
Chronic kidney disease (CKD) and acute kidney 
injury (AKI) are characterized by distinct changes 
in renal morphology and function that are typically 
assessed using measures of proteinuria or estimated 
glomerular filtration rate (eGFR), but these changes 
could be better defined through the use of radiologic 
techniques at disease initiation and during follow-up. 
The development and validation of new biomarkers 
that can characterize changes in renal tissue composi-
tion or help predict clinical and functional outcomes 
in native and transplanted kidneys is of great interest 
to practicing nephrologists. Noninvasive radiologic 
imaging techniques can be used in concert with bio
logical (chemical or molecular) biomarkers to identify 
the activation of renal pathophysiological pathways1,2, 
with the possibility of noninvasive monitoring over 
time using serial assessments. Among the most com-
monly practiced imaging techniques, MRI has the high-
est range of applications, with the ability to provide 
information on parameters such as changes in tissue 
perfusion and oxygenation, water diffusion, cellular 
phagocytic activity, tissue stiffness, and the functional 
level of renal filtration. CT and grey-scale and Doppler 
ultrasonography can also provide information on some 
of these functional and structural parameters; how-
ever, despite extremely encouraging preclinical and 
preliminary clinical results, the reliability of these 

methods in further defining renal injury is yet to be 
proven. More clinical experience and a harmoniza-
tion of technical requirements is required before these 
radiologic methods can be considered and validated 
against current diagnostic methods.

Many of the techniques discussed in this Review 
require intravenous administration of a contrast agent 
to enhance visibility and imaging, particularly of blood 
vessels, but this approach carries the risk of contrast-
induced nephropathy or nephrogenic systemic fibro-
sis. Reviews on this topic can be found elsewhere3,4. 
This Review emphasizes the potential of the radio-
logical imaging techniques that can help analyse the 
main functional and structural processes involved 
in renal parenchymal diseases, namely changes in 
macrostructure (kidney volume, corticomedullary 
differentiation (CMD), and cystic disease), microstructure 
(development of intrarenal inflammation and fibro-
sis), and functional changes in renal blood flow, per-
fusion, and oxygenation, and renal filtration. Nuclear 
imaging techniques and morphological imaging of 
pre-renal vessels and the post-renal excretory sys-
tem are not included in this Review. We assess the 
strengths and weaknesses of each imaging technique, 
the level of validation that has been reached thus far, 
and the ability of radiologic imaging to provide useful 
information to help direct patient management.
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Abstract | Radiologic imaging has the potential to identify several functional and/or structural 
biomarkers of acute and chronic kidney diseases that are useful diagnostics to guide patient 
management. A renal ultrasound examination can provide information regarding the gross 
anatomy and macrostructure of the renal parenchyma, and ultrasound imaging modalities based 
on Doppler or elastography techniques can provide haemodynamic and structural information, 
respectively. CT is also able to combine morphological and functional information, but the use of 
CT is limited due to the required exposure to X‑ray irradiation and a risk of contrast-induced 
nephropathy following intravenous injection of a radio-contrast agent. MRI can be used to 
identify a wide range of anatomical and physiological parameters at the tissue and even cellular 
level, such as tissue perfusion, oxygenation, water diffusion, cellular phagocytic activity, tissue 
stiffness, and level of renal filtration. The ability of MRI to provide valuable information for most of 
these parameters within a renal context is still in development and requires more clinical 
experience, harmonization of technical procedures, and an evaluation of reliability and validity 
on a large scale.
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MRI
Imaging modality that uses a 
strong oscillating magnetic 
field to induce endogenous 
atoms to emit radiowaves that 
are detected and used to 
generate 2D and 3D images 
of a living subject.

CT
An imaging modality that 
processes and combines  
X‑ray images to produce 
tomographic (slice) images. CT 
provides cross sectional images 
of organs, bones, soft tissues in 
multiple planes.

Doppler ultrasonography
Doppler ultraound estimates 
blood flow through vessels by 
bouncing high-frequency sound 
waves off circulating red 
blood cells.

Corticomedullary 
differentiation
(CMD). Visualizes the 
differences in intensity, 
echogenity, or attenuation 
between cortical and 
medullary compartments 
of the kidney, and can be a 
biomarker of renal 
insufficiency.

Ultrasonography
Visualization of deep body 
structures based on a 
recording of the reflections or 
echoes of ultrasonic pulses 
directed into the tissue. 
Frequencies of the pulses 
typically range from 1.6 MHz 
to 10 MHz.

Tesla (T) 
Unit of measurement to 
quantify the strength of a 
magnetic field. Clinical MRI 
scanners operate at a level 
of 1.5 T or 3 T.

Technical advances in clinical imaging
Continuous technical developments over the past 
10 years have led to an improvement in the perfor-
mance of most radiologic techniques. Ultrasonography 
has developed into a multi-parametric imaging tool 
that can provide morphological information at a high 
resolution due to the development of high-frequency 
probes (FIG. 1), information on haemodynamics due to 
the incorporation of Doppler, information on tissue per-
fusion when used with new contrast agents, and struc-
tural information when combined with elastographic 
techniques. The increase in the density of detectors on 
CT detector rows has led to improvements in the spa-
tial and temporal resolution of functional acquisitions, 
and the resolution is now isotropic (equal in all three 
dimensions). New algorithms that use dual-energy CT 
for image reconstruction have enabled the dose of radi-
ation to be markedly reduced and for a spectral display 
of density values, which might enable even more specific 
tissue characterization in the future. Finally, new, high-
field clinical MRI systems that operate at a magnetic field 
strength of 3 tesla (T) instead of 1.5T, have improved the 
signal-to‑noise ratio and consequently the spatial res-
olution of the images. Unfortunately, increased spatial 
resolution raises the level of sensitivity to artefacts that 
are often produced when imaging the abdomen. As a 
result, the utility of 3T MRI devices for imaging the renal 
parenchyma remains subject of debate.

Changes in renal macrostructure
Renal volume
Numerous studies have identified a potential associ
ation between the functional parenchymal volume and 
glomerular filtration and/or renal functional reserve5,6. 
Measurement of the kidney long axes (renal length) by 
ultrasonography is currently the only method employed 
to estimate functional renal volume, for practical reasons. 
Several studies that have aimed to identify a correlation 
between long-axis values and parenchymal volume have 
produced contradictory results5–7, suggesting that the use 
of this measurement as a biomarker of functional paren
chymal volume could be inaccurate. An abnormally 
small kidney will inherently exhibit diminished func-
tional capacity that cannot be recovered, but in some 

cases, the kidneys might exhibit chronic and/or irre-
versible dysfunction with a delayed volume reduction, 
as observed in patients with diabetic nephropathy8.

