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Abstract:  

 
In the context of autosomal dominant polycystic kidney disease (ADPKD), total kidney vol-

ume (TKV) plays a key role as biomarker of disease progression and response to therapy and has 

been recently recognized as enrichment biomarker and possible surrogate endpoint. Several imag-

ing modalities and methods are available to calculate TKV, and the choice depends on the purpose 

of use. Technological advancements have made it possible to accurately assess cyst burden, that 

can be crucial to assess the disease state and help identifying rapid progressors. Moreover, the de-

velopment of automated algorithms has increased the efficiency of total kidney and cyst volume 

measurements. Beyond total kidney and cyst volume, the quantification and characterization of 

non-cystic kidney tissue show potential to early stratify ADPKD patients, monitor disease pro-

gression, and possibly predict renal function loss. A broad spectrum of kidney MRI techniques are 

available to characterize kidney tissue, showing promise to non-invasively pick up early signs of 

ADPKD progression. Radiomics has been used to extract textural features from ADPKD images, 

providing valuable information about the heterogeneity of the cystic and non-cystic components. 

This review provides an overview of ADPKD imaging biomarkers, focusing on quantification 

methods, potential, and necessary steps towards successful translation to clinical practice. 

Keywords: autosomal dominant polycystic kidney disease; total kidney volume; cyst volume; 
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1. Introduction 

Autosomal dominant polycystic kidney disease (ADPKD) is the most common he-

reditary renal disease and the fourth leading cause of end-stage renal disease (ESRD) in 

adults. [1,2] In ADPKD, renal function remains normal or near normal for decades be-

fore starting to decline inexorably, with approximately 50% of ADPKD patients needing 

renal replacement therapy by the age of 60 years. [3,4]  

The clinical hallmark of the ADPKD phenotype is the progressive enlargement of 

the kidneys [5] caused by the formation and progressive expansion of multiple fluid-

filled cysts originating from the tubule wall leading to compression and obstruction of 

adjacent nephrons and to injury of normal parenchyma despite apparently normal renal 

function. [6] 

We urgently need early disease biomarkers that can not only detect current damage 

but also potentially predict the course of the disease. This need persists even when renal 

function, as gauged by serum creatinine levels or estimated Glomerular Filtration Rate 

(eGFR), appears normal or is relatively maintained. These biomarkers are crucial for 

clinical monitoring and for evaluating new treatment approaches during clinical trials. 

Since renal enlargement is the underlying macroscopic process, ultrasonography 

(US), computerized tomography (CT), and magnetic resonance imaging (MRI) have been 

used for many years to quantify kidney disease progression in ADPKD (Figure 1), [3,7–
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10] recently allowing to also investigate the relations between kidney or cyst volume in-

crease and renal function decline in the polycystic kidney. [11–13] 

 

 

Figure 1. Anatomical imaging of the polycystic kidney. Representative B-mode US image (A), con-

trast-enhanced CT image (B), and anatomical MR images obtained by T1-weighted (C) and T2-

weighted (D) sequences in human patients with autosomal dominant polycystic kidney disease. 

All techniques illustrate the presence of enlarged echogenic kidneys and fluid-filled cysts in the 

kidney parenchyma. 

 

In this review we provide an overview of diagnostic imaging state-of-the-art in 

ADPKD, focusing on the relevance of different imaging biomarkers, from the most es-

tablished – total kidney and cyst volume – up to the most innovative ones, likely allow-

ing to monitor the onset and progression of ADPKD since the earliest stages of the dis-

ease and to monitor the response to targeted therapy even before renal function declines. 

Imaging biomarker quantification methods will be reviewed, including latest artificial 

intelligence (AI) developments, and the potential of multiparametric approaches will be 

discussed. 

 

2. Total kidney volume 

Total kidney volume increase is acknowledged by the scientific community to be 

the dominant feature of ADPKD progression.[11] Back in 2000, 2 independent longitu-

dinal pilot studies provided preliminary evidence of TKV increase from year to year in 

ADPKD patients, suggesting that the rate of TKV growth, reflecting the enlargement of 

cysts, might be a sensitive metric of disease progression [14,15]. From then on, these re-

sults have been confirmed by several other studies [11].  

