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ies will obviously demonstrate the value of the combina-
tion of these various MRI sequences in the diagnosis of 
acute renal failure and chronic kidney disease. 

 Copyright © 2006 S. Karger AG, Basel 

 Magnetic resonance imaging (MRI) is a diagnostic mo-
dality with a growing role in the assessment of both acute 
renal failure (ARF) and chronic kidney disease. It has 
long been restricted by its low availability, long acquisi-
tion times, and relatively low spatial acquisition. How-
ever, recent major technical developments using this 
technique have allowed ultrashort acquisition times and 
numerous studies have been carried out to validate the 
use of non-specifi c gadolinium chelates for the functional 
imaging of the kidneys  [1] . The absence of nephrotoxic-
ity of gadolinium chelate at the current dosages injected 
makes the technique particularly well suited in patients 
with acute or chronic kidney disease. Both anatomical 
and functional assessment are available with this tech-
nique. 

 There are several MR techniques which are useful for 
the diagnosis of acute and chronic kidney diseases. The 
most important ones are plain multicontrast MRI (in-
cluding T1-, T2- and diffusion-weighted imaging), and 
contrast-enhanced MRI. Contrast agents used are either 
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  Abstract 
 Magnetic resonance imaging (MRI) of normal and dis-
eased kidneys shows great promise because of the com-
bined value of anatomical and functional information 
provided, as well as of specifi c contrast patterns that can 
be observed non-invasively. Multicontrast MRI is able to 
show infi ltrative kidney disorders. Diffusion-weighted 
imaging can assess alterations in renal function and can 
suggest obstruction or infl ammation when present. Due 
to the low nephrotoxicity, contrast-enhanced MR studies 
using serial dynamic enhancement with non-specifi c 
gadolinium chelates are able to provide information on 
glomerular fi ltration. Furthermore, contrast agents such 
as ultrasmall particles of iron oxide, specifi c of infl am-
mation, should be used in the near future to detect active 
from quiescent involvement, both in native kidneys and 
renal allografts. Early results should indicate that these 
compounds might differentiate acute tubular necrosis 
from other acute nephropathies, as well as active prolif-
erative nephropathies from chronic ones. Ongoing stud-
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non-specifi c gadolinium chelates, or ultrasmall super-
paramagnetic particles of iron oxide (USPIO) that may 
refl ect active tissue infl ammation. The latter are not yet 
fully available in clinical practice. Other currently used 
techniques such as contrast-enhanced MR angiography 
on the one hand and BOLD imaging on the other hand 
are discussed in another section of this journal. 

 Plain and Conventional Gadolinium-Enhanced 
MRI 

 MRI, as well as other non-invasive modalities such as 
ultrasound and CT, can provide morphological informa-
tion on kidneys. The size of the kidneys can be an indica-
tor of the underlying disease. Small kidneys are generally 
the result of renal artery or glomerular disease, irregular-
shaped kidneys are seen in interstitial kidney disease, and 
enlarged kidneys are due to either obstruction ( fi g. 1 ), 
diabetes mellitus, infection, amyloidosis, or renal vein 
thrombosis. The characterization of masses and cysts, 
such as in polycystic kidney disease, is usually easy ( fi g. 
2 ). Several renal diseases may cause spontaneous abnor-
mal signal intensity on MR images, the appearance of 

 Fig. 1. Enlarged left kidney due to recent obstruction. Coronal T1-weighted imaging after gadolinium chelate in-
jection. Thinning of the cortex with a symmetrical enhancement with the normal right kidney at the arterial ( a ) 
and tubular ( b ) phase. 

