

Data are given as percentage; N indicates the total number of included patients. 1Leiomyoma; 21 abscess, 1 lesion associated with xanthogranulomatous 
pyelonephritis, 2 cysts, 1 arteriovenous fistula; 31 lesion associated with xanthogranulomatous pyelonephritis, 3 lesions associated with chronic 
pyelonephritis, 1 lesion associated with tuberculosis; 4Leiomyoma 0.9%, papillary adenoma 0.6%, abscess 0.4%, haematoma 0.4%, giant cell fibroblastoma 
0.2%, lipoma 0.2%, haemangioma 0.2%; 5Benign lymphoid infiltrate; 6Mixed epithelial and stromal tumor; 7Adenoma, not further specified; 8Haemangioma 
1%, cystic nephroma 0.5%; 9Abscess 2%, pseudotumour 4%,focal cystic dysplasia 1%, necrosis 1%.
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mass perfusion using CDUS in 42 of  44 patients (95%). 
In 60 patients with renal masses which were investigated 
by Spahn and co-workers, equal results were found with 
CECT and surgical findings[92]. Kitamura et al[94] evaluated 
the ability of  CDUS in comparison to CECT in the stag-
ing of  renal solid tumors. They investigated 110 patients 
with lesions < 7 cm. In 9/110 (8%) patients CECT 
showed enhancement in the cortical nephrographic 
phase whereas CDUS showed no flow. In 8/110 (7%) 
patients CDUS showed flow whereas CECT showed 
poor enhancement. The authors concluded that CDUS 
has a diagnostic accuracy equal to CECT. The detection 
of  blood flow in renal solid tumors using CDUS and/or 
power Doppler US as a predictor for clear cell RCC his-
tology was investigated by Raj et al[103]. Any flow that was 
detected with the methods mentioned above was defined 
as vascular flow. The authors did not give information 
about the CD settings. Two hundred and ninety nine pa-
tients were retrospectively analyzed and 97 patients were 
analyzed prospectively. The proportion of  benign lesions 
for the retrospective and prospective groups were 4% 
and 7%, respectively, with a calculated rate of  5% for 
both groups. There was a strong association of  vascular 
flow with clear cell RCC histology.

Unenhanced CDUS has a detection rate for blood 
flow comparable to CECT, whereas CEUS is superior to 
CECT. A characterization of  benign and malignant lesions 
is not possible with satisfying accuracy using CDUS, 
CEUS or the traditional reference standard CECT. 

Contrast enhanced ultrasound: Since the availability 
of  US contrast agents, several studies have been per-
formed for the characterization and staging of  solid 
renal lesions (Figure 4). CEUS is always performed after 
conventional B-mode US and must, therefore, be re-
garded as a combination of  both methods. 

As early as 1994 Filippone et al[104] described contrast 
enhanced CD flow imaging with a high mechanical index 
and SHU 508A in 30 patients with 22/30 RCC (73%), 
1/30 sarcoma (3%), 1/30 leiomyosarcoma (3%), 1/30 
urothelial cell carcinoma (3%), 1/30 hemorrhagic cyst 
(3%) and 4 AML (13%). They found CD signals inside 
the lesion with conventional CDUS and CEUS in 13/30 
(43%) and 26/30 (87%) patients, respectively. 

Ascenti et al[84] demonstrated a sufficient diagnosis 
of  renal pseudotumors with contrast-enhanced power 
Doppler US using SHU 508A in 4 patients. The same 
group performed contrast enhanced power Doppler 
with SHU 508A in 32 patients with 41 lesions (26 AML, 
11 RCC, 3 pseudotumors, 1 metastasis) with hyperechoic 
lesions to evaluate its ability in the differential diagnosis 
of  RCC vs AML. All malignant lesions were diagnosed 
histologically, all benign lesions with CECT or follow-
up. In most cases, RCC showed peripheral and central 
enhancement, and AML showed a wide range of  different 
patterns of  vascularity. With CDUS a correct diagnosis 
could be found in 76%, which could not be improved by 
injection of  SHU 508A[63]. 

Quaia et al[60] investigated 23 lesions, including 15/23 
RCC (65%), 1/23 metanephric adenoma (4%) and 7/23 
AML (30%). With SHU 508A, heterogeneous behavior 
in the arterial phase was typical for RCC. The results in 
the late phase were not homogeneous. AML showed 
peripheral hypovascularity compared to renal tissue. Six 
of  7 AML were diagnosed by CT, all other tumors by 
histology. 

In 2004, Tranquart et al[119] reported on their experi-
ence with the investigation of  18 patients with different 
focal and diffuse renal diseases using BR1 (Sonovue®) 
and contrast specific software. CECT or magnetic reso-
nance imaging was used as the reference method. Com-
pared to conventional B-mode US, they found a better 
tumor delineation, a better detection of  venous exten-
sion and a better characterization of  cystic masses. 

The group around Siracusano and Quaia investigated 
23 patients with renal masses using SHU 508A with 
contrast specific software[61]. CECT diagnosis or histology 
was used as the reference method. Results were solid 
RCC in 11/23 (48%), 7/23 AML (30%), 4/23 cystic RCC 
(17%), 1/23 metanephric adenoma (4%). Solid RCCs had 
a higher contrast enhancement than AML. The benign 
lesions showed a progressively decreasing enhancement in 
the delayed phase. 

Kabakci et al[120] investigated 21 patients with RCC 
using conventional power Doppler and contrast enhanced 
power Doppler US with SHU 508A and correlated their 
findings with microvessel density. Microvessel density 
has been shown to be a significant prognostic factor 
in a subgroup of  patients with low tumor stages. They 
found a significant correlation between color pixel ratio 
in conventional power Doppler and contrast enhanced 
power Doppler US and microvessel density. 

Tamai et al[80] evaluated the usefulness of  CEUS in the 
diagnosis of  solid renal tumors. They included 29 patients 
who were investigated with conventional B-mode US and 
whose tumors were surgically resected. The histological 
diagnoses were RCC in 25/29 (86%), urothelial cell 
carcinoma in 1/29 (3%), oncocytomas in 2/29 (7%) and 
AML in 1/29 (3%) patients. CECT, here a multidetector 
scanner, failed to detect tumor blood flow in 5/29 
patients (17%), while CEUS demonstrated flow in 29/29 

Figure 4  Renal cell carcinoma (T1), incidentally detected. CEUS investigation 
12 s after injection of 2.4 mL BR1 (SonoVue®).
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(100%). In 1 of  2 patients with oncocytomas, a spoke-
type enhancement pattern could be demonstrated with 
CEUS in contrast to CECT. 

The group around Lassau and Lamuraglia reported on 
the experience with dynamic contrast enhanced Doppler 
US as a predictor of  tumor response. They investigated a 
relatively heterogeneous group of  30 patients treated with 
Sorafenib for metastatic renal cell carcinomas [8/30 (27%) 
patients with lymph nodes involvement, 8/30 (27%) with 
liver metastases, 3/30 (10%) with recurrent renal lesions, 
3/30 (10%) with adrenal metastases, 2/30 (7%) with 
contralateral renal metastases, 1/30 (3%) with pancreas 
metastases as well as more than one metastatic location in 
5/30 (17%) patients]. They suggested quantitative CEUS 
for monitoring antiangiogenetic drug effectiveness in renal 
cancer[43].

Kawata et al[121] reported on 6 patients with recurrent 
RCC and demonstrated the utility of  CEUS in this 
subgroup. In 5/6 patients (83%) the lesions were detected 
with conventional US, in 1 patient the diagnosis could 
only be made with CEUS. 

Wink et al[78] examined 18 patients with renal masses 
using CEUS with BR1. Inhomogeneous enhancement 
was typical for RCC. In 4/10 patients (40%) with histo-
logical analysis, CEUS demonstrated areas without en-
hancement which correlated with necrosis pathologically. 
Fan et al[62] investigated 72 patients with renal lesions ≤  
5 cm with contrast specific software and BR1 (Sonovue®)  
[44 RCC (61%), 24 AML (32%), 2 hypertrophied col-
umns of  Bertin (3%), 1 oncocytoma (1%), and 1 abscess 
(1%)]. The rates of  histological confirmation for RCC, 
AML, oncocytoma, hypertrophied columns of  Bertin 
and abscesses were 100%, 17%, 100%, 0% and 0%, 
respectively[62]. They found hyperenhancement in the 
late phase to be predictive for RCC (sensitivity 77%, 
specificity 96%). Also heterogeneous enhancement was 
characteristic for RCC. AML were homogeneously en-
hancing with hypoenhancement in both the arterial and 
late phase. 

Jiang et al[79] correlated CEUS features of  92 patho-
logically confirmed clear cell RCC in relation to tumor 
size. The degree of  enhancement showed no correlation, 
but the homogenicity of  enhancement correlated with 
tumor size. In tumors ≤ 3 cm, homogeneous enhance-
ment was seen in 72% in contrast to tumors > 3 cm 
(9%). In patients with tumors ≤ 2 cm, a pseudocapsule 
appeared in 3/13 cases (23%), in tumors from > 2 to  
5 cm in 38/58 cases (66%) and in tumors > 5 cm in 5/21 
cases 24%. Inhomogeneous enhancement correlated with 
necrosis or cysts by histological analysis. A pseudocapsule 
was histologically diagnosed in 46/92 of  the lesions (50%) 
and correlated with a rim of  perilesional enhancement in 
42/46 patients (91%). 

Dong et al[93] characterized 42 patients with histologi-
cally proven clear cell RCC using time intensity curves 
received from video frames of  second harmonic imaging 
with BR1. They could not differentiate a characteristic 
pattern. In time intensity curves, clear cell RCC had a 

time to peak enhancement shorter than that of  normal 
renal parenchyma and the mean value of  the descent 
slope rate was lower. Avascular areas or filling defects 
were predominantly seen in larger tumors (33/42 (78%). 

Thirty patients with solid renal tumors were inves-
tigated by the group around Strobel and Bernatik[4]. 
RCC had a size of  65.4 ± 6.5 mm and were hypoechoic, 
isoechoic and hyperechoic in 52%, 36% and 12%, re-
spectively. RCC showed a chaotic vascular pattern except 
for one lesion which was cystic and showed no enhance-
ment at all. Hyperperfusion, isoperfusion and hypoper-
fusion was seen in the arterial phase in 12/25 (48%), 
3/25 (12%) and 9/25 (36%), respectively. In the late 
phase hyperperfusion, isoperfusion and hypoperfusion 
was seen in 5/25 (20%), 9/25% (36%) and 10/25 (40%), 
respectively. The authors conclude that CEUS is not use-
ful in the characterization of  small renal masses. 

Our group investigated more than 300 patients re-
ferred for surgical treatment of  a renal mass. We per-
formed conventional B-mode and color/power Doppler 
US as well as CEUS with BR1. In the majority of  our 
patients histology was obtained by surgery (87%); in the 
other patients histology was obtained by biopsy (13%). 
Four percent of  patients had lesions which finally proved 
to be of  extrarenal origin, a proportion which is in accor-
dance with the literature[105]. Overall there were 15% be-
nign lesions, 22% of  lesions < 40 mm had benign histol-
ogy and 10% of  lesions ≥ 40 mm had benign histology. 
In 77% of  patients with histologically determined RCC, 
9% were cystic. CEUS could predict malignancy with a 
sensitivity, specificity, positive predictive value, negative 
predictive value and accuracy of  97%, 45%, 91%, 75%, 
and 90%, respectively. CEUS (CECT) had a sensitivity, 
specificity, positive, negative predictive value and accuracy 
of  85% (38%), 97% (98%), 72% (63%), 98% (94%), and 
96% (92%), respectively, for vein invasion. The correct 
staging was diagnosed by CEUS (CECT) in 83% (69%). 
The interpretation of  the mentioned results favored 
CEUS in comparison to CECT for staging and character-
ization of  RCC. 

The majority of  clear cell RCC are hypervascular. One 
third of  papillary RCC are hypovascular, although this 
does not lead to immediate consequences. A significant 
proportion of  RCC show unenhanced areas which 
correlate with necrosis in histology. A significant pattern 
for RCC which leads to sharp discrimination between 
RCC and benign lesions cannot be currently defined.

Staging of renal cell carcinoma with CEUS
Staging parameters in RCC are of  prognostic importance. 
In early stage RCC, partial nephrectomy is recommended. 
The 5-year survival rate after radical nephrectomy is 
reported to be between 75%-95% for patients with organ 
confined disease and 0-5% for patients with metastatic 
disease at time of  presentation[122]. In locally advanced 
RCC (T ≥ 3, N0 and M0) certain subgroups (especially 
T2 and T3a) differ significantly in survival rates[123]. 
In contrast to preoperative T3a staging, detection of  
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stages T3b and T3c is crucial since it influences the 
surgical approach. Renal vein invasion occurs in about 
4%-10% of  RCC[124,125]. Habboub et al[118] investigated 
the usefulness of  CDUS in the assessment of  venous 
invasion in RCC. The rate of  venous invasion was 16/37 
(43%), CDUS had a sensitivity, specificity, positive 
predictive value, negative predictive value and accuracy 
of  75%, 96%, 92%, 85%, and 87%, respectively, for 
renal venous involvement, in 2 false positive cases the 
intrarenal veins were involved. The detection rate for 
inferior vena cava involvement was 100% accurate. Bos 
and co-workers found that vein invasion was correctly 
staged in 93% with conventional B-mode US including 
CD and in 86% with CECT[126]. Sixty patients with renal 
masses were investigated by Spahn et al[92] to assess the 
ability of  CDUS for staging purposes in comparison to 
CECT and surgical findings. The sensitivity for CDUS for 
tumor detection and detection of  lymph node metastases 
was 100% (golden standard CECT). CDUS was superior 
to CECT in the detection of  renal vein involvement. 
Gupta et al[127] compared CECT, MRI and CDUS for the 
detection of  venous invasion in RCC. They investigated 
59 patients with RCC and venous involvement, CDUS 
showed comparable results to CECT and MRI. Kitamura 
et al[94] evaluated the ability of  CDUS in comparison to 
CECT in the staging of  renal solid tumors. One hundred 
and ten patients with lesions < 7 cm were investigated. 
In 9/110 (8%) patients, CECT showed enhancement in 
the cortical nephrographic phase whereas CDUS showed 
no flow. In 8/110 (7%) patients, CDUS showed flow 
whereas CECT showed poor enhancement. The authors 
concluded that CDUS had a diagnostic accuracy equal to 
CECT. 