In 2006, the Consortium for Radiologic Imaging Studies of Polycystic Kidney Dis-

ease (CRISP) performed a longitudinal study in 241 patients with ADPKD and baseline 

eGFR >70 ml/min, exploring the hypothesis that TKV is a sensitive indicator of disease 

progression [3,5]. Twelve-year follow-up, during which GFR measurement by iothala-
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mate clearance and renal MRI acquisition were repeated over time [4,12,13,16], showed 

TKV exponential increase throughout life; different rate of kidney growth across pa-

tients; an association between higher kidney growth rate and faster GFR decline; slower 

volume increase and GFR decline in patients with PKD2 mutations than in those with 

PKD1 mutations, owing to the formation of fewer cysts. Taken all together, these find-

ings support the role of sequential measurement of TKV as a quantifiable index of dis-

ease progression. In addition, baseline TKV was found to predict GFR decline within 8 

years [4]. 

In 2015, Irazabal et al. proposed a model to predict GFR decline using a single 

height-adjusted TKV measurement alongside age.[17,18] According to this model (Mayo 

Clinic Classification), based on the assumptions of exponential kidney growth and a fair-

ly stable kidney growth rate over years,[19] typical ADPKD patients can be divided into 

5 classes (1A-E), characterized by different renal function decline rates. This classifica-

tion method, easily applied using the Mayo Clinic website 

(https://www.mayo.edu/research/documents/pkd-center-adpkd-classification/doc-

20094754), was validated in HALT-PKD [18,20] and TEMPO [21] studies as well as in in-

dependent cohorts,[22,23] showing its utility as an early marker of disease evolution in 

ADPKD patients.  

TKV can also serve as an indicator to evaluate the efficacy of candidate therapeutic 

agents that target cyst formation and growth in ADPKD patients.[24–32] Clinical studies 

have highlighted that drug treatment in these patients could limit kidney enlargement 

earlier and to a greater extent than slowing renal function decline.[11] 

Finally, TKV has been recently recognized by the EU and US regulatory agencies as 

an enrichment biomarker and a possible surrogate endpoint. In response to a request 

from the FDA, the Polycystic Kidney Disease Outcomes Consortium (PKDOC) gathered 

TKV data from more than 2 thousand patients with ADPKD to track the decline in eGFR 

as a function of baseline TKV [33]. As a result of the PKDOC findings, in 2015, the US 

Food and Drug Administration (FDA) published a letter of support, and the European 

Medicines Agency (EMA) a positive qualification opinion for TKV as an exploratory 

prognostic biomarker for enrichment in ADPKD clinical trials [34,35]. In 2016, the FDA 

qualified TKV as a prognostic biomarker and in 2018 it further designated TKV as a rea-

sonably likely surrogate endpoint.[36] 

The current and potential use of TKV has drawn attention to the variety of imaging 

modalities and methods employed for calculating TKV across ADPKD studies (Figure 2) 

.[37–39] TKV can be reliably measured on either magnetic resonance (MR) or computed 

tomography (CT) with methods that differ in complexity, time required, accuracy, and 

precision. Until now, the most commonly used methods include whole kidney manual 

contouring (hereafter named as planimetry) and stereology (grid point counting over the 

kidney).[40] Since these methods are time consuming, simpler and faster methods using 

a mid-slice approach [41] or an ellipsoid equation [17] have been proposed to shorten 

the time required to estimate TKV. 
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Figure 2. Example of methods available to outline the kidneys and quantify total kidney volume 

on CT scans: A) manual planimetry; B) stereology; C) automatic segmentation using fully convolu-

tional neural networks. The figure was modified from Sharma K. et al. Kidney volume measure-

ment methods for clinical studies on autosomal dominant polycystic kidney disease. PLoS One 

2017; 12: e0178488 [37](panels A and B); and Sharma K. et al. Automatic Segmentation of Kidneys 

using Deep Learning for Total Kidney Volume Quantification in Autosomal Dominant Polycystic 

Kidney Disease. Sci Rep 2017; 7:2049 [42](panel C) under the terms of CC-BY 4.0 license. 