  Fig. 2.  Patient with polycystic kidney disease. Coronal contrast-
enhanced T1-weighted image with fat saturation shows enhance-
ment of the residual functioning renal parenchyma between the 
cysts, as well as a stretched left renal artery. 
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which being suffi ciently characteristic to allow a specifi c 
radiologic diagnosis  [2] . Low signal MR images are seen 
in three main categories: hemolysis (paroxysmal noctur-
nal hemoglobinuria, cortical hemosiderin deposition 
from mechanical hemolysis, and sickle cell disease), in-
fection (hemorrhagic fever with renal syndrome), and 
vascular disease (renal arterial infarction, acute renal vein 
thrombosis, renal cortical necrosis, transplanted kidney 
rejection, and acute non-myoglobinuric renal failure). 
Conventional contrast-enhanced T1-weighted imaging 
adds little value to the technique. A recent study showed 
that the loss of corticomedullary differentiation (CMD) 
was independent of serum creatinine level on patients 
with ARF  [3] . Therefore, there is need for other, more 
specifi c MR techniques. 

 Diffusion-Weighted MRI 

 The diagnosis of various renal diseases such as chronic 
renal failure, renal artery stenosis, and ureteral obstruc-
tion can benefi t from measuring the diffusion character-
istics of the kidney  [4] . Diffusion-weighted (DW) MR im-
aging of the kidneys is able to provide information on 
renal function and can be suggestive of the presence and 
degree of obstruction or infl ammation. The apparent dif-
fusion coeffi cient (ADC), a quantitative parameter calcu-
lated from the DW MR images, combines the effects of 
capillary perfusion and water diffusion in the extracellular 
extravascular space. Thus, DW MR imaging provides in-
formation on perfusion and diffusion simultaneously  [5] . 
Hydration is an important factor to increase global ADC 
values  [6] , whereas renal artery stenosis or ureteral ob-
struction decrease those values  [7, 8] . In case of acute or 
chronic renal failure, the cortical and medullary ADC val-
ues are signifi cantly decreased when compared with nor-
mal kidneys and the cortical value decrease seems to be 
well correlated with serum creatinine levels  [8] . In a rat 
study, the intravenous administration of the high-viscos-
ity iodinated contrast agent iodixanol was found to sig-
nifi cantly decrease the ADC, this effect occurring earlier 
in the cortex and lasting less than in the medulla  [9] . 

 Dynamic Serial Gadolinium-Enhanced MRI 

 MRI is able to non-invasively provide a functional as-
sessment of the kidney, such as glomerular fi ltration rate 
(GFR), tubular concentration and transit, blood volume 
and perfusion, diffusion, and oxygenation. These ap-

proaches can be achieved using endogenous contrast 
agents such as water protons or deoxyhemogobin or re-
quire exogenous contrast agents such as gadolinium 
(Gd3 + ) chelates or superparamagnetic iron oxide nano-
particles  [4] . Actually, Gd3 +  chelates are good markers of 
the renal function in that they are freely fi ltered by the 
glomerulus and neither secreted nor reabsorbed by the 
nephron  [10] . In a pig model of renal arterial stenosis, 
MRI associated with the intravenous administration of a 
Gd3 +  chelate allowed the measurement of GFR as well 
as that of the extraction fraction. For this purpose, T1 of 
blood was measured in the infrarenal inferior vena cava 
and renal veins prior and after injection of the contrast 
agent. A signifi cant linear correlation was found between 
extraction fraction measured with MRI vs. inulin  [11] . 
Grenier et al.  [12]  studied 15 hypertensive patients with 
renal artery stenosis and found that captopril-sensitized 
dynamic MRI of the kidney with a Gd3 +  chelate was fea-
sible in patients with renovascular hypertension. There 
was a good correlation between MR and nuclear renog-
raphy, although captopril-induced changes were not seen 
in all patients shown to have the disease. 