In recent studies, the role of  tumor pseudocapsule in 
the staging of  RCC is discussed. RCC generally do not 
have a true histologic capsule. A pseudocapsule results 
from tumor growth producing ischemia and necrosis of  
adjacent normal parenchyma. It is composed of  fibrous 
tissue and compressed renal parenchyma. This pseudo-
capsule is not described in the TNM classification[128] but 
is a pathologic feature frequently seen in early stage, low-
grade RCC. It is a useful sign in the differential diagnosis 
of  RCC and in the choice for a nephron sparing surgical 
approach. In MRI the pseudocapsule appears as a hy-
pointense rim surrounding the tumor on T2-weighted 
images. In conventional B-mode US a pseudocapsule ap-
pears as a peritumoral hypoechoic halo. Ascenti et al[106] 
investigated the ability of  second harmonic imaging us-
ing BR1 to detect a pseudocapsule in 32 patients with 40 
renal masses [5/40 hemorrhagic cysts (13%), 4/40 AML 
(10%), 4/40 lymphoma (10%), 1/40 metastasis (3%), 
26/40 RCC (65%)]. A pseudocapsule was correctly diag-
nosed in 12/14 histologically evaluated RCC (86%). In 
the other 12 renal cell carcinomas, a pseudocapsule was 
not found histologically. In all other lesions a pseudocap-
sule was not visible. The benign lesions were diagnosed 
with CT or MRI. The positive predictive value was 100% 
but the negative predictive value was below 50%[106]. 

Jiang et al[79] correlated CEUS features of  92 pathologi-
cally confirmed clear cell RCC in relation to tumor size. 
In patients with tumors ≤ 2 cm, a pseudocapsule ap-
peared in 3/13 cases (23%), in 38/58 cases (66%) with 
tumors from > 2 to 5 cm and in 5/21 cases (24%) with 
tumors > 5 cm.

Staging for RCC can be performed with CEUS accu-
rately with a diagnostic accuracy comparable to CECT. 
Even CDUS seems to have a high sensitivity, particularly 
if  there is renal vein involvement. A pseudocapsule is a 
feature only seen in RCC; it indicates an early stage and 
can be seen in about 23%-66% of  lesions. In CEUS a 
perilesional hypervascular rim can be seen with an ac-
curacy of  about 85%. The sign has a high positive pre-
dictive value, but the role of  the pseudocapsule has not 
been defined in current TNM classifications.

Assessment of local ablation therapy for renal cell 
carcinomas
Local ablation therapy either with cryotherapy or radio-
frequency ablation can be used for curative treatment 
of  RCC. Wink et al[129] suggested CEUS for monitoring 
of  cryotherapy as a curative treatment for patients with 
RCC < 4 cm. They presented a CEUS investigation 
which enabled easy identification of  the lesion before 
and after treatment. They found the selective detection 
of  contrast resulting in high accuracy for the diagnosis 
of  flow vs no flow most helpful.

Since CEUS is the imaging method with the best 
separation of  tissue and contrast signal and since US 
contrast agents stay strictly in the vascular bed it is mostly 
suitable for questions of  vascularity and/or necrosis. 
There are preliminary data showing comparable results 
to reference imaging methods like CECT and MRI after 
radiofrequency ablation or cryotherapy of  renal cell 
carcinomas.

Characterization of cystic lesions with CEUS 
Cystic changes in RCC can be seen in 4%-15%. Only 
5% of  all lesions are mainly cystic. Those lesions are 
described by a (modified) Bosniak classification[130,131] 
for CECT and remain a challenge for all imaging 
methods. MRI often gives a hugher stage than CECT 
by depicting more septa and more wall thickening but is 
less sensitive for calcification[132]. In the literature the role 
of  calcification in cystic lesions is controversial[133]. 

The original classification of  Bosniak defines cysts 
as follows: Bosniak Ⅰ: hairline thin cyst wall, no calcifi-
cations, no solid components; no contrast enhancement; 
Bosniak Ⅱ: few hairline thin septae, fine calcification in 
the wall or in the septae; Bosniak ⅡF: multiple hairline 
thin septae, minimal smooth thickening of  walls or sep-
tae, thick or nodular calcification of  the wall or septae 
without contrast enhancement; Bosniak Ⅲ: thickened 
irregular or smooth walls or septae with measurable 
enhancement; Bosniak Ⅳ: enhanced soft tissue compo-
nents independent of  the wall or septae (Figure 5). 

The classification is used to estimate the chance for 
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malignancy in cystic lesions, but in the group of  Bos-
niak Ⅲ and Ⅳ lesions there are several neoplastic and 
not necessarily malignant subtypes: cystic (typically clear 
cell) RCC, multilocular cystic RCC, cystic nephroma, 
mixed epithelial and stromal tumor. Bosniak Ⅰ and Ⅱ 
do not require further follow-up investigations. Category 
Bosniak ⅡF has been introduced for lesions which are 
difficult to define into Ⅱ or Ⅲ. Bosniak Ⅲ lesions are 
typically considered to require surgery since in the litera-
ture a rate of  up to 60% malignant lesions is reported[135]. 
Bosniak Ⅳ lesions are reported to have a risk for ma-
lignancy between 67% and 100%[136,137]. Nevertheless, 
there is a significant interobserver variability for CECT 
investigations of  cystic masses with complete agreement 
in only 59% of  cases[138]. Hirai et al[139] investigated 10 pa-
tients with multilocular cystic lesions using conventional 
CDUS. Histological results were 3/10 (30%) cystic RCC, 
3/10 (30%) hemorrhagic renal cysts, 1/10 (10%) benign 
multilocular cystic nephroma, 2/10 (20%) infected renal 
cysts and 1/10 (10%) multilocular cyst in a patient with 
von Hippel-Lindau disease. The authors report on dem-

onstration of  pulsatile high resistance flow in the patient 
with the cystic RCC. In the other lesions flow could only 
be detected in the peripheral margin where flow was 
comparable to the flow in the interlobar arteries[139]. Park 
et al[140] compared 31 pathologically confirmed cystic renal 
masses with SHU 508A and high MI contrast specific im-
aging and compared the findings with CECT. The diag-
nostic accuracy for CECT and CEUS for malignancy was 
74% and 90%, respectively. There was an agreement in 
Bosniak’s classification for both methods in 74%, in the 
remaining 26% there was always an upgrade with CEUS 
(Bosniak Ⅰ → Bosniak Ⅳ in 1/31 patients (3%), Bosniak 
Ⅱ → Bosniak Ⅳ in 2/31 patients (7%), Bosniak ⅡF → 
Bosniak Ⅲ in 2/31 patients (7%), Bosniak Ⅲ → Bosniak 
Ⅳ in 3/31 patients (10%). In conclusion, 10% of  31 le-
sions were categorized from Bosniak Ⅰ or Ⅱ to Ⅳ which 
leads to therapeutic consequences. Quaia et al[141] investi-
gated a series of  40 patients with cystic renal masses with 
contrast specific software and BR1 and compared the 
findings with CECT. Three blinded readers in an offsite 
setting differentiated the lesions according to the Bosniak 
classification. There were 21/40 (53%) cystic RCC, 2/40 
(5%) cystic nephroma (benign), 9/40 (23%) inflamma-
tory or hemorrhagic cysts and 8/40 (20%) uncomplicated 
cysts. CEUS had a significantly higher diagnostic accuracy 
than CECT in the detection of  malignancy in cystic renal 
lesions (80%-83% and 63%-75%, respectively)[141]. Clev-
ert et al[142] investigated 32 consecutive patients with 37 
complex cystic masses with CEUS with BR1 in compari-
son to multislice CT. In 14/32 (44%) lesions were surgi-
cally resected, the others were followed up for a period 
of  3 mo to 2 years. In addition, there was a blind reading 
of  video clips of  the CEUS investigation. Lesions were 
categorized as Bosniak Ⅱ with CECT and CEUS in 
15/37 (41%) and in 8/37 (22%) cases, as Bosniak ⅡF in 
7/37 (19%) and in 12/37 (32%) cases, as Bosniak Ⅲ in 
8/37 (22%) and in 8/37 (22%) cases, and as Bosniak Ⅳ 
in 7/37 (19%) and in 9/37 (24) cases. CEUS proved to 
show more septa than CECT and upgraded wall thick-
ness resulting in correction of  Bosniak category Ⅱ to Ⅱ
F. Two masses could not be classified with CECT, were 
categorized as Bosniak Ⅳ using CEUS and proved to be 
malignant. The authors conclude that CEUS is an ad-
ditional examination to CECT and can give additional 
information[142].

CEUS is currently the best indication for cystic renal 
lesions in the kidney. There is evidence showing better 
results in the characterization of  cystic renal lesions with 
therapeutic consequences in more than 10%.

CONCLUSION
CEUS represents the imaging method currently with the 
highest spatial contrast resolution as well as the high-
est differentiation between contrast and tissue signal  
(Figure 4). Its disadvantages are a high observer depen-
dency and often a lack of  representative image or video 
presentation during radiological demonstrations. US and 

Ignee A et al . CEUS of renal masses

Figure 5  Cystic renal lesion with a small RCC (12 mm × 10 mm) not 
recognized by CT which has been histologically proven by surgery. 
B-mode US showed a nodularity inside the cyst (A); CEUS revealed contrast 
enhancement of the small lesion (B, C)[134].
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CEUS are widely used, and sophisticated techniques 
(hardware and software) improve the diagnostic impact. 
There is significant evidence for its strength in the de-
tection and characterization of  liver lesions, with lesser 
strength for solid pancreatic lesions. In other indications 
the evidence is less clear but promising, e.g. splenic and 
adrenal tumors[95,96,143,144]. Regarding CEUS for tumor 
evaluation of  the kidneys, the number of  published 
studies is impressive but the conclusive evidence is low. 

The majority of  tumors of  the kidney are RCC. RCC 
are hypervascular in CEUS in most cases, especially in 
the case of  clear cell histology. Here more than 90% are 
hypervascular in comparison to the surrounding renal 
parenchyma. Nevertheless it has to be taken into account 
that the bigger the lesion the higher the chance for large 
areas of  necrosis or hemorrhage. In current studies with 
the development of  sophisticated US techniques [e.g. 
cadence pulse sequencing (CPS)], avascular areas could be 
defined as necrosis by histological investigation[78,79] (own 
unpublished data). Avascular areas appear more frequent 
in large lesions. As those findings were formerly mixed 
with heterogeneous enhancement patterns the positive 
and negative predictive value of  this sign has not been 
investigated so far. Papillary RCC in contrast to clear 
cell RCC was described as hypovascular in one third of  
cases[80] but, as papillary RCC are malignant tumors, this 
finding does not play an important role in clinical practice. 

In the staging of  malignant tumors of  the kidney, the 
impact of  CDUS and CEUS is high. Lymph node me-
tastases, renal vein involvement as well as intraabdomi-
nal metastases elsewhere can be detected with results 
comparable to CECT, although multicenter studies with 
large patient numbers are not available so far. The detec-
tion of  the pseudocapsule as a sign of  early stage RCC is 
possible; nevertheless this feature has not been included 
in the current TNM classification. 

The results for CEUS concerning the late phase are 
not satisfying. CEUS patterns for RCC as well as for be-
nign lesions are heterogeneous for the same tumor entity 
as well as dissimilar in different studies[60,93]. Since in the 
kidney there is no dual blood supply the late phase in the 
renal parenchyma itself  is less pronounced as compared 
to the liver. In this context, observations in the late 
phase are limited by certain bubble destruction leading 
to different results in hyper- and hypoenhancing lesions 
using different techniques. Nevertheless the late phase 
is of  significant interest but should be investigated with 
objective measurements using time intensity curves and 
intermittent imaging to avoid bubble destruction. 

Typical AML can be diagnosed with unenhanced 
CECT if  they show a significant fat component. The 
frequency of  atypical AML in CECT is controversial, and 
depends on necrosis, presence of  shunts, low fat content 
and others. Nevertheless as well as in CECT, in CEUS 
the contrast agent enhancement patterns do not allow 
discrimination from RCC in all cases, and in case reports 
nearly all other tumor entities can present with fatty 
components as well. The typical AML in CEUS shows less 

contrast enhancement in the arterial phase in comparison 
to the typical clear cell RCC. 

Oncocytoma represent a challenge for each imaging 
method. The typical central stellate scar can be histo-
logically found in about 1/3 of  oncocytoma, therefore, 
imaging methods cannot be sensitive and reliable. Fur-
thermore this sign cannot be differentiated from small 
necrotic areas in RCC which are seen in a significant 
proportion of  RCC (50%-80%, depending on the size). 