 

The choice of one rather than another method depends on the purpose of use. Sim-

plified methods are equivalent to manual planimetry for ADPKD classification of dis-

ease severity or to identify patients with a high likelihood of rapid disease progression 

for enrolment in clinical studies.[17,43,44] Contrarily, when TKV is used to monitor dis-

ease progression or as a clinical trial endpoint, TKV measurements must be more precise 

and accurate, to effectively detect small changes over time intervals as short as 6 months 

or 1 year. The use of precise measurements is also necessary to limit the number of pa-

tients to enroll, thus making clinical studies more feasible and significant. Mid-slice and 

ellipsoid methods demonstrated poor reproducibility and low precision and accuracy 

compared with manual planimetry or stereology.[37,45] In addition, simplified methods, 

due to the high variability in estimating TKV, would require a 4-fold larger sample size 

than manual planimetry to find a significant difference between TKV changes occurring 

in two treatment groups.[37] 

Despite being precise and accurate, manual planimetry requires 20 to 40 min on av-

erage. To overcome the time requirement and operator-dependency limitations, com-

pletely automated methods are desirable.  
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Automatic quantification techniques for TKV involve the utilization of computer 

algorithms to accurately, efficiently, and reproducibly measure TKV from different types 

of imaging modalities such as CT, MR, or US. These techniques offer several advantages 

compared to manual methods, including enhanced precision, reduced variability, and 

improved expediency. By leveraging advanced algorithms and image processing capa-

bilities, automatic quantification techniques enable more precise and consistent meas-

urements of TKV, minimizing human error and subjective interpretation. Additionally, 

these automated methods allow for faster analysis, saving valuable time in research and 

clinical settings. The application of automatic quantification techniques contributes to 

the standardization of TKV measurements, facilitating reliable monitoring and assess-

ment of kidney volume changes. 

Prior to 2017, automated methods required some level of human intervention (i.e. 

semi-supervised [46,47]) or reliance on comparative studies (i.e. atlas-based and or regis-

tration-based approaches [48]). In 2017, Kline et al. used MR images to develop a fully 

automated deep learning-based approach for performing kidney segmentations [49]. 

The authors highlighted that current image processing tasks, such as organ segmenta-

tion and classification, require large datasets for effective deep learning training. They 

created a unique database of MR images and reference standard segmentations of poly-

cystic kidneys to aid this process. They used 2000 cases for training and validation of the 

method, with an additional 400 cases for testing. Their multi-observer ensemble method 

achieved a mean percent volume difference of 0.68 ± 2.2% compared to the reference 

standard segmentations. The authors suggest that this fully automated method performs 

at a level comparable with human interobserver variability and could replace manual 

kidney segmentation. 

In the same year, Sharma et al. proposed an automated segmentation method based 

on deep learning [42]. This method was developed for TKV computation on CT datasets 

of ADPKD patients who exhibited mild to moderate or severe renal insufficiency. The 

technique was trained on 165 cases and tested on 79 cases, covering a wide range of 

TKVs (321.2-14,670.7 mL). The method achieved an overall mean Dice Similarity Coeffi-

cient of 0.86 ± 0.07, indicating a high level of agreement between the automated and 

manual segmentations performed by clinical experts. Moreover, the segmented kidney 

volume measurements showed a mean correlation coefficient of 0.98 (p < 0.001) in the 

entire test set. In conclusion, the proposed method offered fast and reproducible kidney 

volume measurements, aligning closely with manual segmentations conducted by clini-

cal experts.  

Since this time, many studies have also demonstrated the power of AI-based ap-

proaches to solve the task of automated segmentation in images of patients affected by 

PKD. By leveraging advanced imaging technologies and computational algorithms, re-

searchers have successfully developed methods that not only streamline the measure-

ment process but also offer improved accuracy compared to traditional manual ap-

proaches. These advancements are vital in enhancing the efficiency and reliability of 

TKV assessments, which in turn can contribute to better monitoring, diagnosis, and 

treatment evaluation in various kidney-related conditions and diseases. Recent work has 

also used 3D US to perform automated segmentation of kidneys and calculate TKV [50]. 

