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Abstract 

Chronic kidney disease (CKD) represents a growing medical, diagnostic and social challenge, and it 

is estimated to effect 8.5-9.8% of the global population and require expensive modes of treatment, 

such as haemodialysis or renal transplants. Currently, a diagnosis of CKD is set based on the level of 

creatinine in the blood, which is the golden standard of renal function diagnostics. Unfortunately, 

decrease in GFR is secondary to damage of the kidney parenchyma and indicates that the best time 

to start more aggressive treatment has already passed. Therefore, several non-invasive methods have 

been proposed for predicting increased risk of CKD progression however in most of the cases kidney 

biopsy is essential. Currently, the greatest hopes for a method that can confirm CKD are associated 

with the development of MRI, the most tissue-specific imaging method and it is already proven to be 

capable to detect inflammatory and oedematous changes, fibrosis, as well as perfusion and 

oxygenation disturbances. Therefore, in our manuscript we decided to present up-to-date knowledge 

about kidney MRI from a clinical point of view. 

Keywords: MRI; magnetic resonance; multi-parametric; chronic kidney disease; CKD; kidney 

function 

 

1. Introduction 

From a clinical point of view, kidney disease can be divided into acute kidney disease (AKD) 

and chronic kidney disease (CKD). While the definition of AKD is not fully established, it is widely 

accepted that it entails a reduction in kidney function for less than three months. Usually, the cause 

of AKD is reversible and does not lead to any complications. It can be caused by glomerulonephritis 

as a local factor, heart failure, NSAID (nonsteroidal anti-inflammatory drugs) overdose and certain 

infections, injuries or bleeding taking place throughout the body [1].  

The chronic form, CKD, is defined as a state where glomerular filtration (GFR) remains below 

60 ml/min/1.73m2 for longer than three months, or when GFR level is above this threshold but is 

associated with microscopic or macroscopic destruction of renal structure. While CKD can be 

reversible in specific conditions, its natural evolution is mostly characterised by constant, graduate 

and inevitable loss of renal function ending in kidney failure. The progression of CKD can be 

accelerated by episodes of acute kidney injury (AKI), causing further damage to renal morphology 

[1,2]. 

Fortunately, a number of treatments exist for the primary diseases known to cause CKD, such 

as chronic glomerulonephritis, chronic pyelonephritis, hypertension, diabetes, autoimmune or 

Alport diseases. These have been found to effectively slow or even temporarily stop kidney 

degradation. 
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However, CKD still represents a growing medical, diagnostic and social challenge, and it is 

estimated to effect 8.5-9.8% of the global population [3] . Although this value is significantly lower 

than the prevalence of cardio-vascular and cancer, CKD therapy is thought to generate much greater 

costs because CKD patients live for a shorter time in full health and require more expensive modes 

of treatment, such as haemodialysis or renal transplants [4,5].  

Currently, a diagnosis of CKD is set based on the level of creatinine in the blood, which is the 

absolute standard of renal function diagnostics. This value, along with other data such as sex, age 

and body weight, is used to calculate the GFR. Unfortunately, as a decrease in GFR is secondary to 

damage of the kidney parenchyma, a fall indicates that the best time to start more aggressive 

treatment to maintain kidney function has already passed. Therefore, several methods have been 

proposed for predicting increased risk of CKD progression; these include urine tests revealing 

proteinuria and other sediment abnormalities, blood tests for electrolyte levels, histopathological and 

immunological examinations of biopsy material as well as various, modern diagnostic imaging 

techniques [1].  

Up to now, the role of radiological imaging in the management of CKD remains marginal. In the 

vast majority of cases, it has been limited to ultrasound (US) examination in M-mode, to determine 

organ size and morphological features, and in Doppler and spectral-doppler modes, to evaluate 

vascular distribution and character of blood  flow [6]. The use of other modalities like computed 

tomography (CT) and magnetic resonance (MR), are limited to emergency situations or for diagnosis 

of widely-understood abdominal causes not related to the kidney [1,2,7].  

However, while these methods can all provide an insight into the progression of renal function 

loss at different stages of development, only histopathological examinations have been found to 

provide a clear picture of the current kidney state. However, due to their invasive nature, they are 

rarely performed in practice.  

Currently, the greatest hopes for a method that can confirm CKD are associated with the 

development of MRI, the most tissue-specific imaging method [8,9]. Therefore, the aim of this article 

is to present the current state of knowledge regarding the use of advanced MRI techniques for real-

time detection of the pathological changes that can occur in the kidneys during CKD progression. 