Metanephric adenoma is a rare entity and its fea-
tures in CEUS need to be investigated by a multicenter 
approach. Up to now there has been no possibility for 
sharp discrimination with other tumor entities. (1) In 
the currently available literature, CEUS showed compa-
rable results to CECT in the staging of  RCC; (2) The 
characterization of  cystic lesions (this is to date the most 
promising issue); (3) The detection of  blood flow in 
small masses (differential diagnosis to atypical cysts with 
elevated density due to protein/blood content on CT); 
and (4) After local ablative tumor therapy (radiofrequency 
ablation, cryotherapy). 

Possible indications with potential for further inves-
tigations are: (1) Differentiation of  abscess/infarction vs 
hypovascular tumors because of  sharp discrimination of  
flow vs no flow; (2) Follow-up for palliative antiangioge-
netic therapy in metastatic or recurrent RCC. 

Issues to be investigated further for CEUS are as fol-
lows: (1) The potential of  CEUS to discriminate features 
for preoperative biopsy, e.g. hypoenhancing lesions < 4 cm; 
(2) Time-intensity curves, e.g. for oncocytoma and AML; 
and (3) The rate of  benign lesions in the subgroup of  small 
(< 4 cm) hypoenhancing lesions. 
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Abstract
The assessment of the extent of liver fibrosis is very 
important for the prognosis and clinical management 
of chronic liver diseases. Although liver biopsy is the 
gold standard for the assessment of liver fibrosis, new 
non-invasive diagnostic methods are urgently needed 
in clinical work due to certain limitations and complica-
tions of biopsy. Noninvasive imaging studies play an 
important role in the diagnosis of focal liver disease and 
diffuse liver diseases. Among them, ultrasonography 
is the first choice for study of the liver in clinical work. 
With the development of ultrasound contrast agents 
and contrast specific imaging techniques, contrast-
enhanced ultrasound (CEUS) shows good performance 
and great potential in the evaluation of liver fibrosis. 
Researchers have tried different kinds of contrast agent 
and imaging method, such as arrival time of contrast 
agent in the hepatic vein, and quantitative analysis of 
the enhancement level of liver parenchyma, to evalu-
ate the degree of liver fibrosis during the past 10 years. 
This review mainly summarizes the clinical studies con-
cerning the assessment of liver fibrosis using CEUS. 
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INTRODUCTION
Liver fibrosis is mainly caused by chronic liver diseases 
such as chronic hepatitis and alcoholic liver disease. Bi-
opsy is considered as the gold standard for estimation of  
fibrosis. Owing to its limitations of  sampling error, inter-
observer disagreement, and the risks and complications 
of  this invasive procedure, new, reliable noninvasive di-
agnostic methods are necessary to take the place of  liver 
biopsy as the first line assessment of  fibrosis during clini-
cal work[1-7]. Biochemical tests and imaging techniques are 
the two most active research areas for the noninvasive 
assessment of  liver fibrosis. The biochemical tests which 
are based on the evaluation of  a large numbers of  sero-
logical markers show good performance in predicting 
the degree of  liver fibrosis. However, there are still some 
limits, especially in cases of  Gilbert syndrome, hemolysis 
and acute inflammation. Therefore, biomarkers alone are 
not sufficient for making a definite decision in a given 
patient, and the clinical data must be taken into account[8]. 
As to the imaging methods, ultrasonography, computed 
tomography (CT) and magnetic resonance imaging (MRI) 
are the most traditional and popular, and transient elas-
tography is a newly developed technique which can rap-
idly and noninvasively measure mean tissue stiffness.

Conventional grey scale ultrasound is the first-line 
imaging modality in screening of  liver cirrhosis. Blunt 
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liver edge, liver parenchymal abnormalities, and liver 
morphological changes are the direct signs for diagnosis 
of  liver cirrhosis on grey scale ultrasound. Color Doppler 
ultrasound can supply some valuable parameters for 
different blood vessels in diagnosis of  liver cirrhosis, but 
the reliability and reproducibility of  the technique limits its 
clinical usage in noninvasive diagnosis and assessment of  
severity of  hepatic fibrosis[9-13]. Conventional CT and MRI 
scans can identify irregular or nodular liver surface, liver 
parenchymal abnormalities and portal hypertension which 
are very important signs for diagnosis of  hepatic cirrhosis. 
The diagnostic accuracies for liver cirrhosis using these 
imaging modalities were reported in a recent study as 
70.3% for MRI, 67.0% for CT and 64.0% for ultrasound, 
and the sensitivities and specificities were 86.7%, 84.3%, 
52.4% and 53.9%, 52.9%, 73.5%, respectively[14]. With the 
development of  super-paramagnetic iron oxide contrast 
agents for MRI, Kupffer-specific imaging may prove to be 
a new point of  view with which to diagnose and evaluate 
the severity of  the liver cirrhosis on MRI scan[15-17]. 

CONTRAST-ENHANCED ULTRASOUND 
Newly developed ultrasound contrast agents (UCAs) and 
contrast-enhanced ultrasound (CEUS) techniques show 
great potential in the diagnosis of  focal and diffuse liver 
disease[18,19]. Currently, the UCAs used in clinical CEUS 
examination are characterized by a microbubble struc-
ture consisting of  gas bubbles stabilized by a shell. Glob-
ally, there are three kinds of  UCA which can be used 
in liver imaging : Levovist (air with a galactose/palmitic 
acid surfactant; SH U 508A; Schering, Berlin, Germany), 
SonoVue (sulfur hexafluoride with a phospholipid shell; 
BR1; Bracco, Milan, Italy) and Sonazoid (perfluorobu-
tane with a lipid shell; NC100100; Amersham Health, 
Oslo, Norway)[18,19]. SonoVue (sulfur hexafluoride) and 
Sonazoid (perfluorobutane) contain low solubility gases 
and show higher microbubble stability than Levovist 
which contains air. After intravenous injection of  UCA, 
the microbubbles act as blood pool tracers, strongly in-
crease the ultrasound backscatter and are therefore use-
ful for enhancement of  blood echogenicity and for the 
assessment of  blood flow in the vasculature. In addition, 
Levovist and Sonazoid have been proved by both in vivo 
and in vitro studies to be phagocytosed by the reticulo-
endothelial system of  the liver and spleen. The liver pa-
renchyma specific imaging can be obtained 10 min after 
administration of  the contrast agents[20-24].

The visualization of  enhancement caused by micro-
bubbles requires contrast specific imaging techniques, 
which are generally based on the cancellation and/or sep-
aration of  linear US signals from tissue and utilization of  
the nonlinear response from microbubbles. A non-linear 
response from microbubbles could not only be induced 
by microbubble disruption at high acoustic pressure but 
also by oscillations at low acoustic pressure. When Levo-
vist is used as contrast agent, high mechanical index (MI) 
intermittent imaging with low frame rates should be used, 
due to the lower resistance to acoustic pressure of  the air 

filled microbubble. When SonoVue or Sonazoid is used 
as contrast agent, low MI imaging could be used, which 
enables minimal disruption of  microbubbles, real time 
and effective investigations of  the dynamic enhancement 
pattern, and effective tissue signal suppression[18,19]. 

CEUS IN DIAGNOSIS OF LIVER CIRRHOSIS
Contrast enhanced ultrasound has been used in the di-
agnosis and evaluation of  liver cirrhosis during the past 
10 years. Researchers mainly focused their studies on the 
hemodynamic changes and kupffer cell function changes 
followed by liver fibrosis, and tried to find and prove these 
changes using different kinds of  CEUS techniques and 
UCAs[25-36].

Hepatic vein arrival time
The hemodynamic changes which accompany hepatic 
cirrhosis mainly include arterialization of  the liver, intra-
hepatic shunts, pulmonary arteriovenous shunts, and a 
hyperdynamic circulatory state. All of  these changes will 
make the hepatic first pass of  contrast agent injected into 
a peripheral vein faster in a cirrhotic liver compared with 
normal liver.

Albrecht et al[25] studied the hepatic vein transit time 
using continuous spectral Doppler ultrasonography and 
Levovist. They found patients with cirrhosis showed 
a much earlier onset of  enhancement (arrival time; 
mean 18.3 s) and peak enhancement (mean 55.5 s) than 
controls (49.8 s and 97.5 s) or patients with non-cirrhotic 
diffuse liver disease (35.8 s and 79.7 s). All patients with 
cirrhosis had an arrival time of  the bolus of  less than 
24 s, whereas the arrival time was 24 s or more in 22 of  
the 23 other participants. Taking a hepatic vein arrival 
time of  24 s as the diagnostic criteria for liver cirrhosis, 
the sensitivity and specificity were 100% and 96%, 
respectively. They also found that peak enhancement was 
higher in patients with cirrhosis (mean 48.7 units) than in 
the other two groups (12.5 and 12.3 units, respectively). 
They concluded that analysis of  liver transit time of  
a bolus of  UCA provides useful information about 
haemodynamic changes in patients with cirrhosis, and 
measurement of  the arrival time of  the bolus allows 
discrimination of  patients with cirrhosis from controls 
and from patients with non-cirrhotic diffuse liver disease, 
and has potential as a non-invasive test for cirrhosis. Bang 
et al[26] compared pulse inversion imaging with spectral 
Doppler quantification in assessment of  the arrival of  a 
contrast agent in the hepatic veins in six patients. They 
found the hepatic vein arrival times measured by two 
different methods were within 2 s apart in five patients 
and within 5 s apart in one patient. They believe pulse 
inversion imaging will be a simple and accurate method 
for evaluation of  hepatic vein arrival time. Sugimoto et al[27] 
evaluated hepatic vein arrival time using Levovist and 
pulse inversion imaging in 15 patients. They found that 
the time-acoustic intensity curves for hepatic vein could 
be classified as a gradual-rising curve which was seen in 
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all controls and non-cirrhotic patients and a rapid-rising 
curve which was seen in all cirrhotic patients. They also 
showed that the hepatic vein arrival time was significantly 
earlier in cirrhotic patients compared with normal and 
hepatitis patients (18 s vs 31 s, 30 s), respectively. They 
believe CEUS and hepatic vein transit time is a useful 
noninvasive diagnosis method for liver cirrhosis with 
high sensitivity and specificity. 

With the development of  contrast specific techniques 
and the emergence of  new generation contrast agent, 
real-time CEUS became a powerful tool for evaluation 
of  liver cirrhosis. Ridolfi et al[28] tried to use low MI 
CEUS with SonoVue to evaluate the severity of  chronic 
hepatitis C. They found the mean hepatic vein arrival 
time decreased progressively with increasing severity of  
liver disease, all patients with liver cirrhosis had a hepatic 
vein arrival time of  17 s or less, whereas values of  18 s 
or more were recorded for all controls and for almost 
all patients (20/22) with non-cirrhotic liver disease. 
But within the group of  chronic hepatitis C, Metavir 
scores of  fibrosis and necro-inflammatory changes had 
no significant effect on hepatic vein arrival times. They 
concluded that hepatic vein arrival time might be a simple 
and non-invasive method for reliably excluding cirrhosis 
with signs of  portal hypertension, but not for assessing 
the severity of  either chronic hepatitis C or cirrhosis. Lim 
et al[29] compared Levovist and SonoVue in evaluation 
of  hepatic vein arrival time in 40 hepatitis C-related 
liver disease patients and 25 normal volunteers. They 
found that mean hepatic vein arrival times in control, 
mild hepatitis, moderate or severe hepatitis, and cirrhosis 
groups were 38.3, 47.5, 29.5 and 17.6 s, respectively, with 
Levovist; and 29.4, 27.4, 22.9 and 16.4 s, respectively, 
with SonoVue. The hepatic vein arrival time decreased as 
severity increased in imaging with both contrast agents. 
There was no significant difference in hepatic vein arrival 
time between mild and moderate hepatitis groups with 
SonoVue; however, there were significant differences 
in hepatic vein arrival time between all patient groups 
using Levovist. Hepatic vein arrival time of  SonoVue 
was shorter than that of  Levovist in all groups except 
the cirrhosis group where the hepatic vein arrival time 
of  the two contrast agents was similar. Although hepatic 
vein arrival time seems to fulfill the task of  diagnosis 
of  liver cirrhosis, some researchers also found that the 
hepatic vein transit time was accelerated in the liver with 
metastatic liver tumors[37-39]. This is the main limitation of  
using hepatic vein transit time to diagnose liver cirrhosis 
since there may be many other situations which will also 
result in similar hemodynamic changes. 

Some researchers also studied the micro-hemody-
namic changes which follow liver cirrhosis using CEUS. 
Giuseppetti et al[33] used the destruction and replenish-
ment CEUS technique to evaluate the changes in hepatic 
parenchymal blood flow in cirrhotic patients and normal 
patients. Pulse inversion harmonic imaging was obtained 
at progressively increasing pulse intervals of  2, 4, 7 and 
10 s in the same scan plane during infusion of  Levo-

vist (300 mg/mL, 150 mL/h). Pulse intervals vs signal 
intensity (PI-SI) plots were made to illustrate the speed 
of  blood in the liver parenchyma. They found the slope 
of  the PI-SI plot of  the Child A cirrhotic patients was 
significantly lower than the slope of  the normal controls 
and of  the Child C cirrhotic patients; conversely, no 
significant differences were found between the slope of  
the patients with Child C cirrhosis and of  the normal 
controls. The slope of  the patients with liver cirrhosis 
presented with a significantly higher variability than was 
observed in the normal controls. They explained their 
findings by suggesting the slope of  the PI-SI plot ob-
tained by placing the ROI in a region of  parenchyma 
reflects the average speed of  both the arterial and the ve-
nous components of  the microcirculation. They thought 
that liver perfusion was provided mainly by the portal 
circulation in most patients with Child A cirrhosis, and 
because the velocity of  the portal blood flow is reduced, 
an overall reduction of  the average velocity of  the pa-
renchymal blood is observed. In patients with Child 
C cirrhosis and advanced disease, however, the portal 
component of  the hepatic blood flow can be markedly 
reduced, with increased arterial perfusion and significant 
portosystemic venous and arteriovenous shunting. These 
hemodynamic changes can cause a prevalence of  the 
arterial component of  the microcirculation, with higher 
velocity flows, causing an overall increase of  the average 
velocity of  the parenchymal blood. 