In addition to improving the accuracy and efficiency of TKV measurement, auto-

matic quantification techniques also have the potential to reduce inter-observer variabil-

ity. This is particularly important in PKD, where TKV is used as a prognostic marker 

and must be measured consistently over time. Using an automated analysis approach, 

Edwards et al. evaluated the tracking of kidney growth in clinical trials for ADPKD and 

found that the transition between different readers in a previously published clinical tri-

al led to a bias/shift in TKV measurements and growth rates, highlighting the im-

portance of standardized methods to minimize errors in serial TKV measurements [38].  

Overall, automatic quantification techniques for TKV offer a promising solution for 

the efficient and accurate measurement of TKV in patients affected by PKD. These tech-
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niques have most recently been incorporated into clinical workflows [51,52] making clin-

ical adoption highly likely in the near future [53].  

 

3. Cyst volume 

Although TKV, which includes both cystic and non-cystic components, has been 

identified as a reliable biomarker of disease progression, assessment of cyst burden by 

itself is likely a more detailed characterization of the state of disease (Figure 3). Several 

studies have shown a strong correlation between larger cyst volumes and faster progres-

sion to ESRD.  

 

Figure 3. Example of imaging-based metrics providing information on kidney enlargement and 

cyst burden in ADPKD 

 

In 2006, Harris et al. used serial renal magnetic resonance imaging data from the 

Consortium of Radiologic Imaging Study of PKD (CRISP) and found that cystic expan-

sion occurs at a consistent rate per individual, but is heterogeneous across the popula-

tion [54]. Additionally, larger kidneys were associated with more rapid disease progres-

sion. In this study, the gene type (PKD1 or PKD2) was determined in 183 families, en-

compassing 219 cases. The majority, 156 (85.2%), had PKD1, while 27 (14.8%) had PKD2. 

The researchers found that PKD1 kidneys were significantly larger, but the rate of cystic 

growth was not different between PKD1 (5.68% per year) and PKD2 (4.82% per year) (P 

= 0.24). The number of cysts increased with age, and more cysts were detected in PKD1 

kidneys (P < 0.0001). The study concludes that PKD1 is more severe, not because cysts 

grow faster, but because more cysts develop earlier. This suggests that the disease gene 

is implicated in cyst initiation but not in cyst expansion.  

 Technological advancements have significantly improved the precision of cyst vol-

ume measurements. High-resolution imaging modalities, such as computed tomography 

(CT) and magnetic resonance imaging (MRI), are commonly used for this purpose. The 
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development of automated and semi-automated algorithms for image analysis has fur-

ther increased the accuracy and efficiency of volume measurements, enabling longitudi-

nal analysis of cyst volume changes over time, which is crucial for monitoring the pro-

gression of PKD. 

  

 In 2013, Bae et al. assessed the performance of a semi-automated method for seg-

menting individual renal cysts from MR images in patients with ADPKD [55]. Utilizing 

a morphologic watershed technique with shape-detection level set, the method was ap-

plied to T2-weighted MR images from 20 patients (40 kidneys) with mild to moderate 

renal cyst burden. The performance of the semi-automated method was evaluated 

against manual counting and a region-based thresholding method. The results showed 

high intraclass correlation (ICC, 0.99 for cyst count and 1.00 for cyst volume) with a rela-

tive bias of 0.3% for cyst count and <10% for cyst volume. The findings indicate that the 

semi-automated method can accurately segment individual renal cysts, offering a relia-

ble quantitative indicator of disease severity in the early and moderate stages of 

ADPKD. 

 The following year, the same group developed and evaluated a semi-automated 

technique for segmenting and counting individual renal cysts from mid-slice MR images 

(i..e. the coronal slice with maximum kidney area) in patients with ADPKD [56]. This 

method was applied to images from 241 subjects with ADPKD. The researchers com-

pared the semi-automated cyst counts to the manual cyst counts using ICC and Bland-

Altman plots. The results showed successful cyst segmentation in all 241 cases and good 

correlation between the two methods (ICC = 0.96 for either kidney). However, there was 

a small average difference in cyst count, with the semi-automated method having a 

slightly higher count for the right kidney and the manual method having a slightly 

higher count for the left kidney. Notably, in 2.5% of participants, the difference in total 

cyst count was more than 15. Nonetheless, the study concluded that the semi-automated 

method can be used as a quantitative tool for characterizing and tracking ADPKD pro-

gression. 