 Renal perfusion is one of the most common useful 
methods to detect renal impairment. It can be evaluated 
with contrast agents, based on tracer kinetic methods 
such as scintigraphy  [13] . By injecting an MR contrast 
agent such as Gd-DOT/A or Gd-DTP/A, and following 
the change in image intensity over time, it is possible to 
obtain qualitative or semiquantitative information on the 
renal microcirculatory blood fl ow on a regional basis  [10] . 
Fast acquisition techniques such as T1-weighted gradient 
echo or echo planar sequences allow suffi cient temporal 
resolution to monitor intrarenal signal changes during the 
fi rst pass of the agent through the kidneys ( fi g. 3 ). Gd3 +  
chelates diffuse into the interstitial space (about 10% dur-
ing the fi rst pass) and are freely fi ltered by the glomeruli 
(20% during the fi rst pass), as previously mentioned. 
However, the quantitative assessment of renal perfusion 
is impaired by the rapid diffusion of the contrast agent 
into the extracellular space and thus, only iron oxide par-
ticles or blood pool Gd3 +  chelates (macromolecular or 
albumin-bound) can be considered as blood pool contrast 
agents and thus reliably applied to the measurement of 
renal perfusion  [4] . Recently, P792, a macromolecular 
Gd3 + -based blood pool agent, has been shown to improve 
renal functional MRI assessment in rats by inducing less 
T2* effect without compromising T1 enhancement  [14] . 

 Currently-available non-specifi c contrast agents have 
been used to investigate renal perfusion in ARF and some 
studies have shown a loss of CMD that was suggested to 
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refl ect changing differential perfusion patterns between 
the cortex and medulla in such pathological states  [15] . 
However, a retrospective clinical study on 21 patients 
with ARF has shown that renal CMD can remain pre-
served on non-contrast T1-weighted or immediate Gd3 + -
enhanced spoiled gradient echo images in patients with 
acute presentation of ARF, independent of serum creati-
nine level  [3] . 

 There is an obvious need for new, validated techniques 
for a better and more reliable evaluation of renal perfu-
sion alterations during ARF. Blood pool contrast agents 
may demonstrate some usefulness in this setting. 

 Gadolinium-Based Dendrimers 

 These Gd compounds accumulate in the proximal tu-
bules after early glomerular fi ltration. They act as positive 
contrast agents. Animal studies using 3D acquisitions 
with microMR devices showed various level concentra-

tions between cortex, outer and inner medulla that disap-
pear in case of acute as well as chronic renal injury. The 
main characteristics of dendrimer-enhanced MRI make 
it as a contrast medium specifi c of proximal tubule dys-
function  [1, 16] . 

 Ultrasmall Superparamagnetic Particles of 
Iron Oxide 

 USPIOs are iron oxides: magnetite (Fe 3 O 4 ), maghe-
mite ( � Fe 2 O 3 ) or other ferrites that are insoluble in water. 
Unlike ferromagnetic substances and because of their 
size, superparamagnetic agents have no magnetic proper-
ties outside an external magnetic fi eld. These nanoparti-
cles have in common their specifi c uptake by macro-
phages, explaining, even if they are not entirely captured 
by liver and spleen, why they are widely evaluated as MRI 
markers for diagnosis of infl ammatory and degenerative 
disorders associated with high macrophage phagocytic 

  Fig. 3.  Magnifi cation of a serial dynamic 
enhanced axial T1-weighted acquisition of 
a normal right kidney. Images obtained at 
the arterial ( a ), venous ( b ), tubular ( c ), and 
excretory ( d ) phase. 
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activity. At low concentration, they act as positive con-
trast agents (such as gadolinium), but at higher concentra-
tions they result in a negative enhancement. 

 It is currently agreed that two main categories of su-
perparamagnetic agents must be distinguished: (1) SPIOs 
(i.e. superparamagnetic iron oxides) the hydrodynam-
ic size of which, including coating, is  1 50 nm, and 
(2) USPIOs (i.e. ultrasmall superparamagnetic iron ox-
ides) which are  ! 50 nm in size. 