Enhancement level of liver parenchyma
Some researchers have tried to use enhancement level 
of  liver parenchyma on CEUS to diagnose liver cirrhosis 
based on the theory of  diminished or function damage 
of  Kupffer cells accompanied with the hepatic cirrhosis. 
Fujita et al[34] used Levovist and stimulated acoustic emis-
sion imaging, and studied 114 patients with alcoholic 
liver disease and other chronic liver disease. They com-
pared the enhancement level of  the hepatic parenchyma 
and right kidney at 20 s, 90 s, and 5 min after injection 
of  Levovist. The contrast patterns of  the liver and kid-
ney were divided into three patterns. In pattern A, only 
the kidney was strongly enhanced at 20 s, both liver and 
kidney were strongly enhanced at 90 s, and only the liver 
was enhanced at 5 min. In pattern B, both the liver and 
the kidney were strongly enhanced at 20 s and 90 s, but 
only the liver was strongly enhanced at 5 min. In pattern 
C, both the liver and the kidney were strongly enhanced 
at 20 s and 90 s, and both organs were weakly enhanced 
at 5 min. They found 83% of  normal livers showed 
pattern A, whereas pattern B was found in 60%-86% 
of  patients with chronic liver disease, and almost all of  
the patients with alcoholic liver cirrhosis had pattern C. 
They supposed that Kupffer cell dysfunction in liver cir-
rhosis resulted in slower clearance of  contrast agent and 
thus weak enhancement of  liver parenchyma in pattern C. 
Gasparini et al[35] studied 10 normal volunteers, 16 Child 
A and 16 Child C cirrhotic patients with CEUS using 
Levovist. They found the enhancement level of  liver 
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parenchyma in late phase (7 min after administration of  
contrast agent) decreased significantly both in patients 
with Child A (P < 0.05) and Child C (P < 0.001) cirrho-
sis compared with normal liver, and a statistically signifi-
cant signal intensity decrease was also observed from the 
patients with Child A to those with Child C cirrhosis  
(P < 0.01). Their explanation was that the decreased 
uptake of  the Levovist microbubbles by the reticulo-
endothelial system in cirrhotic liver due to impaired 
functional capacity of  the Kupffer cells secondary to in-
creased portosystemic shunting of  blood resulted in the 
observed difference between the groups. Kaneko et al[36] 

compared the parenchyma enhancement with the degree 
of  liver dysfunction using pulse-inversion ultrasonog-
raphy and Levovist. They found there was a significant 
inverse correlation between the gray scale of  the liver 
parenchyma and the hepatic fibrosis index (r = -0.809, 
P < 0.01). The average signal intensity of  the liver pa-
renchyma was 144.5 in a normal liver, 133.6 in chronic 
hepatitis, and 102.6 in liver cirrhosis, demonstrating a 
significant difference between a normal and cirrhotic 
liver (P < 0.01). They concluded that the signal intensity 
of  a microbubble disruption of  the liver parenchyma in 
the late phase of  enhancement with Levovist could re-
flect the degree of  hepatic fibrosis. 

CONCLUSION
In conclusion, hepatic vein arrival time and enhancement 
level of  liver parenchyma in late phase may be valuable 
clues for the diagnosis of  liver cirrhosis. Most researchers 
believe that the hemodynamic changes in cirrhotic liver 
mainly happen within the liver which results in faster 
hepatic vein transit time on CEUS compared with normal 
liver. Taking a hepatic vein arrival time of  less than 21 s as 
the diagnostic criteria, the sensitivity, specificity, positive 
predictive value and negative predictive value of  CEUS 
in diagnosis of  liver cirrhosis was 100%, 80%, 74% and 
100%, respectively. Many researchers also pointed out 
that the hepatic vein arrival time correlated with the 
severity of  liver fibrosis. Different contrast agents result in 
different hepatic vein arrival time on CEUS. The second 
generation contrast agent SonoVue, has faster hepatic 
vein arrival time than Levovist in normal and hepatitis 
patients. Finally, hepatic metastasis will also result in a 
faster hepatic vein arrival time on CEUS, which is another 
limitation of  hepatic vein arrival time in the diagnosis of  
liver cirrhosis. Enhancement level of  liver parenchyma 
in late phase of  CEUS shows a negative correlation with 
the severity of  liver cirrhosis. Due to dysfunction of  
Kupffer cells in cirrhotic liver, the enhancement of  liver 
parenchyma in late phase was much darker than normal 
liver. In conclusion, CEUS may be an easy and valuable 
non-invasive method for diagnosis and assessment of  liver 
cirrhosis. 
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Abstract
This paper briefly summarizes the development of 
magnetic resonance imaging and spectroscopy in 
medicine. Aspects of magnetic resonancephysics and 
-technology relevant at ultra-high magnetic fields as 
well as current limitations are highlighted. Based on 
the first promising studies, potential clinical applications 
at 7 Tesla are suggested. Other aims are to stimulate 
awareness of the potential of ultra-high field magnetic 
resonance and to stimulate active participation in much 
needed basic or clinical research at 7 Tesla or higher.

© 2010 Baishideng. All rights reserved.

Key words: Alzheimer’s disease; Brain tumors; Cartilage; 
Functional magnetic resonance imaging; Magnetic 
resonance; Magnetic resonance spectroscopy; Multiple 
sclerosis; Ultra-high field magnetic resonance methods

Peer reviewer: Juebin Huang, MD, PhD, Assistant Professor, 
Department of Neurology, The University of Mississippi Medical 
Center, 2500 N. State Street, Jackson, MS 39216, United States

Moser E. Ultra-high-field magnetic resonance: Why and when? 
World J Radiol 2010; 2(1): 37-40  Available from: URL: http://

www.wjgnet.com/1949-8470/full/v2/i1/37.htm  DOI: http://
dx.doi.org/10.4329/wjr.v2.i1.37

From the very beginning, optimum field strength was a 
topic of  debate in clinical proton magnetic resonance 
imaging (MRI)[1]. Earlier on it was even suggested that 
whole-body MRI would not be possible above 10 MHz 
or 0.24 Tesla[2]. Furthermore, based on ex vivo studies it 
was expected that T1-contrast between various tissues 
and pathologies in the human body would strongly 
diminish above 100 MHz, leading to reduced image 
contrast[3]. Diagnostic contrast based on relaxation times, 
in general, was shown to be strongest at very low fields. 
As we all know, however, the brilliance of  high-field 
MRI (≥ 1.5 T) won the race and also benefited magnetic 
resonance spectroscopy (MRS)[4]. After a decade of  high-
end clinical 1.5 T MRI, and based on initial experience 
at 4 T in a few laboratories, research at 3 T started and 
translated very well into clinical imaging[5,6]. Despite 
the fact that 3 T clinical MR-systems started selling 
spectacularly, physicists and engineers continued to work 
on 7 T and higher fields in human MR-research (following 
the leading chemical and biochemical NMR work as 
well as animal research, now operating at up to 20 T 
for small animals). Note, however, that the first 7 T/90 
cm magnet was already installed in 1999 demonstrating 
increasing signal-to-noise ratio (SNR) and more artifacts 
as compared to 4 T[7].

Still, it seems to be appropriate to ask whether or not 
patients will ever actually benefit from higher magnetic 
field strengths in clinical MRI and MRS, or will this field 
stay an academic playground? This paper will briefly 
review some MR-physics and -technology at around 7 T, 
and touch on current and future applications in clinical 
diagnostics.

Basically, the application of  MR is not simple but 
the technique is rather versatile[8] in stark contrast to 
computed tomography or positron-emission tomography 
(PET) where endogenous contrast manipulation is rather 
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limited [i.e. image contrast is often achieved via exogenous 
contrast agents (CAs) or tracers]. In MR, three different 
magnetic fields (i.e. static, circular polarized, (linear) 
orthogonal gradients) have to interact properly and 
several data acquisition parameters need to be adjusted 
in a sensible way in order to obtain reliable diagnostic 
information. Furthermore, it is not so much the field 
strength (and corresponding resonance frequency) but 
the wavelength within the human body, which dictates 
interaction and, thus, information content. The lower the 
field strength the longer the length of  RF-waves in the 
tissue will be, changing from about 1 m for protons at 
1.5 T to several centimeters at ≥ 7 T. It seems obvious 
that the much shorter wavelength in proton MRI - now 
in the range of  body organ dimensions - will lead to 
changing interactions and artifacts. This leads to standing 
and traveling wave phenomena[9-11] depending on the 
dielectric properties of  the sample causing, at least, 
B1-inhomogeneities and inhomogeneous sensitivity 
profiles (e.g. “center bright” in the brain). In addition, 
spin-lattice and spin-spin interactions, i.e. relaxation 
times, change with field strength and quite possibly, the 
various relaxation mechanisms for different nuclei may 
be weighted differently. Therefore, we cannot expect to 
simply copy-and-paste techniques developed at lower 
fields and just linearly adjust certain sequence parameters 
(e.g. flip angle, echo time, repetition time).

Proton imaging at ≤ 3 T, the workhorse in clinical 
MRI, is currently rather advanced yet endures sensitivity 
limits for several applications. On the other hand, 
specific absorption rate (SAR) represents a legal limit, 
which is independent of  the magnetic field strength 
and, thus, is more often met at higher fields as SAR 
increases with the square of  the magnetic field strength. 
Therefore, and due to the lack of  efficient whole body 
coils at 7 T or higher, local SAR replaces global SAR 
(Note: local SAR limit is about 5 times higher). As a rule 
of  thumb, every application or pulse sequence hitting 
the SAR limit at 3 T cannot be used the same way at 7 T. 
On the other hand, any application lacking SNR should 
definitely be carried over to 7 T as long as SAR is not 
prohibitive. Alternatively, one could always try to change 
excitation pulse length (may cause offsets, increasing 
chemical shift artifacts) or type (e.g. adiabatic pulses), 
and/or repetition time, to reduce SAR in a particular 
patient group. 

Imaging techniques originally developed at 1.5 T 
and already applicable at 7 T include high-resolution 
anatomical MRI[12,13], BOLD-based functional MRI[13,14], 
functional MR-Angiography [13,15], and susceptibility 
weighted imaging (SWI)[16,17]. In addition to standard 
magnitude images, phase images reveal new and additional 
information at 7 T[13,17,18]. Basically, these techniques do 
not use 180o-pulses, which are critical in terms of  SAR 
and B1-homogeneity, and gain from increased image SNR 
or time series SNR. The latter, relevant for functional 
MRI (fMRI), is limited by physiological noise[19]. On the 
other hand, high spatial resolution is not only possible 

but a must at 7 T in order to fully exploit the advantages 
at high field strength[13,20-23]. As a consequence, 1 mm3 
isotropic resolution is not only achievable for anatomical 
but also for functional MRI and this information may 
be mapped onto each other easily[13]. This enables brain 
research and pre-clinical tumor diagnosis to be performed 
at a new level, greatly helping neurosurgeons. As of  today, 
there are first results available[13,24] and several applications 
are already close to clinical use. Of  course, they still 
require confirmation by larger, multi-center studies: 
musculo-skeletal applications, in particular cartilage[13,25-27], 
multiple sclerosis[12,28], and whole body imaging[13]. Based 
on these promising studies, I would expect preoperative 
brain tumor surgery planning, using high resolution fMRI, 
multiple sclerosis and Alzheimer’s disease, using high 
resolution MRI and SWI, and early diagnosis of  defects 
in cartilage and vertebral discs to represent the first useful 
clinical applications of  7 T proton MRI.

Imaging methods not gaining as much at 7 T include 
diffusion weighted imaging (DWI), which gains in SNR 
but not from the basic physical mechanism which is 
field independent, and contrast-enhanced MRI, when 
standard, gadolinium-based CAs are used. Of  note, iron-
based CAs like USPIO are now approved for human use 
and will do a much better job at 7 T. In addition to MRI, 
MRS is gaining substantially from the high field, which 
was known for a long time in ex vivo NMR and animal 
studies[4,13,29,30]. Non-proton techniques, employing, e.g. 
23Na and 31P nuclei, gain even more as they are lacking 
sensitivity at lower fields due to the lower gyromagnetic 
ratio and resonance frequency. Sodium imaging, which 
was developed at 1.5 T many years ago[31,32], despite its 
general importance in many diseases like stroke or brain 
tumors, might become a useful clinical tool only at 7 
T or higher[13,33]. This may improve clinical diagnosis 
in stroke patients and help to better differentiate brain 
tumors and surrounding edema. I believe that 31P-MRS 
will gain the most from higher fields. Why? Because 
for many applications 31P-MRS and MRSI need better 
SNR than available at 3 T today and will profit also 
from the increased spectral dispersion (line splitting), 
enabling improved quantification of  metabolites like 
phosphocreatine, adenosine triphosphate, inorganic 
phosphate, phosphomonoesters and phosphodiesters, 
relevant for energy metabolism. Furthermore, there is 
no nuisance background to be suppressed, like water 
and fat in proton-MRS. Finally, in a recent study, we 
demonstrated that metabolites’ T1-relaxation times in 
human skeletal muscle actually decreased with field 
strength[34], as compared to 1.5 T and 3 T[35], enabling 
faster scanning without loss in SNR (or saturation). This 
will enable fast, dynamic and localized 31P-MRS[36,37] to 
study energy metabolism in patients and also higher 
resolution 31P-MRSI (i.e. spectroscopic imaging), thus 
increasing specificity. In my opinion, 31P relaxation times 
are also decreasing in human brain tissue if  interpreted 
correctly[38]. Potential clinical applications are all kinds 
of  metabolic disturbances of  skeletal muscles based on 

38 January 28, 2010|Volume 2|Issue 1|WJR|www.wjgnet.com



genetic or functional defects like muscle dystrophies or 
diabetes.