An accurate assessment of the functional parenchy-
mal volume would be of value in clinical practice, and 
the use of imaging to calculate actual parenchymal vol-
umes from 3D CT or MRI acquisitions and automatic or 
semi-automatic 3D post-processing techniques would be 
worthwhile (see Supplementary information S1 (figure)). 
Several studies that have used customized imaging  soft-
ware have demonstrated a high correlation between 
measurements of renal and cortical volumes and the 
reference methods in both animal (r = 0.86–0.99)6,7 and 
human kidneys (1.25 ml maximal standard deviations 
of the differences)6,7,9. Measurements of renal volume 
by MRI correlate better with single kidney glomerular 
filtration rate (GFR) (r = 0.86) than does renal bipolar 
length (r = 0.78)10. Unfortunately, these methods are still 
not widely available to most clinicians.

Corticomedullary differentiation
Determining the degree of separation between the renal 
cortex and the medulla by imaging analysis is important, 
as these two compartments perform different physiolog-
ical functions and are affected by different pathophys-
iological mechanisms during renal disease. Normal 
CMD is readily visible by ultrasound or T1‑weighted 
and T2‑weighted MRI, but as the renal cortex and the 
medulla have the same density (~30 Hounsfield units), 
assessment of CMD by CT requires injection of a 
contrast agent.

CMD tends to decrease or disappear in patients with 
AKI or CKD (in both native and transplanted kidneys), 
with no clear correlation to the level of serum creati-
nine11. Interestingly, CMD has been shown by MRI 
to reappear upon restoration of renal function12. The 
correlation between tissue changes and signal inten-
sity changes detected by MRI (or level of echogenicity 
in ultrasound) are not fully understood and are sub-
ject to speculation13. Conversely, reversed CMD can 
be observed by ultrasonography in several specific 
diseases (including nephrocalcinosis, Tamm–Horsfall 
proteinuria, recessive polycystic disease, and haemo
globinuria)13. A strong decrease in cortical signal inten-
sity that is visible by T2‑weighted MRI can be observed 
in patients with cortical necrosis or those with hemo-
siderin deposition due to haemolysis in conditions such 
as paroxysmal nocturnal haemoglobinuria or sickle 
cell disease14.

Cystic diseases of the kidney
Various techniques have been used to evaluate dis-
ease state and progression in patients with autosomal 
dominant polycystic kidney disease (ADPKD)15. MRI 
is now the preferred method over ultrasonography to 
measure renal cysts and kidney volume for the follow‑up 
of patients with ADPKD, due to improved reliability of 
the data16. A landmark study documented an inverse 
correlation between total cyst and kidney volumes and 
renal function, with a parallel and well-correlated evo-
lution of these parameters over time17. The annual rate 

Key points

•	Radiologic techniques can be used to assess gross renal morphology, but 
morphological changes at this level show poor correlation with renal function and the 
changes over time are often nonspecific

•	Dynamic contrast-enhanced CT or MRI can provide haemodynamic information, such 
as renal blood flow or tissue perfusion, which can facilitate personalized patient 
management

•	Information obtained from blood oxygen level-dependent MRI could contribute to 
the understanding of chronic kidney disease pathophysiology, but technical issues 
remain to be solved before large-scale clinical use

•	MRI and renal scintigraphy can both provide a measure of split renal function in 
moderately dilated kidneys, but radiological measurement of single kidney 
glomerular filtration rate requires further development

•	The ability to identify fibrotic changes and inflammatory components in damaged 
renal tissue by radiologic imaging is a major goal for future research
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Superparamagnetic iron 
oxide particles (SPIO) 
Iron oxide (magnetite and 
maghemite) particles  
150 nm in size that exhibit 
superparamagnetism and can 
be used to label cells and 
monitor them in real time.

of percentage change in total kidney volume evaluated 
by MRI was selected as the primary objective in another 
study that demonstrated the efficiency of tolvaptan in 
patients with ADPKD18. The utility of this biomarker 
has since been challenged, as eGFR is now considered 
a more clinically useful variable. Clinical evaluation 
and genetic testing for cystic kidney diseases has been 
described elsewhere19.

Changes in renal microstructure
The most notable changes to renal microstructure 
that guide patient management and diagnosis include 
inflammation (that occurs during the acute phases 
of kidney diseases) and the progressive deposition of 
collagen, causing glomerular and interstitial fibrosis. 
Several techniques based on ultrasonography and MRI 
have been proposed as a means to detect and quantify 
these events, but these procedures cannot differentiate 
between fibrosis and inflammation, which can both 
modify the results in the same way.

Intrarenal inflammation
The extent of renal inflammation in the kidney in 
patients with diffuse renal parenchymal disease can 
only be assessed by renal biopsy, which remains the 
gold standard. However, an assessment of the evolution 
of renal inflammation, such as the density of inflamma-
tory cells (macrophages, leukocytes, and lymphocytes) 
in the renal parenchyma, might also be clinically useful. 
For example, patients with lupus nephritis often require 
several renal biopsies throughout the course of their 

disease to assess inflammation. Radiologic techniques 
could instead provide an estimate of the intensity of 
renal inflammation, as opposed to monitoring renal 
fibrosis, and could be helpful when making therapeu-
tic decisions and/or in monitoring a response to treat-
ment. A similar approach could potentially be useful for 
patients who have received a kidney transplant, in whom 
renal biopsies are repeatedly performed to assess several 
parameters, including the degree of renal inflammation. 
A radiologic approach would only be valuable, how-
ever, if measures of inflammation to diagnose allograft 
rejection (according to the Banff classification system) 
are demonstrated to correlate with the degree of signal 
intensity changes.

Strategies to visualize inflammatory cells or target dif-
ferent types of molecules involved in the inflammatory 
process (for example integrins or complement fractions) 
have been developed based on an MRI approach that 
incorporates the administration of superparamagnetic 
iron oxide (SPIO) particles. Evaluation of inflammatory 
cells requires an injection of ultra-small SPIO (USPIO) 
contrast particles that are ~20 nm in diameter and have 
a long half-life in the blood stream (2 h in rats and 36 h 
in humans). Larger SPIO particles of 120–180 nm  have a 
short half-life of ~2 h in humans and are avidly captured 
by extra-hepatic cells with phagocytic activity, including 
blood circulating monocytes and tissue resident macro
phages, as well as by the liver and spleen20. USPIOs pro-
duce a magnetic susceptibility effect (as observed with 
deoxyhaemoglobin) that is identified by a decrease in 
signal intensity on T2*-weighted sequences. USPIO 
accumulation within a tissue induces a strong decrease 
in signal intensity on gradient-echo T2*-weighted 
sequences, which exhibit a higher sensitivity compared 
to regular spin-echo T2‑weighted sequences.