These include inflammatory and oedematous changes, fibrosis, as well as perfusion and oxygenation 

disturbances [10–13]. However, it should be noted that the existing literature on this topic is highly 

heterogeneous. In addition, not all major diseases contributing to CKD have been evaluated, and 

some of the MRI sequences discussed in the following sections have been scrutinised in relatively 

few studies. 

2. Basics of MRI 

While the physics and technique of magnetic resonance imaging (MRI) seems profoundly 

complex, all of its sequences are based on a few basic rules [14,15]. The object of imaging, typically 

the patient, is located in a static electromagnetic field that aligns the spins of its hydrogen protons in 

one direction. A second group of coils produces a gradient of magnetization in three cartesian planes 

allowing structures to be coordinated in space. A final group of coils create a radiofrequency (RF) 

pulses destabilizing the standardized and aligned area inside first two coil groups. The RF pulse 

modifies the magnetic characteristics of the protons, resulting in the creation of short-lived (lasting 

for milliseconds) light (measured in milliteslas) signals, which are used to determine the three 

dimensional structure of the sample. 

3. T1 and T2  

3.1. Principles 

The oldest, and most basic, magnetic resonance sequences are T1- and T2-weighted images. Most 

commonly,  T1-weighted images are acquired by assessing one 180o pulse with a successive 90o pulse 

and a series of 180o pulses [16,17]. This protocol has to be repeated several times to produce three to 
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eight readout points, each of them after full magnetic relaxation. The T2-weighted sequence is more 

simple as it usually requires only one spin-echo sequence consisting of one 90o pulse followed by a 

few 180o pulses [17].  

The main goal of these two sequences is to measure the most simple magnetic features as T1 i.e. 

the recovery time of y-axis vector of magnetic spin and T2, i.e. the disappearance of the x-axis vector 

of magnetic spin after the disturbance of the organised magnetic field. This date is than processed to 

create images or maps accessible for humans. Each of the above sequences is completely independent 

and depicts distinct physical characteristics of the examined object: the T1-weighted sequence focuses 

more on assessing kidney fibrosis and oedema, whereas the T2-weighted sequence is more sensitive 

to molecular changes associated with hypoxia [18,19]. Both sequences, however, are best suited for 

evaluating kidney morphology, including their size, shape, and corticomedullary differentiation [20]. 

(Rys 1.), (Rys 2.) 

 

Rys 1. Example of kidney in T1-weighted DIXON image. 

 

Rys 2. Example of kidney in T2-weighted HEIST image. 

3.2. Clinical Utility 

As early as the 1980s, intensive research began on the clinical utility of T1-weighted images in 

diagnosing pathologies of both native and transplanted kidneys, with a primary focus on T1 signal 

intensity changes in the cortex during the development of rejection syndrome [21]. The results of 

these initial studies were not convincing; however, more promising findings emerged regarding the 
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effectiveness of T1 in detecting changes in corticomedullary differentiation, both in the assessment of 

transplant rejection and in the course of acute tubular necrosis [22,23]. 

While most studies on the utility of MRI in kidney diagnostics rely on a comparison of both T1- 

and T2-weighted imaging, such reports have primarily been based on animal studies. Yuasa et al [24] 

report prolonged T1 and T2 relaxation times in rabbit kidneys with hypoperfusion caused by renal 

artery occlusion. These findings were further confirmed in rat models by Pohlmann et al. [25]and 

mouse models by Hueper K et al [26]. This is significant because microstructural disturbances in 

kidney perfusion caused by renal artery stenosis is a key pathomechanism underlying CKD 

development. 

In a mouse model, Franke et al. [27] found that the progression of polycystic kidney disease 

(PKD) and its treatment can be effectively monitored by T1 and T2 measurements.  

Studies have also been conducted to determine the potential of T1- and T2-weighted sequences 

in evaluating transplanted kidneys, particularly with regard to rejection syndrome. A study on a 

mouse model [28] found T1 and T2 measurements to be of value in diagnosing of chronic rejection 

syndrome, while another study on transplanted kidneys in mice, using a multiparametric MRI [29], 

found greater T1 and T2 signal intensity in the cortex and external medulla to be associated with 

lymphocytic infiltration and the onset of renal fibrosis. 

Human based studies analyzing exclusively the T1 or T2 signal remain rare. One study was 

conducted by Vivian S. Lee et al. [30] on a group of 10 patients found reduced corticomedullary 

differentiation in individuals with CKD in T1 weighted images to be almost entirely due to changes 

in cortical signal intensity [30], thus confirming previous studies [21,31–34]. Studies evaluating T2-

weighted imaging in patient populations are rather limited. However, one paper on native kidneys 

by Tsutomu I [35] identified a significant relationship between hypoxia, degree of kidney fibrosis, T2 

signal intensity, and apparent diffusion coefficient (ADC) maps. Also, a particularly interesting study 

by Mathys et al. [36] demonstrated a correlation between cortical T2 signal intensity and a decline in 

GFR in kidney transplant patients. 