What has been discussed so far, can be achieved on 
a “standard”, first generation 7 T system, i.e. with single 
channel transmit and local multi-array-receive coils (i.e. 
in the brain, skeletal muscle, joints, cartilage, etc.). When 
attempting to scan the body trunk, e.g. heart, liver, 
kidneys, multi-channel transmit techniques are inevitable 
and they also may improve brain and joint imaging to 
name a few. However, this technology is still under 
development and problems with inhomogeneous and 
inefficient body excitation, causing not only degraded 
image quality but also SAR problems, have to be solved 
within the next few years[9-11,13]. Furthermore, multi-
array receive coils are far from mature today. Together 
with improved coil designs, dedicated artifact reduction 
techniques have to be developed to achieve robust and 
reliable imaging quality within legal SAR limits[13]. At the 
end, it will be the best possible combination of  organ 
size and location, tissue structure and composition, 
Tx/Rx coil, imaging protocol and contrast mechanism 
that will provide the best data quality available in a given 
time. Much improved MRI and MRS at UHF may also 
help foster multi-modal imaging, e.g. MR-PET[8,13]. This 
novel hybrid technique may help to gain more relevant 
information to better characterize the complexity of  
normal organ functions and, subsequently, characterize 
their breakdown, e.g. in brain tumors. This should pave 
the way towards novel and validated individualized 
therapies.

To summarize, novel contrast mechanisms, applicable 
through advanced technology and a sound understanding 
of  MR-physics and -technology, pave the way to novel 
clinical applications. However, there are not only technical 
challenges, clinicians will also have to rethink and expand 
their current knowledge used to interpret diagnostic 
images at 1.5 T and 3 T. In some areas, such as standard 
contrast agent applications or DWI, nothing may change 
dramatically and one could argue to stay with the current 
3 T systems. In other areas, however, only 7 T or even 
higher fields will enable scientists and clinicians to fully 
explore the potential of  magnetic resonance techniques 
towards evidence based clinical diagnostics. Nevertheless, 
I would like to end this preliminary account on UHF-
MR with a word of  caution. We are only at the very 
beginning of  UHF-MR applications and both hardware 
and measurement techniques are immature and need to be 
improved substantially before any sound conclusions on 
the clinical use of  UHF-systems in general can be made. 
In particular, several safety issues have to be clarified, 
including the potential hazard of  body implants, in order 
to minimize any risk to patients and operators.
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Abstract
Allergic bronchopulmonary aspergillosis (ABPA) is a 
complex hypersensitivity syndrome triggered against 
antigens of Aspergillus  fumigatus , a fungus that most 
commonly colonizes the airways of patients with 
bronchial asthma and cystic fibrosis. It presents clinically 
with refractory asthma, hemoptysis and systemic 
manifestations including fever, malaise and weight loss. 
Radiologically, it presents with central bronchiectasis 
and recurrent episodes of mucus plugging. The mucus 
plugs in ABPA are generally hypodense but in up to 
20% of patients the mucus can be hyperdense on 
computed tomography. This paper reviews the literature 
on the clinical significance of hyperattenuated mucus in 
patients with ABPA.
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Allergic bronchopulmonary aspergillosis (ABPA) is 
a complex immunologic syndrome complicating the 
course of  various pulmonary disorders including bron-
chial asthma[1]. The disease was first described by Hinson 
et al[2] as an association of  bronchial asthma with hyper-
sensitivity to Aspergillus fumigatus. It manifests clinically 
with uncontrolled asthma, hemoptysis and systemic 
manifestations such as fever, weight loss, malaise and 
fatigue[1]. The interest in this entity stems from the fact 
that that the condition responds remarkably to gluco-
corticoid therapy, and early detection and treatment may 
eliminate the risk of  progression to end-stage fibrotic 
lung disease[3]. Radiologically, it is characterized by cen-
tral bronchiectasis (bronchiectasis limited to the medial 
half  of  the lung, at a point midway between the hilum 
and the chest wall) with distal tapering of  bronchi and 
recurrent episodes of  mucus plugging[4]. The bronchial 
mucus plugging in ABPA is generally hypodense; how-
ever, the mucus secretions can also have high attenuation 
computed tomography (CT) values[5]. High attenuation 
mucus is said to be present if  the mucus plug is visually 
denser than the normal skeletal muscle (Figure 1).

The occurrence of  high attenuation mucoid impaction 
in ABPA was first described by Goyal et al[6] in 1992, 
and it is likely that this radiological diagnosis was missed 
previously[7] and even after 1992[8,9]. Subsequently, Logan 
et al[10] described the occurrence of  high density mucus 
plugs in 4 out of  14 (28%) patients with ABPA over a 
4 years period. Following this, numerous reports have 
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described the finding of  high attenuation mucus in 
ABPA[11-15]. Currently, the presence of  hyperdense mucus 
is considered a characteristic, if  not a pathognomonic, 
finding in ABPA[16]. The constituents of  hyperdense 
mucus are not entirely clear. The hyperattenuating mucus 
probably has a basis similar to that seen in patients with 
allergic fungal sinusitis[17,18]. An initial theory proposed 
the role of  hemosiderin occurring within inspissated 
mucin as responsible for the areas of  increased signal 
intensity. This was disputed by Zinreich et al[19] who were 
unable to identify increased hemosiderin within typical 
allergic fungal mucin. The hyperattenuating mucus 
plugging seen on CT scans is currently attributed to the 
presence of  calcium salts and metals (the ions of  iron and 
manganese)[20] or desiccated mucus[21].

The clinical significance of  high-attenuation mucoid 
impaction in ABPA was hitherto unknown. However, in 
a recent study, we screened 755 patients with bronchial 
asthma for ABPA using the Aspergillus skin test. Two 
hundred and ninety one patients (38.5%) were found to 
be aspergillus skin test positive, and ABPA was diagnosed 
in 155 patients. In a multivariate analysis, both the severity 
of  bronchiectasis and high-attenuation mucus predicted 
relapses of  ABPA (OR: 1.23, 95% CI: 1.13-1.42 and OR: 
3.61, 95% CI: 1.23-10.61, respectively). However, failure 
to achieve long-term remission was influenced only by 
the severity of  bronchiectasis but not by hyperdense 
mucus (OR: 1.55, 95% CI: 1.29-1.85 and OR: 3.41, 95% 
CI: 0.89-13.1, respectively)[14]. The exact reason why 
hyperdense mucus is associated with recurrent relapses 
remains unclear but one reason may be that the mucus 
is more impacted, and the higher attenuation points to 
a more inspissated type of  mucus. It is also probable 
that it defines a subgroup of  patients with more severe 
inflammation. Recently, interleukin-10 promoter and 
surfactant protein polymorphisms have been associated 
with genetic susceptibility to ABPA[22,23]. It may well be 
hypothesized that patients with hyperdense mucus have 
specific genetic alterations that lead to formation of  
high attenuation mucus, and the genetic abnormalities 

dictate a disease with more severe inflammation and 
poorer outcomes. However, more research is needed to 
investigate the exact reason for this association. 

High attenuation mucus also has an important conno-
tation in patients with cystic fibrosis (CF). Unlike asthma, 
recognition of  ABPA in CF is difficult as ABPA shares 
many clinical characteristics with poorly controlled CF 
lung disease without ABPA. Wheezing (due to intercur-
rent infections), transient pulmonary infiltrates, bron-
chiectasis and mucus plugging are common manifesta-
tions of  CF-related pulmonary disease with or without 
ABPA[3]. The finding of  hyperdense mucus with CT in 
patients with CF suggests that the lung disease is due to 
ABPA rather than CF per se[15].
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Figure 1  High-resolution computed tomography (CT) of the chest showing 
high attenuation mucus in a patient with allergic bronchopulmonary asper-
gillosis (solid arrow). The mucus is denser than the paraspinal skeletal muscle 
(asterisk).
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Abstract
Attrition and eventual loss of articular cartilage are 
important elements in the pathophysiology of osteo-
arthritis (OA). Preventing the breakdown of cartilage 
is believed to be critical to preserve the functional 
integrity of a joint. Chondral injuries are also common 
in the knee joint, and many patients benefit from carti-
lage repair. Magnetic resonance imaging (MRI) and ad-
vanced digital post-processing techniques have opened 
possibilities for in vivo  analysis of cartilage morphol-
ogy, structure, and function in healthy and diseased 
knee joints. Techniques of semi-quantitative scoring 
of human knee cartilage pathology and quantitative 
assessment of human cartilage have been developed. 
Cartilage thickness and volume have been quantified 
in humans as well as in small animals. MRI detected 
cartilage loss has been shown to be more sensitive 
than radiographs detecting joint space narrowing. It is 
possible to longitudinally study knee cartilage morphol-
ogy with enough accuracy to follow the disease-caused 
changes and also evaluate the therapeutic effects of 
chondro-protective drugs. There are also several MRI 
methods that may allow evaluation of the glycosami-
noglycan matrix or collagen network of articular car-

tilage, and may be more sensitive for the detection of 
early changes. The clinical relevance of these methods 
is being validated. With the development of new thera-
pies for OA and cartilage injury, MR images will play an 
important role in the diagnosis, staging, and evaluation 
of the effectiveness of these therapies.
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INTRODUCTION
Osteoarthritis (OA) is viewed as the clinical and patho-
logical outcome of  a range of  disorders that result in 
structural degradation and functional failure of  synovial 
joints. OA occurs when the dynamic equilibrium be-
tween the breakdown and repair of  joint tissues becomes 
unbalanced, often in a situation in which the mechanical 
loads applied exceed those that can be tolerated by the 
joint tissues. This progressive joint failure may cause pain 
and disability and is being ranked as the leading cause of  
disability in the elderly. Although articular cartilage lacks 
nerves, recent studies have shown that cartilage pathol-
ogy is associated with clinical symptoms[1,2]. Currently, 
no well accepted medical treatment for OA with struc-
ture or disease modification efficacy exists. Attrition and 
eventual loss of  articular cartilage are crucial elements 
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in the pathophysiology of  OA. Because of  the avascular 
nature and small chondrocyte population in adults, the 
capacity of  injured or degenerated cartilage to synthesize 
and secrete its extracellular matrix is poor. The healing 
response to cartilage injury and degeneration also de-
creases with age. Preventing the breakdown of  cartilage 
is believed to be critical to preserve the functional integ-
rity of  a joint. Chondral injuries are common in the knee 
joint, and many patients benefit from cartilage repair. 
A number of  promising therapeutic agents and surgi-
cal procedures are currently under development in this 
regard. In addition to investigating the pathophysiology 
of  cartilage generation, there is a significant need for a 
non-invasive method of  monitoring OA to judge the 
success of  potential chondroregenerative and surgical 
treatments. Magnetic resonance imaging (MRI) offers a 
unique opportunity to characterize various pathologies 
of  articular cartilage in vivo.

MRI detected cartilage loss has been shown to be 
more sensitive than radiographs detecting joint space 
narrowing (JSN). Amin et al[3] reported that cartilage 
loss was significantly associated with semi-quantitatively 
graded JSN of  weight-bearing radiographs in the femoral-
tibia joint, however, there was a substantial proportion 
of  knees in which cartilage loss was detected with MRI 
but no radiographic JSN was observed. Raynauld et al[4] 

described no significant change in the medial femoral-tibia 
compartment of  weight-bearing semiflexed radiographs 
positioned with fluoroscopy in 32 patients with OA 
over 2 years, but reported a highly significant change 
in cartilage volume from MRI both in the medial and 
lateral femoral-tibia compartment. The knee is the largest 
weight-bearing joint in the body and therefore most 
commonly affected by OA. Chondral injury is a frequent 
cause of  pain and knee-function limitation. Cartilage 
repair surgery is a highly dynamic research field, and there 
is a pressing need for reliable and objective monitoring in 
order to evaluate and compare various surgical treatment 
options. This review discusses in vivo MRI methodology 
of  the morphological assessment of  knee cartilage, 
both in clinical studies and experimental settings. Novel 
techniques with potential of  assessing macromolecular 
matrix of  cartilage are also briefly discussed.

MR image acquisition techniques 
for human knee
MR images capable of  resolving various structures of  
the knee joint require a good signal-to-noise ratio, good 
spatial resolution, and good tissue contrast. Given that 
knee cartilage is only 1.3-2.5 mm thick in healthy human 
subjects, and because of  its complex morphology, knee 
cartilage presents a challenge in MRI[5-8]. The challenges 
are even greater in OA patients, as a decrease in signal 
and thinning make delineation of  the articular cartilage 
more difficult. 