Several rat models of experimental nephropathy, 
including nephrotic syndrome20, hydronephrosis21, 
anti-glomerular basement membrane glomerulo
nephritis21, acute graft rejection22, acute tubular necrosis 
induced by ischaemia–reperfusion23, and chronic graft 
rejection24, have been used to demonstrate the detect-
ability of intrarenal macrophagic activity by USPIO-
mediated MRI. In all of these models, a decrease in 
intrarenal signal intensity was observed 24 h after 
injection of USPIOs and correlated with the num-
ber of macrophages within each renal compartment 
(r = 0.88) and with the severity of disease (r = 0.89). The 
decreases in signal intensity involved both the cortex 
and the medulla in all but two of the models of nephro
pathy (the anti-glomerular basement membrane model, 
where the drop of signal intensity involved the cortex, 
exclusively21, and the ischaemia–reperfusion model that 
only involved the medulla23).

A small, clinical pilot study performed in 12 patients 
with either native or transplanted kidneys confirmed 
the findings from the rat nephropathy models described 
above25. All patients with an inflammatory component 
of renal disease identified on cortical biopsy, including 
acute graft rejection, showed a marked decrease in dif-
fuse signal intensity within the renal parenchyma (i.e. 
involving the cortex and medulla) after USPIO particle 

Figure 1 | Sonographic changes in autosomal recessive polycystic kidney disease. 
a | Ultrasonography using a low-frequency probe detects hyperechoic regions in an 
enlarged kidney; corticomedullary differentiation is lost. b | A high frequency probe 
is required to identify the corticomedullary junction and numerous tiny medullary 
cysts spreading from the corticomedullary junction (arrows) to the renal papilla. 
c | Ultrasonography using a low frequency probe of a normal adult right kidney with a 
hypoechoic inner medulla (arrows). d | Ultrasonography using a high frequency probe of 
a normally functioning transplanted kidney with clear identification of the 
corticomedullary junction that separates the cortex and outer medulla (arrows) and 
hypoechoic inner medulla (asterisks).
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Apparent diffusion 
coefficient (ADC) 
A measure of the magnitude 
of diffusion of water molecules 
within a tissue that is 
calculated using MRI with 
diffusion weighted imaging. 
The ADC provides an 
assessment of tissue integrity.

Diffusion tensor imaging 
(DTI) 
A technique to measure the 
restricted diffusion of water 
according to the major 
direction of tissue architecture. 
DTI enables characterization of 
microstructural changes by 
measuring the fractional 
anisotropy and orientation 
of the diffusion tensor

Fractional anisotropy 
Indicates the percentage 
of a tissue that displays 
oriented diffusion axes and 
is a reflection of tissue 
microstructure.

injection, whereas patients with chronic and fibrotic dis-
ease without inflammatory components on biopsy did 
not exhibit this change in signal intensity. More inter-
estingly, and consistent with preclinical studies, three 
patients with acute tubular necrosis (two with trans-
planted kidneys and one with native kidneys) exhib-
ited a marked decrease in signal intensity within the 
medulla only — a zone that is usually not accessible for 
percutaneous renal biopsy (FIG. 2). Although Sinerem® 
(Guerbet, France) did not gain authorization for clin-
ical use, another USPIO-agent, Feraheme® (AMAG 
Pharmaceuticals, USA), was approved in North America 
and Europe for the treatment of anaemia in CKD. This 
agent has been evaluated in normal kidneys26, but the 
severe allergic reactions it can induce precludes its use 
in routine imaging.

Complex, experimental imaging approaches to iden-
tify inflammatory processes in the kidney have been pro-
posed, such as monitoring the homing of SPIO-labelled 
macrophages readministered intravenously27, or using 
SPIOs conjugated to recombinant complement receptor 
type 2 that will specifically bind to renal C3 deposits28,29. 
A similar approach based on microbubbles conjugated 
with anti-human CD3 antibody to target human lym-
phocytes that are then followed using ultrasonography, 
has also been proposed30. These elegant strategies are 
currently restricted by regulatory policies, but they could 
lead to interesting developments in the future.

Intrarenal fibrosis
Quantification of fibrosis and evaluation of its evolu-
tion over time could be a useful measurable parameter 
in most cases of CKD; such data obtained by radiologic 
imaging would be complementary to the biological 
markers used to evaluate GFR. The methods by which 
intrarenal fibrosis can be quantified are outlined below.

Quantification of renal echogenicity. Studies have shown 
that compared to renal size, cortical thickness, or paren-
chymal thickness, renal echogenicity has the strongest 
correlation with renal histological parameters, such as 
glomerular sclerosis, tubular atrophy, interstitial fibrosis, 
and interstitial inflammation (r = 0.28–0.35)31. This corre-
lation coefficient, however, is still very low, and thus the 
predictive value of renal echogenicity is relatively poor. 
Unfortunately, no distinction between inflammation and 
fibrosis can be demonstrated by visualizing renal echo-
genicity. A close association between echogenicity and 
renal function in patients with a right solitary kidney has 
been shown, but no insight into the underlying patholog-
ical processes has been provided32. Alternative methods 
need to be developed and validated for this purpose.

Magnetic resonance diffusion-weighted imaging. 
Diffusion-weighted magnetic resonance sequences are 
T2‑weighted sequences that encode microscopic move-
ments of protons in three orthogonal directions when 
specific gradient characteristics (b‑values) are used. 
These sequences can provide data regarding micro-
scopic movements and exchange of water molecules 
between intracellular and extracellular spaces. A map 
of the apparent diffusion coefficient (ADC) can be generated 
when several b‑values are used in the sequence followed 
by application of a specific, post-processing algorithm.

Several studies have shown that ADC values are 
higher in the cortex than in the medulla of healthy kid-
neys33,34. Unfortunately, comparison of absolute ADC 
values (obtained at different centres or from different 
studies) is difficult because they are influenced by the 
type of b‑value used2. The ADC decreases with increasing 
renal dysfunction, probably owing to a decrease in water 
exchange and an increase in biological barriers within 
the tissues, such as regions of fibrosis35. Most studies have 
focused on comparing ADC values with eGFR, and only 
one preclinical study has reported a correlation between 
ADC values and the degree of intrarenal collagen deposi-
tion (R2 = 0.57) in a model of unilateral hydronephrosis36. 
To our knowledge, no clinical study has compared the 
association between ADC values and collagen deposition.