A comparison of MRI findings with histopathological data by Schley et al. [37] found that T1 

and T2 relaxation times change as CKD progresses due to hypoperfusion and subsequent fibrosis. 

However, they concluded that T2-weighted imaging holds greater prognostic value in assessing the 

progression of chronic kidney disease. 

More recently, the use of MRI technique for evaluating CKD has been significantly improved by 

the application of texture analysis; briefly, the technique is based on examining the voxel brightness 

in a given image acquired from a specific sequence. This appears to be an ongoing and significant 

research trend with substantial clinical potential, and one that may allow objective interpretation of 

imaging data. In two studies on T1-weighted image textures, the authors demonstrated a correlation 

between texture parameters and kidney function [38]. The method also allowed healthy individuals 

to be differentiated from those with CKD secondary to diabetes [39]. Regarding T2-weighted image 

textures, various algorithms have been designed that can distinguish patient groups depending on 

the degree of development of CKD Yu Baoting et al. [39], Grzywińska M et al. [40], and Yuki Hara et 

al. [41]; the methods were also used to effectively determine GFR levels in each subject. The most 

recent research in this area by Majos et al. [42] employed neural network models based on T2-

weighted image textures data to successfully detect CKD activity. 

4. DWI 

4.1. Principles 

Diffusion weighted imaging (DWI) is a non-contrast technique designed to measure movements 

of water molecules in tissues. It is typically based on very fast magnetic resonance sequences like 

echo-planar imaging. Most protocols use two strong 180o RF pulses, and sum up their impacts [43]. 

The nett phase shift signal of any non-static water molecules is detected and used to prepare final 

diffusion maps. 
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As the free movement of water molecules depends primarily on the tissue structure, the nature 

of the DWI signal is characteristic of the tissue. Any change in the diffusion sequence are most likely 

due to pathological processes such as swelling, changes in cell density and fibrosis.  

A modification of the DWI sequence that is more resistant to artefacts and the influence of T2-

weighted values is the apparent diffusion coefficient (ADC), which represents the magnitude of 

water molecule diffusion in tissues [44]. ADC is calculated based on signal values obtained from the 

DWI sequence using different b-values, i.e., diffusion gradients that vary in duration, amplitude, and 

intervals. This approach accounts for all ranges of water molecule movement and a comprehensive 

evaluation of diffusion in the examined tissues: in our case, the kidneys [45]. The literature consensus 

is that the DWI sequence, and the ADC maps derived from it, are useful for assessing kidney 

perfusion and any changes related to fibrosis and oedema in these organs [20]. (Rys 3.) 

 

Rys 3. Example of kidney in DWI (b 0, b 400) and ADC map. 

4.2. Clinical Utility 

In CKD, the microstructure of the kidneys changes significantly, with a decrease in the number 

of cells, an increase in the number of fibres and the development of collagen networks. Hence, DWI 

may represent a powerful approach for evaluating renal microstructure and function.  

Studies have found DWI values to effectively distinguish the kidneys of healthy subjects from 

those with CKD; these have been conducted in diverse groups of patients with different etiologies 

[46–48]. Reports also indicate that signal intensity on DWI images correlates with kidney function 

defined by GFR [49–51]. Importantly, several histopathological based studies have found ADC maps 

to correlate with chronic conditions, including renal fibrosis [52,53]. However, the authors could not 

clearly interpret the changes observed in DWI or state whether they derive from perfusion disorders 

or regressive structural changes. 

Several interesting studies have been published on CKD associated with the course of diabetes. 

Various papers have confirmed that it is possible to distinguish diabetic-altered kidneys from healthy 

ones [54,55], as well as diabetes patients who develop CKD in its course from those developing CKD 

for other reasons [56]. Equally important, it has been proven that DWI signal intensity can be used to 

predict the evolution of diabetic CKD as well as the occurrence of macroalbuminemia [54,57]. 

The evaluation of DWI sequence and ADC maps in the diagnosis of polycystic kidney disease 

(PKD) still requires further research. Although only few such reports exist, it has been found that the 

signal associated with kidney parenchyma differs between patients suffering from PKD and healthy 

controls [58,59], and that DWI images are useful in diagnosing complicated cysts [60]. 