MRI assessment of  cartilage repair requires cartilage-
sensitive sequences such as fat-suppressed (FS) 3D T1-

weighted gradient echo (GE) sequences and proton-
density and T2- or intermediate weighted fast spin echo 
(FSE) techniques. The pattern of  joint structures as seen 
on MR images can be modified in various ways by the 
choice of  MR pulse sequences. The MR sequences that 
have been most commonly used for cartilage assessment 
are FS T1-weighted spoiled GE sequences. FS is impor-
tant for increasing the dynamic range between cartilage 
and adjacent structures and to eliminate chemical shift 
artifacts at the cartilage-bone interface. FS enhances 
the contrast for the cartilage and it has been reported 
that it can lead to better reproducibility for volumetric 
measurements[9]. GE sequences allow very short time 
of  echo (TE), and this improves signal sensitivity when 
small structures are imaged. FS GE sequences with short 
TEs and relatively large flip angles provide T1-weighted 
images where the intra-articular fluid is less intense than 
the cartilage and fat is suppressed therefore maximizing 
the contrast between cartilage, fluid and marrow, with 
cartilage showing a bright signal. Because of  the rela-
tively short T2 relaxation times in articular cartilage, es-
pecially in deep cartilage adjacent to the bone interface, 
MR sequences for quantitative volume measurements 
should be used with TE as short as possible, preferably 
below 10 ms. A longer TE leads to cartilage signal decay. 
Eckstein et al[10] reported a significant underestimation 
of  tibial cartilage thickness compared to CT arthrogra-
phy, when using a GE sequence with a TE of  11 ms. It 
is particularly important to avoid this confounding effect 
of  T2 relaxation on volume measurement in longitudinal 
studies of  OA progression.

In general, 3D-GE sequences with FS allow the 
exact depiction of  the thickness and surface of  cartilage, 
whereas dual FSE sequences outline the normal and 
abnormal internal structure of  hyaline cartilage. Cartilage 
demonstrates intermediate signals in intermediate - and 
T2-weighted sequences, whereas synovial fluid is bright 
and the internal structure of  the cartilage displays a 
more heterogeneous signal and ‘internal’ pathological 
changes may be more readily displayed (Figure 1). 

Sagittal scan plane is commonly used for cartilage 
evaluation. Although there is no current consensus on 
the optimal resolution for imaging knees in OA, 1.5 mm 
section thickness and 0.3 mm in-plane resolution has 
been commonly used, as these allow total coverage of  the 
knee with imaging times of  10-12 min. Rubenstein et al[11] 
demonstrated that a voxel size under 300 μm is required 
to reveal fraying of  the articular surface of  cartilage. In 
a systematic comparison of  images with different in-
plane resolutions, Hardya et al[12] reported significantly 
larger precision errors for cartilage volume measurements 
derived from the lower-resolution (0.55 mm × 0.55 mm)  
images than for those from the higher-resolution (0.28 mm  
× 0.28 mm) images in the femur and tibia. Wluka et al[13] 
and Cicuttini et al[14] measured the rate of  progression 
in tibial cartilage using sagittal images and also using 
reformatted coronal images. They reported a higher rate 
of  progression of  tibial cartilage loss in the reformatted 
coronal vs original sagittal images. These findings indicate 
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that changes may be more readily detected in coronal views 
of  the knee. Which protocol (sagittal or a combination 
of  axial and coronal scans) is preferable remains to be 
confirmed by future studies. 

For human studies, MR images should be acquired 
within reasonable examination times (< 20 min per pulse 
sequence), in order to avoid movement artifacts, maintain 
patient comfort, and contain costs. Recently developed 
high-resolution 3D isotropic cartilage-sensitive sequences 
at 3 Tesla will further improve the assessment of  quantita-
tive morphologic aspects of  volumetric cartilage[15]. New 
coil technologies with multi-element design allow the 
use of  parallel imaging, which can additionally decrease 
the scan time. Higher magnetic field could potentially 
increase the quality of  cartilage images, while scan times 
can be kept well below 10 min. At 3.0T, it was found that 
the signal to noise ratio and contrast to noise ratio ef-
ficiency for cartilage increased by a factor of  1.8 vs 1.5T 
for spoiled GE sequences. Cartilage volume and thickness 
measurements at 3.0T showed only small (non-significant) 
differences as compared with measurements at 1.5T[16,17]. 
Using a porcine model of  artificial cartilage lesions, it was 
reported that the highest lesion detection rate was found 
with an intermediate-weighted FSE sequence at 3.0T (90% 
vs 62% at 1.5T), whereas the lesion grade was most accu-

rately evaluated with spoiled GE sequences at 3.0T (83% 
vs 70% at 1.5T). Receiver operator characteristics analyses 
in the same model confirmed improved diagnostic per-
formance in detecting cartilage lesions at 3.0T if  high-
resolution imaging protocols (slice thickness ≤ 2 mm 
and in-plane resolution ≤ 0.39 mm) were used[18,19]

.  Low-
field systems should not be used for cartilage imaging as 
previous studies have shown that low-field MR scanners 
operating at field strengths of  0.18-0.20T have substantial 
limitations compared to high-field systems (1.5T) in visu-
alizing cartilage pathology[20]. Further studies to improve 
both spatial and contrast resolution using novelly designed 
sequences are still ongoing[20,21]

.

Studies have shown that knee bends and squatting 
can cause a reduction of  approx. Five percent in patellar 
cartilage volume and thickness and this effect can last for 
approx. 90 min[6]. To avoid differences in subject condi-
tions due to differences in levels of  physical activity prior 
to imaging, for cartilage volume and thickness measure-
ments, study subjects need to rest for 1 h prior to image 
acquisition. 

MR IMAGE ACQUISITION TECHNIQUES 
FOR ANIMAL KNEE 
A number of  animal models have been devised to in-
vestigate the pathogenesis of  OA and cartilage trauma. 
It is a great advantage for research that the time course 
of  OA in animal models is much more rapid than the 
development of  OA pathology in humans. The knee 
is the mostly used joint for OA induction. MRI has al-
ready been applied to investigate a variety of  OA animal 
models, including mouse, rat, guinea pig, rabbit, monkey, 
goat and dog[5]. The high resolution requirement for 
small animal knee MRI demands high performance of  
MR instruments. For imaging of  large animals like dog 
and goat, clinical human scanners are commonly used, 
mostly together with a RF coil designed for human 
knees or wrists. For signal optimization, suitable RF coils 
for animal knee can be custom-made and interfaced to 
clinical human scanners. 

High field research MR scanners, usually with a 
magnetic field of  4.7T or 7T, tend to be equipped with 
small bores which can hold up to the size of  rabbits or 
rats. The RF coils are usually home-made, or made by 
some small specialist companies. The most commonly 
used is single-turn solenoid RF coils[8]

. They are designed 
to open at the top. Animals can be placed on a Perspex 
platform with one hind leg extending through the RF 
coil, with the knee centered in it. While designed to 
completely cover the knee joint of  the animal species 
imaged, the length and diameter of  the coil are optimized 
to minimize the image field of  view so as to obtain a 
good filling factor. To prevent motion, the animal’s paw 
on the leg being scanned can be secured to a secondary 
lower platform. With clinical scanners, RF coils suitable 
for imaging human fingers can be used for imaging rat 
knee, although quantification of  cartilage thickness or 
volume using this set-up remains challenging. 
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Figure 1  Comparison of gradient echo (GE) sequence and fat-suppressed 
(FS) sequence in depicting intra-cartilage lesion. A: Sagittal fat saturated 
spoiled GE image of the knee in a patient with early OA and a cartilage fissure 
(arrow); B: Sagittal FS intermediate weighted image of the same patient with 
the fissure (arrow). Note the difference in contrast with bright cartilage signal 
in (A) and intermediate cartilage signal in (B). Joint effusion in (B) with bright 
signal improves visualization of the cartilage fissure (Reproduced by permission 
of John Wiley & Sons, Ltd from Reference 8).
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Similar MR sequences for human studies are used for 
animal studies. With high field MR scanners it is feasible 
to obtain 3D data sets of  less than 100 micro meter 
resolution with scanning duration less than 1 h[22,23]. 
In the study by Tessier et al[24]

, MR image acquisition 
protocol for guinea pig knee cartilage evaluation was 
detailed. A 4.7T magnet and an FS 3D-GE sequence 
were used. The length and diameter of  the solenoid RF 
coil used were optimized to minimize the image field of  
view (30 mm × 30 mm × 30 mm). A transverse image of  
the knee was used to select the orientation of  the sagittal 
view of  the 3D images such that they were parallel to 
the medial condyle. The image matrix was zero-filled 
to 512 × 256 × 128 after 3D Fourier transform and an 
apparent image resolution of  59 mm × 117 mm × 
234 mm was achieved. The highest resolution (59 mm) 
was chosen across the cartilage thickness (approx 330 mm). 
For assessment of  rat knee joint, Wang et al[22] used a 
4.7T magnet; the RF coil was an in-house built double-
balanced matched 3 cm diameter copper sheet solenoid, 
and was 1 cm in length. 3D data set at the sagittal 
plane was acquired using a spoiled multi-echo FS 
3D-GE (TR = 75 ms, flip angle = 30°, 5 echoes TE1 =  
2.8 ms, TE2 = 6.0 ms, TE3 = 9.2 ms, TE4 = 12.5 ms, 
TE5 = 15.7 ms). Echo summation provided a means 
of  enhancing SNR and enabled acquisition of  a high 
resolution 3D image of  the rat knee in approximately 
50 min. The images covered the entire knee joint with a 
resolution of  59 mm × 117 mm × 234 mm.

TECHNIQUES FOR ASSESSING 
CARTILAGE COMPOSITION
During the early stages of  OA, articular cartilage constitu-
ents may degenerate before any substantial morphological 
changes occur. In recent years, a significant amount of  
research has been directed toward the development of  
techniques for assessing the loss of  the macromolecular 
matrix of  articular cartilage in the absence of  macroscopic 
lesions. One of  the main motivations behind this work 
has been the ongoing development of  drugs designed to 
slow or reverse the development of  OA at this early stage. 
During disease progression, changes in the tissue MR re-
laxation values [T1, T2, and T1 rho (or, T1 in the rotating 
frame)], diffusion-coefficient, magnetic transfer, sodium 
MRI and ultra-short TE imaging, and delayed gadolinium 
enhanced MRI of  cartilage (dGEMRIC) may reflect early 
alterations in the tissue architecture and biochemical com-
position[5,25-27]. Among them, the most promising three 
techniques include (1) dGEMRIC; (2) T1 rho (spin-lock) 
imaging, and (3) T2 maps[20,21,25,28]

.

dGEMRIC works by allowing negatively charged 
gadolinium-diethylenetriamine pentaacetic acid (DTPA)-2 

to distribute in cartilage in inverse proportion to the 
negatively charged glycosaminoglycans. One of  the 
most common MR contrast agents, gadopentetate 
dimeglumine (Gd-DTPA-2; Magnevist®, Schering, Ber-
lin, Germany), has a negative charge and will therefore 

show a lower concentration in cartilage areas of  high 
glycosaminoglycan concentrations following penetration 
via diffusion. Double-dose Gd-DTPA-2 is injected intra-
venously, and a delay of  90 min is used to allow the con-
trast material to diffuse into the cartilage. A map of  the 
T1s in the cartilage can be computed, which reflects the 
underlying glycosaminoglycan content. Areas of  glycos-
aminoglycan depletion can be seen in diseased cartilage. 
T1 rho (spin-lock) imaging employs a long, low-power, 
RF pulse at the resonant frequency that follows a 90° 
pulse and that is applied along the axis of  the magnetiza-
tion vector in the transverse plane. This pulse serves to 
“lock” the spins along the pulse, reducing the T2 decay 
that would normally cause the magnetization to dephase 
in the plane. Despite the reduction of  T2 decay, there 
is still a loss of  magnitude of  the magnetization that is 
characterized by the time constant T1 rho (i.e. “T1 in the 
rotating frame”). This sequence is sensitive to the loss 
of  proteoglycans, which is detected as an increase in T1 
rho. The actual calculation of  the spatial distribution of  
T1 rho values (maps) requires that the sequence be re-
peated several times while systematically varying the time 
length that the spin-lock pulse is applied. The T2 maps 
of  articular cartilage are a function of  the water content 
of  the tissue. Measurement of  the spatial distribution of  
the T2 may reveal areas of  increased or decreased water 
content, which correlate with cartilage damage. Focal in-
creases in T2 within cartilage have been associated with 
matrix damage, particularly loss of  the collagen matrix. 

Intuitively, compositional measures may have a sig-
nificant role to play in examining changes that occur in 
early disease before gross defects are apparent, whereas 
morphologic measures - both semiquantitative and 
quantitative - may have a greater role in the later stages 
of  disease. Overall, these cartilage composition imaging 
techniques require dedicated staff  and careful attention 
to the MRI parameters and timings. The major draw-
back of  the dGEMRIC technique is the long period of  
time, between the time of  contrast agent injection and 
the commencement of  imaging, needed to allow diffu-
sion of  the contrast into the cartilage. A lesser problem 
is the relatively long acquisition time needed to acquire 
sufficient data to create the T1 maps using a series of  
inversion-recovery sequences, during which the subject 
must remain motionless. The one limitation of  T1 rho 
technique is that it is not commonly available on com-
mercial MR systems. Custom software is also necessary 
to reconstruct and view the T1 rho maps. With T2 maps, 
correlation between T2 times and the changes in the 
macromolecular matrix is less certain. Further research 
is needed to show how clinically feasible these new bio-
markers are as measures of  early cartilage degeneration. 
Which of  these techniques alone or perhaps in combina-
tion will prove most useful remains to be determined. 
Particularly for supposedly ‘early’ changes of  OA, how-
ever, the natural course of  these changes and the rela-
tionship with clinical outcome remain to be established. 
Additional research and validation is needed to guide 
interpretation of  the results of  these techniques. 
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MORPHOLOGICAL EVALUATION OF 
HUMAN KNEE CARTILAGE
Conventional radiography is the least expensive method 
for imaging joint structure. The progression of  knee OA 
has been assessed by measuring changes in the width 
of  the space between the medial femoral condyle and 
medial tibial plateau on plain radiographs, as the medial 
femorotibial compartment is the most common site 
of  involvement in knee OA. A reduction in cartilage 
thickness is inferred from a reduction in this space. 
Observational studies show a weak relationship between 
radiographic structural change, pain, and function in 
OA[29]. Measurement errors related to the variability in 
knee positioning required considerable effort for the 
standardization of  radiographic protocols, including the 
use of  fluoroscopy. Progression in JSN also reflects OA 
changes in joint tissues other than articular cartilage, 
particularly extrusion and degenerative changes of  the 
menisci. Data also suggest that knee pain itself  can 
modify the appearance of  joint space width in weight-
bearing extended view radiographs[30]. 