Diffusion tensor imaging (DTI) is a variation to diffu-
sion-weighted MRI, and applies six or more directions 
to encode proton movement to facilitate the detection 
of specific directions of movement of protons that pre-
dominate within the tissue. This method generates a 
value of fractional anisotropy — the percentage of a tissue 
that displays oriented diffusion axes (FIG. 3). The liver is a 
fully isotropic structure, with a random microstructural 
orientation, whereas the kidney is characterized by its 
anisotropic architecture. The predominant orientations 
of renal microstructures lie in the direction of the axis of 

Figure 2 | Visualization of intrarenal post-inflammatory 
phagocytic activity with ultrasmall supermagnetic iron 
oxide (USPIO)-enhanced T2*-weighted magnetic 
resonance sequences. a | Renal magnetic resonance image 
of a patient with acute tubular necrosis before injection 
with USPIO particles. The renal parenchyma is 
homogeneously hyperintense. b | A low signal intensity, due 
to phagocytosis of the USPIO particles, is observed in all 
renal pyramids 3 days after injection of the particles. 
c | Renal magnetic resonance image of a patient with acute 
rejection of a renal allograft before injection of USPIO 
particles. The renal parenchyma is homogenously 
hyperintense. d | A marked drop in signal intensity is 
observed in all renal compartments 3 days after injection 
of USPIO particles. This effect is due to phagocytosis of 
iron oxide particles by macrophages.
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Shear wave velocity (SWV) 
Shear waves are an elastic 
waveform that move as a shear 
or transverse wave through the 
body of an object. The SWV is 
a measure of tissue stiffness 
in m/s.

Transient elastography 
An ultrasound-based form 
of transient elastography 
developed by FibroScan that 
measures the extent of fibrosis 
and quantifies steatosis. 

Acoustic radiation force 
impulse (ARFI) 
A form of ultrasound 
elastography that uses acoustic 
radiation forces (<1 ms) to 
assess tissue stiffness and 
stage fibrosis.

Supersonic shear imaging 
(SSI)
An ultrasound-based technique 
for real time visualization of 
soft tissue viscoelastic 
properties. SSI provides a 
measure of tissue stiffness.

each medulla (cortex-to‑papilla), which helps guide the 
movement of water along the medullary rays. In healthy 
kidneys, the percentage of orientation within the medulla 
is higher than in the cortex (39% versus 22%), due to the 
presence of medullary rays37.

The ADC (obtained by diffusion technique) and 
degree of fractional anisotropy (obtained by DTI) are 
thought to be complementary measures, as the ADC 
provides information on the total diffusion value within 
the tissue (the level of water exchange), and fractional 
anisotropy reflects the tissue microstructure. These 
two data points could be used as an architectural bio-
marker of fibrosis in CKD, as the fibrotic process leads 
to progressive destruction of the renal microarchitecture.

Elastography. The evaluation of chronic liver diseases 
has been improved by combining ultrasound elasto
graphy (applying stress and detecting tissue displace-
ment by ultrasound) with biological criteria to evaluate 
the degree of fibrosis. Integration of elastographic infor-
mation to the management of CKD might also be of ben-
efit. Several single-centre studies have reported mixed 
results from initial experiences with elastography in 
the analysis of transplanted kidneys. Discrepancies 
in the data are caused by several factors. First, several 
techniques are available to perform ultrasound elasto
graphy, each with different principles, advantages, and 
drawbacks38. Quasi-static elastography (also known as 
real-time elastography) is based on a quasi-static defor-
mation or strain of the medium that is often achieved 
by compressing the tissue with a probe. This approach 
is simple to implement but provides only qualitative 
information or semi-quantitative surrogate parameters 
of tissue stiffness39, such as the elasticity ratio40 or fibro-
sis index41. Alternative techniques have been developed 
based on the measurement of the shear wave velocity 
(SWV) in order to circumvent the lack of quantitative 
data, as discussed below.

Three main quantitative methods based on SWV are 
available: transient elastography (using the FibroScan®; 
Echosens, France), acoustic radiation force impulse (ARFI; 
Siemens Medical Solutions, USA) and supersonic shear 
imaging (SSI; using the Aixplorer®; Supersonic Imagine, 
France) (FIG. 4). In our opinion, the FibroScan® transient 
elastography system (currently used to assess liver fibro-
sis) is inappropriate for renal sampling as all of the meas-
urements are made in one dimension. Furthermore, 
there is no control over the position of the sample vol-
ume by real time sonography and the sample volume is 
fixed in depth and size. Moreover, the mechanical wave 
has to be applied from the surface of the skin, which can 
interfere with the measurements as the shear wave must 
travel through numerous layers of tissue before it reaches 
the target organ.

Quantitative ARFI is also a one-dimensional method, 
and measures SWV in m/s in a sample volume of 5 mm². 
In contrast with transient elastography, the shear waves 
are generated directly within the organ. Finally, SSI 
based on a combination of ARFI and ultrafast ultrasound 
imaging provides a 2D map of elasticity (in m/s or kPa). 
ARFI and SSI seem to be the most appropriate methods 

for renal imaging, but all three systems described are 
sensitive to the anisotropy (microstructure) of the 
renal parenchyma, external or internal pressure due to 
compression by the probe (mainly on superficial trans-
plants), and perfusion or urinary pressure42–44. These fac-
tors render the application of ultrasound elastography 
for renal imaging more problematic than for the liver, 
and must be considered before extending this method 
to large clinical trials.

Two studies that used quantitative methods to evalu-
ate fibrosis have reported that SWV (by ARFI) in native 
kidneys correlates with eGFR and the stage of CKD45,46. 
In both studies, however, the SWV decreased (indicat-
ing softer tissue) with a decrease in GFR. These findings 
are in contrast to those from patients with liver disease; 
this surprising discrepancy is yet to be explained. A 
third study that used the same methodology could not 
predict the different stages of CKD and no correlation 
was found with any pathological indicators of fibrosis. 
Contradictory results have also been reported in the 
context of diabetic nephropathy47,48.

Figure 3 | Diffusion-weighted MRI and diffusion tensor 
imaging in a kidney transplant. a | Diffusion-weighted 
magnetic resonance sequences encode microscopic water 
movements. These movements can either be randomly 
oriented and display a free diffusion pattern (isotropic), or 
exhibit a predominant orientation related to tissue 
microstructures and are thus restricted in their diffusion 
pattern (anisotropic). b | A coronal map of the apparent 
diffusion coefficient (ADC) of a normal renal transplant that 
is produced by encoding the microscopic water movements 
in three directions. No clear difference in the ADC values is 
evident between the cortex and medulla. c | When 
encoding microscopic water movements in at least six 
directions, a map of the fractional anisotropy can be 
produced (the percentage of selectively oriented water 
movements). On this coronal map of the fractional 
anisotropy, all pyramids are brighter than the surrounding 
(asterisks), indicating the presence of a higher fractional 
anisotropy value within medulla compared to the cortex. 
This higher anisotropy is caused by the high density of 
medullary rays with tubules and vessels oriented 
toward papillae.
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Display 
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Relaxation time (T2*) 
Time constant for signal 
decay in MRI that uses a 
T2*-weighted gradient-echo 
sequence. T2* is the inverse of 
the rate of signal decay R2*.