The value of DWI in assessing the condition of the transplanted kidney appears to be very 

promising, with significant clinical potential. Several studies confirm that DWI analysis can be used 

to determine the functional status of a transplanted kidney [61] and the development of proteinuria 

[62]. 
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5. Phase Contrast  

5.1. Principles 

Another technique is renal phase contrast MRI (PC-MRI) based on 2D spoiled gradient echo 

pulse sequence with a short repetition time [63]. The protocol works by the principle that moving 

hydrogen nuclei spins are sensitive to signal phase changes, whereas stationary ones do not modify 

the amplitude of the applied signal. By adjusting the two signals, it is possible to calculate net phase 

shift of the moving spins and thus the speed of blood hydrogen. During data postprocesing, velocity 

maps are created that correspond to blood flow in renal arteries [64,65]. 

5.2. Clinical Utility 

The PC-MRI sequence can be used to measure renal blood flow (RBF). The data allows indirect 

assessment of changes in perfusion and microperfusion, which can occur during narrowing of the 

renal arteries, reduction in the number of nephrons or fibrosis of the intercellular matrix [66].  

Renal artery stenosis is known to be a cause of CKD and one of the two most common causes of 

hypertension, It has however been found to not yield any significant improvement in clinical status 

[67]. Despite this, attempts have been made to identify special groups of patients [68–70], for whom 

such intervention could be beneficial. So far, this issue remains unresolved. 

Several studies have found PC-MRI to be of value in the evaluation of kidney function in CKD. 

Khatir et al. report that the reduction in perfusion and GFR is not directly proportional and is less 

than half than the reduction in GFR [71–73]. 

The potential of PC-MRI with regard to polycystic kidney disease has also been evaluated in 

preliminary studies aimed at confirming the repeatability of results [74,75]. However, two papers 

have identified a correlation between RBF measured by PC-MRI and kidney function, with one 

finding it to have predictive value for disease development [74,76]. 

Only one preliminary report has assessed the value of PC-MRI for evaluating transplanted 

kidneys [71]; while the estimated RBF values were found to be associated with GFR, this issue 

requires further research. 

6. BOLD 

6.1. Principles 

Another techniques is blood oxygenation level-dependent magnetic resonance imaging (BOLD-

MRI), based on the paramagnetic features of deoxyhaemoglobin. Briefly, regions of high metabolic 

activity are characterised by a relative increase of oxyhaemoglobin concentration and decrease in 

deoxyhaemoglobin. As these two molecules have different magnetic characteristics, changes of their 

concentration affect the magnetic environment of the local area, particularly the T2*-weighted values. 

Up to now, the measurement of local T2* values in renal BOLD-MRI imaging have been conducted 

either by single shot echo planar imaging or multiple gradient echo imaging protocols, neither of 

which are ideal due to their multiple limitations [77].  

Even so, acquired T2* values are recalculated in so-called R2* values defined as 1/T2* per second 

and converted for final graphical presentation. More practically, low R2* values indicate higher local 

oxyhaemoglobin concentrations while high R2* values reflect higher local deoxyhaemoglobin levels.  

As the BOLD signal reflects the level of local tissue oxidation, the techniques can be used to 

detect disorders of the capillary structure in the kidneys that may arise in the course of CKD [78]. 

(Rys 4.) 
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Rys 4. Example of kidney in BOLD maps. 

6.2. Clinical Utility 

Although local hypoxia is theorised to be directly related to the development of CKD, the results 

obtained by studies comparing BOLD data with GFR have not been convincing. Significant data was 

obtained only when an effective plasma filtration fraction (ERPF) was used [79]. Nevertheless, some 

studies suggest that BOLD data may be a good biomarker of CKD progression [80,81]. 

Attempts have been made to evaluate transplanted kidneys using BOLD sequences, which 

began with the study of Sadowski et al. [82] and by a combination of BOLD data and arterial spin 

labelling (ASL) [83]. One study found the combination of BOLD data and the use of corticomedullary 

differentiation factor established on T1- and T2-dependent images to distinguish acute transplant 

rejection from acute renal tubular necrosis [84,85]. 

The BOLD sequence can be used to indirectly assess RBF, making it a suitable tool for assessing 

changes in the kidney with renal artery stenosis. Several publications have confirmed the correlation 

between significant stenosis of the renal artery and T2*-weighted signal values [86,87]. Moreover, the 

BOLD sequence can be successfully used to monitor the effects of revascularization [88,89]. 

7. ASL 

7.1. Principles 

Arterial spin labelling (ASL) is a non-invasive magnetic resonance sequence than can be used 

for quantitative estimation of RBF [90–92]. The technique is based on labelling arterial blood passing 

through a limited area, and receiving its signal after passing to magnetically-prepared renal tissue. 