Knee cartilage morphological evaluation with MRI 
includes qualitative assessment of  articular cartilage 
pathology, semi-quantitative scoring of  articular cartilage 
pathology, and quantitative assessment of  articular 
cartilage volume and thickness. It has been reported that 
MRI based volume measurement of  knee cartilage can 
demonstrate change undetectable with radiographs[4]. 
Using MRI assessment as the gold standard for cartilage 
loss, the specificity of  radiography in detecting cartilage 
loss in the medial compartment was 91%; however, the 
sensitivity was only 23%[31]. MRI also has important 
applications in the study of  cartilage repair. Specifically, 
MRI may (1) help to estimate the size, nature, and location 
of  lesions preoperatively, in order to optimize surgical 
planning; (2) help to evaluate the quality and success of  
tissue repair processes after surgical treatment; and (3) 
allow one to monitor changes in the joint after cartilage 
repair. An excellent review on MRI monitoring of  surgical 
repair of  cartilage has been reported elsewhere[32].

Early degenerative disease may be seen on MRI as 
early alterations in cartilage contour morphology (fibril-
lation, surface irregularity); changes in cartilage thick-
ness, including cartilage thinning or thickening, which 
may be an early feature predating cartilage volume loss; 
or intrachondral alterations in signal intensity potentially 
related to premorphologic intrasubstance collagen de-
generation and increased free-water content. Advanced 
degenerative chondral lesions typically manifest on MRI 
as multiple areas of  cartilage thinning of  varying depth 
and size, usually seen on opposing surfaces of  an articu-
lation. Cartilage defects typically illustrate obtuse mar-
gins and may be associated with corresponding subchon-
dral regions of  increased T2-weighted signal reflective 
of  subchondral edema or cysts or a low signal intensity 
reflective of  subchondral fibrosis or trabecular sclerosis. 
Other associated MRI findings of  degenerative cartilage 
disease include central and marginal articular osteo-

phytes, joint effusion, and synovitis. Traumatic cartilage 
fragments may remain in situ, become partially detached, 
or become loose and displaced into the joint space. 

Quantitative measurements of  cartilage lesion 
depth, diameter, area, and volume have been validated 
in a porcine experimental model of  OA[33]. Satisfactory 
specificity and sensitivity for detecting chondral lesions 
have been demonstrated in knee specimens and in vivo 
with arthroscopic verification. Bredella et al[34] reported a 
sensitivity of  93% and a specificity of  99% in detecting 
chondral lesions with MRI vs athroscopy when axial and 
coronal images were combined, and values of  94% and 
99% when images in all three planes were used. In that 
study, accuracy was highest for severe cartilage lesions 
and lowest for smaller lesions, particularly for signal in-
tensity alterations. In human knee cartilage, the mean dif-
ference between measured and actual artificial cartilage 
defect diameters was reported to be < 0.1 mm, whereas 
the lesion depth was underestimated in MRI by >  
0.4 mm[35]. Graichen et al[36] reported an overestimation 
of  the true size of  artificial cartilage defects in the hu-
man knee, which decreased from 42% in 3 mm defects 
to 4% in 8 mm defects. It is expected as MRI field and 
gradient strength increase and RF coil techniques and 
sequences improve, the performance of  lesion detection 
with MRI will further increase. 

Semi-quantitative scoring of human knee cartilage 
pathology 
A number of  semi-quantitative scoring methods have 
been developed for evaluation of  articular cartilage 
on MR images[37,38]. Most of  these methods grade the 
severity of  cartilage thinning from 0 to 3 or 4 based 
on subjective evaluations by one or more experienced 
readers. These systems commonly differentiate between 
cartilage lesions of  < 50% depth, > 50% depth and full 
thickness cartilage lesions. 

In an observer-dependent semi-quantitative manner, 
novel scoring approaches are used to assess a variety of  
features that are currently believed to be relevant to the 
functional integrity of  the knee or potentially involved 
in the pathophysiology of  OA. Peterfy et al[39] described 
a scoring system in which cartilage lesions are graded 
according to both depth and extent along the joint sur-
face. This score is part of  a more comprehensive scor-
ing system, in which multiple features are graded within 
the knee, such as articular cartilage integrity, subarticular 
bone marrow abnormality, subarticular cysts, subarticu-
lar bone attrition and marginal osteophytes. The surface 
areas of  the knee joint are subdivided into 15 different 
regional anatomical landmarks in the extended knee. 
Cartilage signal and morphology are scored in each of  
the articular-surface regions using FS T2-weighted FSE 
images and the FS 3D spoiled GE images. An eight-point 
scale for semi-quantitative scoring of  articular cartilage 
signal and morphology was used[27]: 0 = normal thickness 
and signal; 1 = normal thickness but increased signal on 
T2-weighted MR images; 2.0 = partial-thickness focal 
defect < 1 cm in greatest width; 2.5 = full-thickness fo-
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cal defect < 1 cm in greatest width; 3 = multiple areas 
of  partial-thickness (grade 2.0) defects intermixed with 
areas of  normal thickness, or a grade 2.0 defect wider 
than 1 cm but < 75% of  the region; 4 = diffuse (≥ 75% 
of  the region) partial-thickness loss; 5 = multiple areas 
of  full-thickness loss (grade 2.5) or a grade 2.5 lesion 
wider than 1 cm but < 75% of  the region; 6 = diffuse 
(≥ 75% of  the region) full-thickness loss. Peterfy et al[39]  
reported that despite the complexity of  the system, the 
inter-observer agreement among two trained readers 
was high. However, Conaghan et al[40] reported some 
limitations when applying the WORMS grading system 
to knees of  336 subjects assessed by three readers. The 
authors commented that adding up individual scoring 
subscales, as recommended by WORMS, is problematic, 
and that several subscales (in particular those for cartilage 
signal and morphology and for osteophytes) may need 
to be redeveloped[40]. Other compartment-based knee 
OA scoring systems have also been published. Kornaat et 
al[41] reported a knee OA scoring system termed KOSS, 
with intraobserver reproducibility of  0.76-0.96 (intraclass 
correlation coefficient: ICC) and interobserver reproduc-
ibility amongst two independent observers of  0.63-0.91. 
In a recent report the reliability of  a further novel MRI 
scoring system for evaluating OA of  the knee was ex-
plored[42]. Nine intra-articular anatomical divisions and 
eight items were tested, including features of  cartilage, 
bone-marrow lesions (BML), osteophytes, synovitis, ef-
fusions, and ligaments, and a scale of  0-3 was applied for 
each of  these to yield the Boston-Leeds Osteoarthritis 
Knee Score (BLOKS). A series of  iterative reliability 
exercises was performed to reduce the initial items. The 
interreader reliability for the final BLOKS items ranged 
from 0.51 for meniscal extrusion to 0.79 for meniscal 
tear, with that for cartilage morphology being 0.72. In 
another sample, both BLOKS and WORMS were used to 
score BML. Maximum BML size in BLOKS had a posi-
tive linear relationship with pain, whereas in WORMS it 
did not. Baseline BML was associated with cartilage loss 
on both the BLOKS and WORMS scale, but the associa-
tion was stronger for BLOKS than for WORMS. These 

MRI semi-quantitative scoring approaches on OA have 
shown the ability to detect lesion progression over 1-2 
years[43]. Although the sensitivity to change observed can 
sometimes be small[44], the ability to measure individual 
characteristics of  OA is appealing in delineating struc-
tural risk factors for both pain and OA progression. The 
identification of  early pathology in the course of  disease 
may be enhanced by using these measures. For example, 
recent data suggest that full thickness defects may occur 
as part of  early disease and that quantitative morphom-
etry appears most useful (sensitive to change) in persons 
with late stage disease[45,46].

Quantitative assessment of human cartilage
Due to the relatively low contrast in some areas of  the 
joint surface, fully automated segmentation of  knee 
cartilage volume from MR images has not yet been 
achieved. Computer-generated measurements based on 
signal intensity or predefined shape is not always reliable. 
Editing of  automatically generated segmentations, or 
complete manual segmentation by experienced readers, 
is frequently necessary, therefore cartilage segmentation 
remains time-consuming (Figure 2). After segmenta-
tion, computation of  the cartilage volume is achieved by 
simply summing the voxels attributed to the segmented 
cartilage (Figure 3). Osteophytes are excluded from seg-
mentation.

In the absence of  OA, Hudelmaier et al[7,47] reported 
a 0.3%-0.5% reduction of  cartilage thickness per annum 
due to cartilage thinning during normal aging. Other 
authors reported a faster rate of  cartilage loss. Hanna 
et al[48] found a significant (-2.8% annual) reduction in 
total tibial cartilage volume over a 2 years period. With 
data summarized from studies on OA patients in the 
published literature, Eckstein et al[8] reported that the 
annual loss of  cartilage volume was -136 μL (-4.1%) in the 
patella, -90 μL (-5.6%) in the medial tibia, and -107 μL 
(-6.0%) in the lateral tibia. The annual changes in cartilage 
volume/thickness exceeded the precision errors and 
appeared to be associated with clinical symptoms as well 
as with time to knee arthroplasty. However, results varied 
between published studies, the annual rate of  change 
ranged from -0.3% to -7.4% in the medial tibia[8]. It has 
been reported that in early OA, cartilage may not be thin 
but rather thicker and swollen with water[49,50].

Because attrition in cartilage volume occurs at a very 
slow rate, measurement precision is of  critical impor-
tance. Precision errors can be expressed as the standard 
deviation (SD) or coefficient of  variation (CV%, SD 
divided by the mean value) of  repeated measurements. 
Use of  the CV% is most appropriate when SD is pro-
portional to volume, for instance when comparing preci-
sion in different joint surfaces of  the knee (i.e. medial 
tibia vs total femur). If  the SD is independent of  volume, 
it is more appropriate to compare SD values directly. It 
should be noted that when examining patients with se-
vere OA, the CV% will be larger than that in healthy vol-
unteers, even if  the absolute error (SD) is similar. This 
is because patients with severe OA have less cartilage 

49 January 28, 2010|Volume 2|Issue 1|WJR|www.wjgnet.com

Figure 2  3D GE fat suppressed magnetic resonance imaging (MRI) at the 
sagittal plane. Bone cortex, bone marrow, and fat tissue appear to have a dark 
signal. Muscle appears to have a gray signal and cartilage a bright signal. The 
femur cartilage has been manually segmented at this slice. 

Wang YXJ et al . MRI assessment of the articular cartilage



50 January 28, 2010|Volume 2|Issue 1|WJR|www.wjgnet.com

volume. CV% of  cartilage volume in the medial tibia in 
healthy volunteers has been reported to be in the range 
of  2%-3.5%. Precision errors for cartilage volume across 
studies at 1.5T for each cartilage component have been 
recently summarized[8]. Several studies examined the 
inter-observer and intra-observer precision of  repeated 
analyses. It has been confirmed that segmenting all im-
ages in a subject’s series by the same skilled reader is 
more accurate than segmenting by different readers. To 
alleviate reader bias, the results of  several readers can be 
averaged. Re-segmentation of  the same data sets over a 
period of  1 year by the same user involved larger errors 
than those involved by segmentation of  different data 
sets immediately after each other[46]. Therefore, to ensure 
the smallest coefficient of  variation, in longitudinal stud-
ies comparative analyses should be performed in one 
post-processing session. Blinding the user to the order 
of  the exams is necessary in order to avoid bias.

Cartilage volume provides a first step in the analysis 
of  cartilage morphology. More comprehensive informa-
tion can be derived from separating the cartilage volume 
into its two factors, namely the cartilage thickness and 
the size of  the joint surface area. Specific algorithms are 
required to differentiate between these factors. Other 
variables such as percent cartilaginous (or denuded) 
joint surface area, cartilage surface curvature, lesion size 
and depth can also be investigated. As overall volume 
and mean thickness for an entire cartilage plate may be 
relatively insensitive to regional/focal changes, several 
investigators developed techniques for displaying re-
gional thickness patterns. Measuring cartilage volume in 
regions of  the knee (e.g. medial tibia) and regional mean 
thickness as distinct from focal measures of  change (re-

gion of  interest analysis centered around focal defects) 
and measures of  denuded cartilage may provide very 
different measurements about the important pathologic 
changes occurring in early disease. Distinguishing what 
measures are most discriminatory at each stage of  the 
disease process is essential for utilizing these measures 
appropriately. Kshirsagar et al[51] suggested that analyzing 
subvolumes within the joint surface by such techniques 
can reduce precision errors relative to those from analy-
ses of  the entire cartilage plate and this was recently con-
firmed in a study by Koo et al[52] for the central weight-
bearing regions of  the femoral condyles. These types 
of  ‘local’ approaches to measuring changes in cartilage 
morphology are technically challenging, but they can be 
important, because the overall cartilage volume can re-
main constant even if  there are focal changes in cartilage 
thickness and denuded bone. In order to track local/re-
gional thickness changes over time, the bone interfaces 
from two data sets are “matched”, so that the thickness 
distribution can be compared on a point-by-point basis. 
Koo et al[52] suggested a ‘trimmed’ region defined to avoid 
errors arising at the edges of  articulating surfaces, which 
are difficult to segment yet may be involved to only a 
minor degree in the disease process. 