By using the SSI technique in transplanted kidneys, 
we found that renal cortical stiffness did not correlate 
with any clinical parameters, any single semi-quantitative 
item of allograft rejection according to the Banff score, or 
the level of interstitial fibrosis. A significant correlation 
(r = 0.41, P = 0.03) was obtained between cortical stiffness 
and the total Banff scores of all lesions, whereby all ele-
mentary lesions (vascular, interstitial, glomerular, and 
tubular lesions), chronic or not, were summed49. These 
results suggest that elastography is probably more diffi-
cult to apply to renal analyses than to the liver, and an 
increase in tissue stiffness seems to reflect global, but not 
specific, tissue changes.

Emerging methods
Other methods based on magnetic resonance have been 
proposed to predict or assess the degree of tissue fibrosis, 
but only very preliminary results have been generated 
in the context of the kidney. Magnetic resonance elasto
graphy is a technique that can feasibly be applied to the 
kidney, but clinical experience is extremely limited50. 
Further experience with this method is essential before 
it can be used for patient management.

Specific contrast agents that target collagen fibres 
have been tested within the heart51–53, but no renal appli-
cation has thus far been instigated. Quantification of 
the relaxation time (T1) of the tissue using a T1‑mapping 

method can reflect the concentration of macromolecules 
in the target tissue, such as collagen, and thus provides an 
indicator of tissue remodelling. T1‑mapping was shown 
to be a good marker of chronic cardiac dysfunction54 but 
experience within the kidney has been limited to experi-
mental AKI55. T1‑mapping can be sensitized by measur-
ing the magnetization transfer effect between free water 
protons and protons linked to macromolecules using 
specific magnetic resonance sequences52. The amount 
of transfer of magnetization is responsible for a signal 
decrease that is proportional to the concentration of these 
macromolecules56. A good correlation has been found 
between the magnetization transfer ratio and eGFR in 
patients (r = −0.645)57.

Renal fat fraction
Lipotoxicity has been linked to the pathogenesis of dia-
betic nephropathy and renders the glomeruli and renal 
tubules more susceptible to hypoxia. One study showed 
that specific magnetic resonance sequences, known as 
chemical shift-selectives, could measure renal lipid accu-
mulation in a genetic mouse model of diabetes (db/db)58. 
Application of these sequences and their clinical impact 
needs to be demonstrated.

Cell therapy imaging
Cellular regeneration techniques that use mesenchymal 
stem cells (MSCs)59 or human renal progenitor cells60 
have been performed in the context of AKI in an attempt 
to accelerate the recovery of renal function and/or pre-
vent the development of CKD. An imaging method to 
monitor the homing of injected stem cells was proposed 
that aimed to compare the efficiency of intra-arterial and 
intravenous cell grafting. After intra-arterial administra-
tion of SPIO-labelled MSCs, a strong decrease in signal 
intensity was observed in vivo within the cortex as late 
as 7 days after injection, and the iron-loaded MSCs were 
identified in renal glomeruli by histologic analysis61,62. 
In a rat model of mesangiolysis, a homing effect of mag-
netically-labelled MSCs administered intravenously was 
detected ex vivo using very high field MRI (9.4 T) (see 
Supplementary information S2 (figure)), but a large pro-
portion of the cells were trapped within the liver, pre-
cluding their detection in the kidneys in vivo using lower 
field MRI (1.5 T)63. On comparing the renal segments 
that showed a change in signal in ex vivo images with 
pathological lesions identified on histological sections, 
the areas of low signal intensity correlated well with 
α‑actin expression (a marker of mesangial activation) 
and Prussian blue staining (a marker of iron-loaded 
MSCs). These data suggest that the MSCs specifically 
homed to injured tissues and this technique confirmed 
the selective homing of stem cells to diseased areas of the 
kidneys in this rat model.

Renal functional parameters
Renal circulation
The evaluation of intrarenal haemodynamic parameters 
could be complementary to imaging of the renal arteries. 
In various clinical situations, such as renovascular hyper-
tension or hypertensive and/or diabetic nephropathy, an 

Figure 4 | Ultrasound‑elastography using shear wave 
imaging technique on a renal allograft. The top panel 
shows a quantitative 2D colour map of elasticity on the 
anterior aspect of the kidney using a high-frequency probe. 
The colour map illustrates higher tissue stiffness in the 
cortex compared to the medulla. The bottom panel shows 
two regions of interest: the cortex (upper region of interest) 
and medulla (lower region of interest), where 
measurements of elasticity (kPa) can be made. In this 
example, the cortical elasticity is 29.87 kPa and medullary 
elasticity value is 21.18 kPa.
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Dynamic contrast-enhanced 
(DCE)
Intravenous administration of a 
contrast agent prior to MRI or 
CT to facilitate quantification of 
physiological parameters in 
comparison to baseline (no 
contrast) images. Functional 
information such as perfusion, 
permeability, and renal 
filtration can be obtained 
through the acquisition of high 
resolution parametric images.

Blood oxygen 
level-dependent MRI 
(BOLD-MRI)  
Method used in functional 
MRI to observe variations in 
oxygen concentration within 
tissues based on the 
oxy-deoxyhaemoglobin ratio.

Relaxation rate (R2*) 
Rate of signal decay in MRI 
using a T2*-weighted 
gradient-echo sequence, and is 
the inverse of the time constant 
T2*. R2* is sensitive to 
tissue oxygenation levels and 
the presence of iron 
oxide particles.

accurate evaluation of blood flow, tissue perfusion, and 
oxygenation in various compartments of the kidney 
could be a useful indicator of disease status with poten-
tial predictive value, given the paramount importance of 
these parameters in mediating renal function.

Renal blood flow and tissue perfusion. Renal blood flow 
can be characterized and even measured without injec-
tion of any contrast agent, by using cine phase-contrast 
MRI. As with Doppler sonography, this method ena-
bles evaluation of the intra-arterial velocity profile and, 
by measuring the arterial diameter, quantification of 
renal blood flow in each renal vessel. Researchers have 
shown that a decrease in renal blood flow occurs before 
a reduction in GFR in patients with ADPKD, and is 
inversely associated with an increase in kidney volume. 
Furthermore, a decrease in renal blood flow is predictive 
of further progression of ADPKD, in terms of kidney 
volume and function64. This measurement, however, has 
yet to be compared to reference methods and the level 
of variability is unknown. The utility of a velocity profile 
to provide haemodynamic information in renovascular 
disease has been shown to facilitate the quantification of 
renal artery stenosis65.

A measurement of renal perfusion (volume of blood 
flow per gram of tissue and per unit of time) can be 
obtained by making dynamic contrast-enhanced (DCE) 
acquisitions with ultrasonography, CT or MRI or by 
using non-contrast magnetic resonance sequences, 
where the signal is generated only by the proton flow 
within the microvessels (known as arterial spin label-
ling). The latter approach seems very attractive in the 
context of renal insufficiency as it does not require 
injection of a gadolinium-based contrast agent; however, 
although this method seemed promising when meas-
uring brain perfusion, its application in assessing the 
renal vasculature is technically challenging and is still 
under development66.