While three main types of ASL have been developed, viz. pulsed, continuous and pseudocontinuous, 

their main principles are similar. Briefly, the area of interest containing the kidney is scanned to 

acquire control images. Following this, a sequence of suppression magnetic pulses is applied to the 

area containing the vessels supplying the kidney to label any passing blood. After waiting for a 

specific period to allow the labeled blood to arrive, i.e. a post-labeling delay time, the area of interest 

is scanned again to obtain label images. The difference between the label and control images can be 

regarded as RBF maps. However, only 5% of cases demonstrate a difference in T1 relaxation times 

between the control and label; hence, the procedure has to be repeated several times to receive reliable 

results . (Rys 5.) 
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Rys 5. Example of RBF estimation in ASL. 

7.2. Clinical Utility 

Numerous studies have evaluated the use of ASL as a single biomarker and as a part of 

multiparameter studies on chronic kidney disease [93–95]. It has demonstrated good accuracy in 

distinguishing healthy volunteers from patients suffering from CKD. Interestingly, one study on 

diabetic CKD [96] found ASL to detect early structural changes and to correlate them with kidney 

function as represented by GFR values; however, it did not indicate that the technique could predict 

the development of CKD. Despite this, the sequence is sensitive enough to detect changes in kidney 

blood flow in patients with normal GFR levels [97,98]. 

Few studies have examined the potential of ASL sequences to evaluate the impact of renal artery 

stenosis on renal perfusion. The feasibility and repeatability of the technique were verified [99,100] 

and it was then used as a valuable part of multiparametric research. Hence, ASL appears to have high 

diagnostic value both as a single sequence and as a component of multi-factor analyses [101–103]. 

ASL appears to be a reliable tool for organ qualification and the evaluation of vessels prior to 

transplantation [104] as well as for monitoring kidneys after the operation [83,105,106]. A preliminary 

study by Xue Li et al. [107] found a protocol based on ASL and BOLD sequences to detect renal artery 

constriction in transplanted kidneys.  

Studies on ASL in assessing transplanted kidney function have found estimated RBF to have 

good correlation with GFR values in the younger population [108] and with long-term kidney 

transplant recipients [109]. Practically speaking, ASL offers promise when used as part of 

multiparametric examinations, where it has also been found to demonstrate a good correlations with 

kidney function [101–103]. 

8. Conclusions 

In summary, all modern MRI sequences can be useful in the diagnosis of kidney diseases and 

are suitable for the evaluation and monitoring of CKD (Table 1). In addition, all described sequences 

except PC-MRI can be used to evaluate a transplanted kidneys. T2-dependent, DWI, and ASL 

sequences are recommended for CKD subtypes caused by diabetes. T2-dependent, DWI and PC-MRI 

sequences are most suitable monitoring the function of multicystic kidneys and assessing 

complicated cysts; of these, PC-MRI potentially has predictive value. 

When examining narrowed renal arteries, any of the listed sequences can be used to verify 

changes in course and assess items of hemodynamic significance; however, the BOLD and ASL 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 June 2025 doi:10.20944/preprints202506.2514.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.2514.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 16 

 

sequences should be used when qualifying for revascularization and monitoring the effects of 

treatment. (Table 2.) 

Table 1. The value of MRI sequence type in monitoring kidney function. 

 T1 T2 DWI PC-MRI BOLD ASL 

CKD + + + + + + 

Kidney transplant  + + + - + + 

CKD in policystic kidney disease - + + + - - 

Renal artery stenosis 
Monitoring + + + + + + 

Qualification to revascularisation - - - - + + 

Table 2. Applications of MRI sequences. 

MRI sequence Possible application 

T1 Assessing renal structure, fibrosis, oedema, corelation with GFR 

T2 Assessing renal structure, oedema, hypoxia, corelation with GFR 

DWI Estimation of fibrosis and oedema, corelation with GFR 

PC-Contrast Estimation of RBF, corelation with GFR 

BOLD Detection of oxygenation, estimation of RBF 

ASL Tissue perfusion, estimation of RBF, corelation with GFR 

9. Limitations of the Method 

While magnetic resonance imaging has obtained mostly encouraging and promising results in 

studies on kidney imaging, the method still has significant limitations. Most importantly, the 

examinations are expensive and suffer from limited availability. 

In addition, MRI manufacturers and diagnostic centres can vary considerably in their choice of 

acquisition parameters for each of the mentioned sequences; as such, the signal intensity data 

obtained by specific sequences can also differ between MRI units. While attempts have been made to 

solve this problem, either by applying coefficients of cortical differentiation or involving algorithms 

analyzing textures of MR images, both methods require further verification. 
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