 This difference in size is refl ected by signifi cant differ-
ences in the ratio of relaxivity constants r2/r1 but also by 
a signifi cant difference in plasma half-life and biodistri-
bution. Uptake of USPIOs such as ferumoxtran-10 (Si-
nerem ® ) by the liver and the spleen is quite low because 
of their physicochemical characteristics (coating and hy-
drodynamic diameter). They consequently remain in the 
blood circulation for a relatively long time. Because of 
their long blood half-life and T1-shortening effect, these 
agents have been evaluated as blood pool agents for indi-
cations such as measurement of cerebral perfusion  [17] , 
myocardial or renal perfusion  [18] , angiography  [19] , or 
detection of vascular hepatic lesions  [20] . 

 These compounds are classically referred to as slow-
clearance blood pool agents. Whereas these agents are 
confi ned to the vascular compartment, their molecular 
volume only allows a slow ‘sieving’ through the glomeru-
lar fenestrae. Their renal clearance is consequently much 
lower than the normal GFR. 

 These blood pool characteristics provide a much lon-
ger time window for data acquisition during radiological 
procedures, with little loss of intravascular signal inten-
sity. T2*-weighted images of normal kidneys show a 
maximum decrease in SI in the outer medulla, where the 
blood volume is the highest, because of susceptibility ef-
fects induced by the iron particles  [4] . In a model of med-
ullary ischemia induced by glycerol, the decrease in blood 
volume was clearly demonstrated within the outer me-
dulla  [18, 21] . In radiocontrast nephrotoxicity, the de-
gree of renal enhancement after iron oxide injection 
seems to be correlated with the reversibility of lesions 
 [22, 23] . 

 Intravenous injection of puromycin aminonucleoside 
in the rat is classically regarded as a good model of ne-
phrotic syndrome secondary to glomerular epithelial cell 
lesions associated with glomerular and tubulointerstitial 
infi ltration by macrophages  [24] . In nephrotic rats, the 
USPIO ferumoxtran-10 injected intravenously (90  � mol/
kg) induced a signifi cant decrease in signal intensity in all 
compartments of the kidney in the puromycin amino-
nucleoside group whereas the signal from the control 

group did not vary within the 24 h post-injection. This 
effect was correlated with the presence of macrophages 
containing iron oxide nanoparticles at histology  [25] . In-
terestingly, the same USPIO was also found to decrease 
signal intensity in the cortex in a model of nephritic ne-
phropathy (by injection of sheep anti-rat glomerular base-
ment membrane serum). In this model, equivalent to 
Goodpasture’s syndrome in humans, infl ammatory le-
sions were exclusively located at the level of glomeruli. 
Conversely, in a rat model of obstructive nephropathy, 
which is known to induce diffuse interstitial lesions with 
macrophage infi ltration in all kidney structures, the 
 USPIO induced a decrease in signal intensity in all com-
partments  [26] . 

 Renal allograft rejection is associated with a massive 
infl ammatory infi ltration  [27] . In a rat renal allograft 
model, USPIO, when injected on the fourth day following 
transplantation, induced a decrease in MR signal inten-
sity at 24 h in some rejecting allografts whereas isografts 
and allografts with immunosuppressive treatment were 
not associated with signal reduction  [28] . Promising re-
sults were obtained in a preliminary clinical study per-
formed in 7 patients with suspected proliferative glomer-
ulonephritis and in 5 patients with suspected renal graft 
rejection imaged 72 h following injection of ferumox-
tran-10. From this clinical study, it was concluded that 
USPIO-enhanced MRI may allow acute tubular necrosis 
to be distinguished from other acute nephropathies in na-
tive and transplanted kidneys and may also allow active 
proliferative nephropathies to be differentiated from 
chronic ones  [29] . Of course, such preliminary clinical 
data obtained in a small number of patients need to be 
confi rmed by other studies. 