DCE acquisitions facilitate progressive, visible 
enhancement of the renal parenchyma. When using 
CT or MRI, a renal perfusion value can be calculated 
based on signal intensity time curves, provided that the 
time resolution of the acquisitions is sufficiently high. 
Obtaining the renal perfusion value requires sampling 
of the signal intensity changes within the kidney and 
the aorta to characterize the arterial input function (the 
shape of the bolus of contrast) (see Supplementary infor-
mation S3 (figure)). Although this procedure is simple 
to implement, quantification of perfusion with DCE-
ultrasonography remains difficult due to attenuation 
effects, destruction of microbubbles by the ultrasound 
beam, and absent arterial input function, despite sev-
eral attempts using animal models. Perfusion-derived 
parameters can, however, be calculated using this 
method67, and the technique is very efficient for detect-
ing intrarenal perfusion defects (infarcts or cortical 
necrosis) in native and transplanted kidneys68.

Quantitative values of perfusion in ml/min per gram 
of tissue can be obtained from DCE–CT and DCE–MRI 
by applying dedicated pharmacokinetic compartment 
models (FIG. 5). Quantification of renal perfusion in 

pigs by DCE–CT showed strong correlation with a ref-
erence method that tracks injected fluorescent micro-
spheres (r = 0.93)69. Low doses of gadolinium chelates 
(one-third or one-fourth of a clinical dose) are used 
in DCE–MRI. The relationship between signal inten-
sity and gadolinium-chelate concentration is biphasic 
and nonlinear, and therefore, a conversion of the sig-
nal intensity into concentration is necessary, which is 
possible by several methods70. CT has an advantage 
over MRI for this purpose as a linear relationship exists 
between density values and concentration of the iodine 
contrast agent. Although DCE–CT perfusion values 
have been validated in pigs (as described above)69, MRI 
has been more widely studied most likely to circumvent 
the risks that are incurred with DCE–CT — namely 
excessive exposure to radiation and, to a lesser degree, 
iodine contrast nephropathy. DCE–MRI is able to detect 
global perfusion impairment but, to our knowledge, no 
validation with reference methods has yet been demon-
strated. As a result, only severe haemodynamic changes 
and comparative data can be taken into account in 
pathological conditions (from kidney-to‑kidney or 
territory-to‑territory)71. More details on the principles, 
advantages, and limitations of these different models are 
available in the literature72,73.

Renal tissue oxygenation. Maintaining a stable partial 
pressure of oxygen (pO2) within the renal parenchyma 
depends on numerous adaptive mechanisms. Tissue oxy-
genation is of paramount importance in the context of 
AKI and CKD74. The outer medulla is much more sensi-
tive to hypoxia than is the cortex (pO2 10–20 mmHg ver-
sus 50 mmHg), due to low blood flow and high oxygen 
consumption (~80%) as a consequence of active water 
and sodium reabsorption by Na+–K+-ATPase pumps 
along the thick ascending limb of the loop of Henle. 
This physiology renders the kidney highly susceptible to 
hypoxic injury, and it is now well established that chronic 
hypoxia is a major contributor to the development of 
parenchymal fibrosis and CKD, as observed in diabetic 
nephropathy75,76. Changes in tissue oxygenation might 
be related to changes in either tissue perfusion, oxygen 
consumption, or both. Thus, any disease that induces an 
increase in tubular function (such as diabetes mellitus or 
unilateral nephrectomy), or decreases medullary perfu-
sion (such as in contrast-induced nephropathy), could 
shift the balance toward hypoxia77.

The only non-invasive in vivo technique that is able 
to assess regional oxygenation of the renal parenchyma 
is blood oxygen level-dependent (BOLD)-MRI. By using spe-
cific, dedicated sequences (multi-echo T2*-weighted 
sequences), a decrease in signal intensity can be observed 
within tissues with a low pO2 that is associated with a 
decrease in relaxation time (T2*). Quantitative maps of 
the relaxation time and of the relaxation rate (R2*) can be 
generated, knowing that R2* is the inverse of T2* (see 
Supplementary information S4 (figure)). The sensitivity 
of T2*-weighted sequences to oxygen levels is due to the 
paramagnetism that is exhibited by deoxyhaemoglobin 
but not oxyhaemoglobin. In accordance with the renal 
physiology, the medullary T2*-value is shorter than the 
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cortical T2*-value in normal kidneys (FIG. 6). Although 
T2* has a linear correlation with intrarenal pO2 val-
ues (r = 0.67–0.73)78 and can, therefore, be considered 
a surrogate marker of tissue oxygenation, variations 
in T2* can be associated with changes in oxygen con-
sumption, blood flow, and blood volume, which makes 
physiopathologic interpretation of these T2* changes 
somewhat difficult.

Dynamic changes in oxygenation can be induced 
by various stimuli, such as pharmacologic agents or 
hydration status. In young individuals, hydration inhib-
its active reabsorption in the medullary tubules and 
increases medullary flow, thus resulting in an increase 
in oxygenation (represented as an increase in medullary 
T2*). This response to hydration is usually reduced in the 
elderly79. Medullary oxygenation in animal models was 
reduced by inhibition of prostaglandins and nitric oxide, 
and by intravenous injection of radiocontrast agents79. 
In a rat model of diabetic nephropathy, the shortest T2* 
was found within the outer stripe of the outer medulla, 
which indicates the presence of hypoxia due either to 
hyperfiltration or changes in renal blood volume33.

The first renal application of comparative dynamic 
BOLD-MRI in humans was performed in patients with 
diabetic mellitus with no microalbuminuria, hyper
tension, or renal insufficiency. These patients failed to 
present any marked improvement in medullary oxygena-
tion after water loading; thus the data obtained by BOLD-
MRI provided an early biomarker of renal involvement 
in diabetes80,81. An analysis of 37 patients with CKD 
found that the decrease in T2* cortical values (indicating 
hypoxia) correlated with the percentage of fibrotic area 
on renal biopsy; the degree of hypoxia increased with the 

extent of fibrosis (R2 = 0.23)82. Conversely, no association 
was identified between T2* and eGFR or CKD stage in a 
large cohort of patients with CKD83.

In atherosclerotic renal artery stenosis a decrease in 
T2* was reported in normal sized kidneys, downstream 
of high-grade stenosis, which increased after adminis-
tration of furosemide, but no prognostic value could 
be established84. Hypoxia is mediated by activation 
of the angiotensin type 1 receptor by angiotensin II85. 
Renin–angiotensin blockade can improve cortical and 
medullary oxygenation by inhibiting the production of 
angiotensin II, as shown in hypertensive patients with 
atherosclerotic renal artery stenosis86,87, and in patients 
with diabetic or non-diabetic CKD88. Medullary pO2 is 
reportedly higher in renal allografts, (as indicated by a 
higher T2* value following BOLD-MRI) compared to 
native kidneys of healthy volunteers2,89, which might be 
explained by reduced oxygen consumption secondary to 
reduced active reabsorption of sodium. In the context of 
acute allograft rejection, most studies have shown higher 
medullary oxygenation in the failing graft compared to 
normally functioning grafts or grafts with acute tubular 
necrosis. This effect is likely due to impairment of renal 
tubular function (including oxygen consumption) as a 
result of leukocyte infiltration90,91.