A substantial percentage of  the variability in cartilage 
volume is determined by joint surface area[53]. Wang 
et al[54] demonstrated that the medial and lateral tibial 
plateau area increased over a 2-year period (2.2% and 
1.5% per annum, respectively), with increases at the 
medial (but not lateral) tibia being stronger in male 
patients, in participants with high body mass index, and 
in patients with higher baseline grade of  medial JSN. 
Metaphyseal enlargement with age and OA might create 
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Figure 3  Quantitative 3D analysis of cartilage 
morphology from MRI. A: Sagittal MR image of 
human knee obtained with a fat-suppressed GE 
sequence, femoral cartilage is segmented; B: 3D 
volume reconstruction of the femoral cartilage; C: 
Analysis of joint surface area by a triangulation 
technique; D: Computation of 3D thickness distri-
bution, independent of section orientation. (Repro-
duced from reference 6, with kind permission of 
Springer Science and Business Media).
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problems for cartilage volume measurements that did 
not adjust for bone size[55], and either adjustment for 
subchondral bone area or the direct measurement of  
cartilage thickness has thus been recommended.

Quantitative MRI of  cartilage is currently used in 
ongoing studies to monitor cartilage volume and will 
be used to assess structural effects of  pharmacological 
therapies on cartilage in order to prove their effective-
ness. However, until now the measurement of  cartilage 
volume has not gained widespread usage in routine 
clinical practice partly due to its time-consuming nature. 
Although the volume measurements are typically semi-
automated, they still require some degree of  manual seg-
mentation. Segmentation of  cartilage will become easier 
with sequences that create improved contrast between 
cartilage and the surrounding bone and fluid, but will still 
likely require a high degree of  user interaction for at least 
the near future.

MORPHOLOGICAL EVALUATION OF 
ANIMAL KNEE CARTILAGE
Cartilage thickness and volume have been quantified 
in animals as small as guinea pigs and rabbits. Cartilage 
of  OA involves an initial swelling phase, and later 
attrition and loss, defect phases. These phases have been 
demonstrated in experimental animal models by sequential 
MRI[24,56]. Tessier et al[24] studied 19 male Dunkin-Hartley 
guinea pigs with MRI at 3, 6, 9, 10.5 and 12 mo of  age. 
They found that at 6 mo, swollen cartilage was observed 
in all animals; at 9 mo, marked fragmentation of  the 
medial tibial cartilage was seen in the areas not covered by 
the meniscus; at 12 mo, focal thinning of  the cartilage was 
apparent with occasional full cartilage loss. 

Tessier et al[24] detailed their segmentation methodol-
ogy for guinea pig tibia cartilage. Segmentation of  the 
cartilage of  the medial plateau was performed on sagittal 
slices covering the medial side only. These slices were 
selected on the basis that they covered the ‘flattest’ re-
gion of  the medial tibial surface. The slices covering the 
inner side where the cruciate ligament is attached were 
excluded because the images are subject to significant 
partial volume averaging. Slices at one time-point were 
matched as close as possible to those obtained at subse-
quent time-points based on anatomical references. Thus 
for any animal, the number of  slices analyzed were 
equal for all time-points. However, the number of  seg-
mented slices was different between animals to account 
for the difference in the overall size of  the tibial plateau. 
Their data showed that maximal cartilage loss (36%) oc-
curs from the medial side of  the tibial plateau from 9 to 
12 mo of  age.

In small animals like rats, due to the small size of  
their knee joint, assessment of  cartilage thickness is chal-
lenging but has recently proved to be feasible. With a 7T 
MR scanner, Faure et al[23] reported that MRI could be 
used to detect arthritis and joint changes at a very early 

stage in living rats with rheumatoid arthritis. With a rat 
meniscus transection OA model 44 d post surgery, MRI 
was able to demonstrate qualitatively the decrease in 
cartilage thickness and loss of  cartilage in some areas, as 
well as focal neo-cartilage proliferation at the joint mar-
gin (Figures 4 and 5)[22].

Recently, it was pointed out that to date MR tomo-
graphic knowledge of  laboratory animal skeletal micro-
anatomy remains limited. With MR images acquired in 
normal rats, many signs unfamiliar to radiologists can 
be noted, including notch-like bright signal areas in the 
epiphysis, gray signal areas in the epiphysis, and fuzzy 
joint surface of  the epiphysis of  the femur and tibia. De-
tailed inspection of  the histology specimen showed more 
unfamiliar features of  rat knee microanatomy, including 
curvy or dipped surface of  the femur/tibia epiphysis, 
areas composed of  a mixture of  cartilage and bone com-
ponents, normal notch structure, cyst-like structure, and 
a cavity between cortical lamellae under the joint cartilage 
(Figure 6)[57]. Further research is warranted to understand 
how these structures will affect articular cartilage assess-
ment.

Clinical relevance of cartilage 
pathologies demonstrated by MRI 
Satisfactory specificity and sensitivity for detecting chon-
dral lesions by MRI have been demonstrated in cadaveric 
knees and in vivo with arthroscopic verification[38,58,59]. 
Knee cartilage defect severity, as measured from sagittal 
T1-weighted FS SPGR sequences, has been shown to be 
significantly associated with urinary levels of  C-terminal 
cross-linking telopeptide of  type Ⅱ collagen[60]. An asso-
ciation was also reported between cartilage defects and 
body mass index[61]. Link et al[1] showed that in patients 
with OA the degree of  cartilage pathology seen in MR 
images is associated with clinical symptoms.

In a cross-sectional study, Hunter et al[62] observed a 
significant negative association between patellar cartilage 
volume and the WOMAC score in a population of  133 
postmenopausal women. Wluka et al[63] reported a weak 
association between tibial cartilage volume and symptoms 
(WOMAC score) at baseline in a sample of  132 patients 
with symptomatic early knee OA, and worsening of  
symptoms over a 2 years period was associated with tibial 
cartilage loss. These data suggest that treatment targeted 
at reducing the rate of  knee cartilage loss in subjects with 
symptomatic OA may relate to clinical outcomes and 
delay knee replacement. 

MRI is very useful for cartilage repair surgical planning 
and follow-up. The combination of  the clinical outcome 
after cartilage repair together with the morphological and 
composition description of  the cartilage repair tissue as 
well as the surrounding cartilage may lead to a satisfactory 
follow-up evaluation. MRI can give a precise estimate of  
progressing degeneration and objective assessment of  the 
long-term outcome of  cartilage repair. 
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In animal based studies, MRI can be used to carry 
out in vivo longitudinal follow-up in the same animal 
and track the disease, monitor its progress and see 
how it responds to potential treatments[5]. In a recent 
study of  a mono-iodoacetate induced arthritis model in 
rats[64], MRI demonstrated that intra-articular soft tissue 
inflammatory changes peaked at day 3 and then started 
to regress; bony damage appeared at day 14, peaked at 
day 21, with hallmarks of  repair visible by day 35. A 
similar bi-phase pain response was observed clinically 
with the 1 mg mono-iodoacetate dose group, peaking at 
days 3 and 21. Therefore, MRI was able to characterize 
the pathological course of  the arthritis model which 
enabled a link to be established between the structural 
changes and joint clinical discomfort. There are several 
“disease” or “structure” modifying OA drugs under 
clinical development. Although JSN on weight-bearing 
radiographs is still the accepted surrogate marker for 
demonstrating structural change by regulatory agencies, 
this is expected to change in the near future, given the 
limitations of  radiography[3,4], and MRI will very likely 

replace radiography in this context. As the validation 
of  MRI endpoints for OA trials in human studies is still 
incomplete, the design and interpretation of  a clinical 
trial will be strengthened if  the effect of  the drug is 
shown by the same endpoint in a valid animal model. 
By measuring the volume of  medial tibia cartilage in a 
spontaneous OA guinea pig model, MRI demonstrated 
that doxycycline treatment halved the cartilage loss as 
compared to the vehicle treatment[65]. 

conclusion
MRI can semi-quantitatively assess cartilage morphology, 
and quantitatively evaluate regional cartilage volume and 
thickness. Other cartilage parameters including cartilage 
quality, cartilage surface smoothness, cartilage coverage, 
and distribution of  change can also be evaluated. 
Progress made in MRI technology in the last few years 
allows longitudinal studies of  human knee cartilage 
morphology with enough accuracy to follow the disease-
caused changes and also evaluate the therapeutic effects 
of  chondro-protective drugs[66]. For cartilage repair 
patients, future studies will be needed to determine 
whether MRI is prognostic of  clinical outcome and can 
replace arthroscopic biopsy for monitoring repair-tissue 
histology. In animal experimental settings, high field MRI 
can non-invasively provide detailed images of  joints and 
can be used to carry out in vivo longitudinal follow-up 
in the same animal and track the disease as well as see 
how it responds to potential treatments. There are also 
several MRI methods that may allow evaluation of  the 
glycosaminoglycan matrix or collagen network of  articular 
cartilage and may be the most sensitive method for the 
detection of  early changes. These techniques are being 
further explored and validated. With the development of  
new therapies for OA and cartilage injury, MRI will play 
an important role in the diagnosis, staging, and evaluation 
of  the effectiveness of  these therapies.

BA

Figure 6  One example of the pitfalls in interpreting normal rat knee high 
resolution MR images. A: H&E-stained sections of a normal 3 mo rat knee, a 
mid-section through the femur. Dotted black arrow denotes the area of fibrous 
components together with their matrix, which are continuous with the cartilagi-
nous component of the joint surface, and there is no bony component seen 
within this region. This region may appear as a notch or a cyst on MR images 
due to its higher signal; B: Sagittal MR image of a normal 3 mo old rat knee. 
White arrow in B denotes a gray area possibly composed of a mixture of carti-
lage and bone components.

BA

Figure 4  Sagittal view MRI at 4.7T of a rat knee with medial meniscal tear 
(A) and a rat with sham operation (B). A: Parts of the tibia cartilage become 
much thinner (white arrows). B: Normal tibia cartilage (white arrows). This 
animal model has been described in reference 22 (Wang et al[22] 2006).
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Figure 5  High resolution MRI demonstrates cartilage erosion and 
proliferation in rat knee joint. A: Sagittal view MRI of a rat knee with a medial 
meniscal tear. White arrow shows neo-cartilage proliferation and black arrow 
shows articular cartilage loss; B: Histology section of the medial tibial condyle 
stained with Toluidine blue (× 100), 28 d after meniscal tear. Cartilage erosion 
(black arrow) and neo-cartilage proliferation (white arrow) are seen in the tibia 
cartilage. MTC: Medial tibia condyle; MFC: Media femur condyle. This animal 
model has been described in reference 22 (Wang et al[22] 2006).
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readers around the world can immediately download and read, 
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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 
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their wisdom to edit and publish high-quality articles, thereby 
realizing the maximization of  the personal benefits of  editorial 
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social and economic benefits.
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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, Abstract, Introduction, Materials and Methods, Results, 
Discussion, Acknowledgements, References, Tables, Figures, 
and Figure Legends. Neither the editors nor the publisher 
are responsible for the opinions expressed by contributors. 
Manuscripts formally accepted for publication become the 
permanent property of  Beijing Baishideng BioMed Scientifc 
Co., Ltd., 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 International 
Committee of  Medical Journal Editors to refuse to publish 
papers on clinical trial results if  the trial was not recorded in a 
publicly-accessible registry at its outset. The only register now 
available, to our knowledge, is http://www. clinicaltrials.gov 
sponsored by the United States National Library of  Medicine 
and we encourage 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 contri
buted article to ensure the privacy and secrecy of  research is 
protected.

Authors should retain one copy of  the text, tables, photo
graphs 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/index.htm) before attempting to 
submit online. For assistance, authors encountering problems 
with the Online Submission System may send an email 
describing the problem to wjr@wjgnet.com, or by telephone: 
+86-10-59080036. 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 margins. Style should conform to our house format. 
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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 
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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. Authors 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 author may be represented from two 
institutions, for example, George Sgourakis, Department of  
General, Visceral, and Transplantation Surgery, Essen 45122, 
Germany; George Sgourakis, 2nd Surgical 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 
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F and Wu XM designed the research; Wang CL, Zou CC, 
Hong F and Wu XM performed the research; Xue JZ and Lu 
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and Fu JF analyzed the data; and Wang CL, Liang L and Fu JF 
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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 values 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). Available from: http://www.wjgnet.com/
wjg/help/8.doc

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, rapid communi
cation and case reports, the main text should be structured into 
the following sections: INTRODUCTION, 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/wjg/help/instructions.jsp. 

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 separate 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 Illustrator 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 ; h t tp ://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 legend rather than on the bar itself. File names should 
identify the figure and panel. Avoid layering type directly over 
shaded or textured areas. Please use uniform legends for the 
same subjects. For example: Figure 1 Pathological changes in 
atrophic gastritis after treatment. 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 
sequence.
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