 Dextran-coated USPIOs serving as blood pool agent 
were also used to evaluate renal perfusion in dynamic 
MRI in normal and transplanted rat kidneys. A good 
agreement between renal graft perfusion and histopatho-
logical changes associated with graft rejection suggests 
that USPIO-enhanced dynamic MRI may be used to eval-

  Fig. 4.  Plain and USPIO-enhanced imaging of a normal rat kidney 
( a ) and of an ARF rat kidney ( b ). Images are obtained from the left 
to right with plain T2-weighted images and increasing concentra-
tions of USPIO. The outer and inner medulla are bright on plain 
T2-weighted MR images with intense signal drop on corresponding 
USPIO-enhanced T2-weighted MR images ( a ). The same images 
obtained in a rat with radiocontrast-induced nephropathy show a 
lack of decreased enhancement ( b ). 
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uate acute allograft rejection  [30] . Iodinated contrast 
agents can be nephrotoxic in at-risk patients by inducing 
medullary hypoxia  [31] . Intravenous injection of USPIO 
has been used in a validated rat model of contrast-in-
duced nephropathy to assess renal lesions induced by the 
iodinated contrast agent as well as their reversibility ( fi g. 
4 ). Interestingly, the degree of renal enhancement after 
iron oxide injection seemed to be correlated with the re-
versibility of lesions  [22, 23] . 

 At the present time, the vast majority of studies re-
ported in the literature on USPIOs have been done on 
animals and few data are available on its real usefulness 
in clinical practice. 

 Potential Clinical Applications 

 The main issues of MRI in the near future will be to 
provide an accurate diagnosis of the underlying causes of 
acute or chronic renal failure, thus avoiding renal biopsy. 
Compared to this invasive procedure that harvests only 
samples within a single area of the kidney, MRI can pro-
vide repeatedly a complete view of both kidneys and 
monitor non-invasively progression or regression of dis-
eases. 

 MRI already allows non-invasive and non-nephrotox-
ic evaluation of renal or non-renal arteries. MR angi-
o graphy or venography is useful in the uremic patients 
who bear the highest risk of radiocontrast nephrotoxicity. 
During pregnancy, MRI may be used to analyze fetal 
uropathy. 

 Obstructive uropathy is a common etiology of renal 
failure in adults; in this setting, conventional IVU may 
be replaced by magnetic resonance urography to demon-

strate ureter calculi or tumors. The CRISP cohort study 
has established the value of MRI in determining the re-
spective volumes of kidney parenchyma and cysts in pa-
tients with polycystic kidney disease; interestingly, these 
parameters were signifi cantly and inversely correlated 
with renal function parameters as assessed with creati-
nine value and MRI-based measures of renal blood fl ow 
and GFR  [32] . In patients with familial medullary cystic 
disease, or with lithium-induced chronic nephropathy, 
MRI allows visualization of renal medullary cysts as small 
as 1–3 mm  [33, 34] . 

 Diffusion-weighted imaging seems to have great po-
tential in the renal consequences of renal artery stenosis, 
a condition in which the ADC is decreased. However, 
further observational studies are needed since this sign 
does not seem specifi c; it is also encountered in various 
causes of renal failure (interstitial fi brosis, tubular atro-
phy and glomerular disease) as well as in infl ammatory 
conditions such as pyelonephritis  [6] . 

 USPIOs are cleared by macrophages in kidneys and in 
other soft tissues, and a decreased corresponding MRI 
signal is thus indicative of a local infl ammatory process. 
Interestingly, an increased infl ux of macrophages in a rat 
model of kidney transplantation and in another of ne-
phrotic syndrome was detected with MRI; the value of 
this technique in human infl ammatory pathologies has 
clearly to be studied. 

 In summary, MRI has a tremendous potential, with 
the help of a new generation of contrast agents, to im-
prove the diagnosis of acute as well as of chronic renal 
failure. Moreover, the new specifi c agents used in experi-
mental studies help to better understand the mechanisms 
of renal insult, which will result in more appropriate and 
effective therapeutic options. 
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