Even though BOLD-MRI seems to be a very excit-
ing, yet challenging, technique that can provide insights 
into our understanding of CKD pathophysiology, some 
discrepancies have started to emerge, mainly in the data 
produced from analyses of native kidneys92. Technical 
challenges in the utility of BOLD-MRI remain, as sig-
nal intensity is influenced by various factors including 
hydration status, sodium avidity, vascular volume, and 

Figure 5 | Principles of quantitative dynamic contrast-enhanced (DCE)–MRI applied to a kidney transplant. 
DCE–MRI measures the transit of a tracer to estimate various parameters, such as perfusion or glomerular filtration rate. 
a | The renogram is a map of the maximal signal intensity that can be obtained after injection of a gadolinium-based tracer 
bolus. b | By placing a region of interest on the aorta (red) and on the cortex (yellow), signal intensity time curves (kinetic 
curves) can be produced. The aortic kinetic curve enables characterization of the shape of the bolus (arterial input 
function). c | A two-compartment model is applied to these kinetic data to extract the perfusion component and the 
extraction component. d | Quantitative maps of perfusion and glomerular filtration rate (GFR; in ml/min/g of tissue) can be 
generated from these data, respectively.
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Scintigraphy
2D imaging of the distribution 
of radioactivity after 
administration of a radio
pharmaceutical imaging agent 
with affinity for the organ of 
interest. Scintigraphy enables 
evaluation of kidney function.

vessel geometry as well as other factors that affect oxygen 
dissociation. Furthermore, although BOLD-MRI might 
be able to detect differences in tissue oxygen levels, it 
cannot be used to differentiate between the various 
underlying causative factors92. New approaches for the 
quantification of changes in signal intensity — namely 
the determination of fractional tissue hypoxia (the per-
centage of the entire axial section with an R2* value 
>30/sec) — have been proposed to increase the reliabil-
ity and reproducibility of this technique93,94. Moreover, 
a better understanding of the observed signal changes 
is still necessary by implementation of an experimen-
tal integrated setup that combines simultaneous meas-
urement of R2* and tissue perfusion in each renal 
compartment93,94.

Vascular resistance. Doppler ultrasonography can also 
be used to identify intrarenal haemodynamic changes 
that are suggestive of functional and/or structural dete-
rioration. The Doppler-derived renal resistive index is a 
sonographic index that quantifies the complex changes 
in vascular resistance, compliance, and cross-sectional 
areas associated with the intricate flow and tissue 
changes that can occur in conditions such as arterio
sclerosis and interstitial fibrosis95. This index is sensi-
tive to systemic haemodynamics, such as systemic pulse 
pressure and heart rate.

The potential to use the renal resistive index as a 
predictive parameter in a variety of vascular and renal 
diseases has gained interest, despite the low specific-
ity of this approach. In a meta-analysis, Ninet et al.96 

showed that the resistive index might predict per-
sistent AKI in critically ill patients by distinguishing 
transient from persistent AKI; however, many factors 
can influence the resistive index, and so the utility of 
a single resistive index measurement at intensive care 
admission to determine optimal mean arterial pressure 
remains uncertain97. In patients with diabetic and non-
diabetic CKD, a resistive index value >0.8 is associated 
with a fast decline in renal function over 5 years98. In 
atherosclerotic renal artery stenosis, a resistive index 
in the contralateral kidney >0.73 was found to be an 
independent predictor of renal function failure after 
revascularization99. In the setting of primary hyper
tension, the resistive index is now considered an accu-
rate independent predictor of poor cardiovascular and 
renal outcomes100.

The utility of the renal resistive index to assess the 
function of renal allografts is complex because the value 
of resistive index could depend on characteristics of 
both the organ donor and the recipient. This complex-
ity might explain some of the discrepancies observed 
in the literature. For example, an increase in the resis-
tive index in the early post-transplantation period was 
shown to correlate with long-term transplant function 
(P <0.001)101, but another study that measured the resis-
tive index at several time points found that the value 
reflected recipient characteristics, such as age at trans-
plantation or age at death, but not the functional char-
acteristics of the graft102. This field is in need of further 
investigation and experience.

Renal ultrafiltration
Split renal function. Measurement of split (or differ-
ential) renal function is widely used by urologists to 
guide the management of unilateral uropathies (mainly 
obstruction and tumours). In the field of nephrology, 
measurement of split renal function might be required 
when reduced renal function is associated with renal 
asymmetry (as in renovascular diseases) to calcu-
late a single kidney GFR when coupled with a global 
clearance value. In routine clinical practice, split renal 
function is still measured by renal scintigraphy, which 
requires the use of glomerular (99mTc-DTPA) or tubular 
(99mTc‑MAG3) radiotracers. Many medical practition-
ers have promoted a move away from nuclear medi-
cine techniques and the use of radioactive material 
towards radiology. Numerous single-centre studies 
have reported correlations between differential CT 
morphologic criteria, such as renal parenchymal area51, 
parenchymal volume103 or a combination of volume and 
attenuation104, but validation on a large scale has not yet 
been performed.

Split renal function can be obtained using radio
logic functional approaches, such as DCE–CT or 
DCE–MRI, by applying the same algorithms used 
for renal scintigraphy. A large, multicentre trial com-
pared renal scintigraphy with DCE–MRI in a cohort 
of adults and children with unilateral obstruction (see 
Supplementary information S5 (figure)). Good repro-
ducibility for both methods, and equivalent results 
were obtained in patients with moderately dilated 

Figure 6 | Intrarenal blood oxygen level-dependent MRI in a patient with a small 
tumour in the upper pole of the left kidney. a–c | The applied T2*-weighted MRI 
sequence is characterized by an increased sensitivity to the level of paramagnetic 
deoxyhemoglobin by increasing the echo-time. A progressive decrease in signal intensity 
is detected within the medulla (arrows) and within the tumour (asterisks) due to a lower 
level of tissue partial pressure of oxygen (PO2). d | A parametric image of the relaxation 
time T2* (or of the relaxation rate R2* = 1/T2*) can be generated by fitting signal intensity 
versus echo-time data to an exponential function on a voxel by voxel basis. Lower T2* 
values (blue) are observed within the medulla (arrows) and within the tumour (asterisk) 
indicative of lower tissue PO2, compared to the cortex (red), which has a higher T2* and, 
therefore, a higher PO2.
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Magnetic resonance 
spectroscopy  (MRS)
A complement to MRI that 
uses information derived from 
different atoms to determine 
the concentration of 
metabolites in the tissue 
examined.

kidneys, with a difference of 1.2 ± 12% between the 
techniques, making substitution acceptable. However, 
in severely dilated kidneys, DCE–MRI underestimated 
the mean split function by 4 ± 13%, making substitution 
questionable105.

Regional glomerular filtration rate. An estimation of 
the GFR is the best index to monitor CKD, and ref-
erence methods, such as radionuclide clearances, are 
underutilized as they are relatively time consuming and 
require several blood and/or urinary samples. GFR is 
thus estimated in clinical practice based on creatinine 
and/or cystatin C serum concentrations, despite several 
pitfalls, which are outside the scope of this Review. Fast, 
quantitative methods based on intrarenal tracer kinet-
ics, such as DCE–CT and DCE–MRI, which do not 
require blood and/or urine sampling could be extremely 
useful for clinical patient management. As for perfusion 
studies, dynamic image acquisition is performed after 
injection of an iodine contrast agent or low molecular 
weight gadolinium chelates that are pure glomerular 
tracers. The duration of image acquisition is extended 
to the entire filtration phase and a two-compartment or 
a three-compartment pharmacokinetic model is applied 
to extract GFR values for each kidney70,73. Functional 
maps of GFR can be obtained, making it possible to 
measure regional filtration rates.

DCE–CT was shown to have moderate agreement 
with iothalamate-derived single kidney GFR (stand-
ard error of the estimate of 14.0 ml/min/1.73 m2 using 
an extended gamma-variate model)106, but this method 
required injection of a high-dose iodine contrast agent 
(0.5 ml/kg) at an elevated rate of 10 ml/s through a cen-
tral catheter positioned in the right atrium. DCE–MRI, 
which is used to measure perfusion, can also be used to 
estimate GFR with a low dose of intravenous gadolinium 
chelate (FIG. 5). Lim et al.107 obtained good agreement in 
GFR values obtained from DCE–MRI and radioisotopic 
technique, with a mean difference of −0.7 ml/min/1.73 m2 
(95% CI −12–11). In another study, the median differ-
ence between the DCE–MRI and radioisotopes ranged 
between −4.1 and −7.7 ml/min/1.73 m2 (REF. 108). Even 
with encouraging reports from single-centre studies in 
native109,110 and transplanted kidneys111, no clear con-
sensus can be discerned regarding the optimal choice of 
technique112, the sequence parameters for MRI, or the 
type of mathematical model to assess GFR.

Other functional parameters
Renal metabolism. Magnetic resonance spectroscopy 
(MRS) can detect nuclei such as carbon (13C), nitrogen 
(15N), fluorine (19F), sodium (23Na), phosphorus (31P) 
and hydrogen (1H), and has been used to identify bio-
chemical changes associated with disease in a variety of 
organs, including the kidneys113. The low sensitivity 
of MRS, however, has limited the development of this 
technique. Methods based on injection of hyperpolarized 
13C-labelled molecules (such as 13C-pyruvate) markedly 
enhances 13C detection and has allowed for metabolic 
imaging of several substrates in vivo, including fuma-
rate and pyruvate114. MRS of hyperpolarized [1,4-13C2] 

fumarate allowed the detection of early tubular necro-
sis and its distinction from glomerular inflammation in 
murine models115.

Intrarenal sodium concentration. The distribution of 
intrarenal sodium is characterized by a cortico–medullary 
gradient, is essential for the urinary concentrating pro-
cess, and has a close association with renal function. 
Maril et al.116,117 were the first to demonstrate and quantify 
the intrarenal sodium gradient by MRI, which requires 
specifically tuned coils to detect the magnetic resonance 
signal. Changes in signal intensity in excised kidneys 
were directly proportional to tissue sodium concentra-
tion, and both administration of furosemide or urinary 
obstruction could elicit marked and distinct alterations 
to the medullary sodium profiles; these results were 
confirmed in 2011 in a series of 28 volunteers118. In rat 
kidneys with acute tubular necrosis, the sodium gradient 
between the cortex and outer medulla and between the 
cortex and inner medulla was reduced by 21% and 40%, 
respectively, compared to control kidneys119. Further 
experience in the utility of this technique to monitor the 
intrarenal sodium gradient is required to define the value 
of such data and its clinical impact.

Intrarenal pH. Tissue pH is generally measured using 
proton MRS. MRI is also able to measure pH in vivo 
using pH‑sensitive gadolinium complexes, such as 
gadolinium-DOTA‑4AmP5 (REF. 120). These techniques, 
however, remain underutilized because of the low sensi-
tivity and limited availability of gadolinium complexes. 
A new approach of signal amplification with saturation 
exchange (known as chemical exchange saturation trans-
fer) demonstrated the ability of an iodinated contrast 
agent, iopamidol, to measure pH values and induced pH 
alterations in healthy mice121.

Conclusions
The techniques outlined in this Review have the potential 
to provide new biomarkers of renal disease that can be 
useful for patient management and to predict clinical and 
functional renal outcomes. Radiologic imaging is moving 
from solely generating a depiction of organ anatomy and 
macroscopic tissue changes towards providing a measure-
ment of quantitative, functional, and structural parame-
ters. The field of nephrology is expected to benefit from 
this movement as renal tissue changes predominantly 
occur at the microscopic level, often require a biopsy for 
diagnosis, and are associated with numerous contribu-
tors to functional disturbance. At present, only nuclear 
medicine techniques can accurately report parameters 
of renal function, such as perfusion or GFR, and these 
techniques remain a reference for the evaluations made 
in clinical practice. Ultrasonography — which already 
provides haemodynamic biomarkers of tissue changes, 
such as resistive index — will probably extend its con-
tribution to the understanding of structural changes 
associated with renal diseases upon incorporation of 
elastography techniques. In the near future, we expect 
that MRI will also become a major imaging technique 
for the evaluation of renal parenchymal disease, based on 
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its flexibility and ability to provide anatomic, structural, 
and functional information. Many magnetic resonance 
parameters can be obtained without the administration 
of a contrast agent, which is an important issue due to the 
multiple restrictions of their use in the context of renal 
function impairment.

Despite these advances, more experience is required 
to better understand the pathophysiological mechanisms 
that drive some of the macroscopic and microscopic 

changes that can be detected by these new radiologic 
techniques. Centres of excellence will need to propose 
steps to harmonize the technical requirements of the dif-
ferent imaging systems, and then large-scale evaluation 
of the variability and validity of these techniques, as well 
as their clinical impact, will be mandatory. We hope that 
many of these techniques will be implemented in clinical 
practice in the near future to improve the management 
and diagnosis of renal diseases.
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