In 2021, Kline et al. developed and tested a fully automated method for analyzing 

kidney cysts in patients with ADPKD using semantic segmentation [57]. This method 

was trained and validated on a set of 60 MR T2-weighted images, using a three-fold 

cross-validation approach to train three models. An ensemble model was then tested 

against manual segmentations made by two readers. The automated approach per-

formed comparably to the variability between the two human readers. It achieved a Dice 

coefficient (a measure of segmentation similarity) of 0.86 and 0.84 versus the two read-

ers, compared to the interobserver Dice of 0.86. In terms of total cyst volume (TCV), the 

automated method showed a percent difference of 3.9% and 8.0% versus the two read-

ers, whereas the interobserver variability was -2.0%. 

The following year, Rombolotti et al. developed a deep learning model based on 

the U-Net architecture for kidney and cyst segmentation in preclinical micro-CT imag-

es[58]. The aim was to determine which networks performed best on contrast-enhanced 

micro-CT images from normal rats and rats with ADPKD. They evaluated network per-

formance using the Intersection over Union and Dice coefficients. The study found that 

the highest performing networks were the U-Net with a batch normalization layer ap-

plied after each pair of 3x3 convolutions, and the U-Net where convolutional layers were 

replaced by inception blocks. These networks accurately provided cyst-to-kidney vol-

ume ratios from segmented images, an important metric for monitoring disease progres-

sion. The segmentation performance was also stable regardless of variations in the train-

ing image set. 

Beyond semantic segmentation, a recent study by Gregory et al [59] developed an 

instance-based segmentation method to not only characterize cyst volume, but also cyst 

number, cyst size distributions, and cyst spatial relationships and location. By using a 
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convolutional neural network (CNN), they trained the system to learn and distinguish 

cyst edges and cyst cores. To train this model, they used 30 MR images and validated it 

on 10 MR images with a fourfold cross-validation procedure. The final ensemble model 

was then tested on 20 MR images that had not been used during training/validation. The 

test set results were compared with the segmentations made by two readers. The devel-

oped model achieved impressive results, with an average R2 value of 0.94 for cyst count, 

1.00 for total cyst volume, and 0.94 for cystic index, defined as the percent of cyst vol-

ume over total kidney volume. It also achieved an average Dice coefficient (a measure of 

similarity) of 0.85, demonstrating the feasibility of automatic cyst segmentations in 

ADPKD patients. This approach could provide a more detailed insight into the progres-

sion of the disease in individual patients.  

This model was used by the team in a follow up study to look at the utility of the 

new metrics [60]. The main motivation for this study was that patients with similar 

TKVs can have significantly different clinical presentations, which necessitates a more 

nuanced approach. The researchers developed a technique to individually segment and 

quantify cysts in the kidneys, providing biometric parameters such as cyst volume, cyst 

number, parenchyma volume, and cyst parenchyma surface area. This data was collect-

ed and analyzed from the CRISP study. Findings revealed that total cyst number and 

cyst parenchyma surface area were superior predictors of the rate of decline in estimated 

glomerular filtration rate (a measure of kidney function), kidney failure, and chronic 

kidney disease stages 3A, 3B, and 4, compared to TKV. The study also demonstrated 

that certain presentations, such as having a few large cysts that contribute significantly 

to overall kidney volume, could be more accurately stratified for outcome predictions 

using the new technique. This research suggests that these newly identified image bi-

omarkers, which can be obtained automatically, may greatly aid future studies and clin-

ical management of patients with ADPKD.  

In conclusion, cyst volume measurement is a crucial aspect of monitoring the pro-

gression of PKD. Automated methods for measuring cyst volume provide a reliable and 

efficient alternative to manual methods, offering several advantages, including im-

proved accuracy, faster measurement time, and reduced inter-observer variability. Thus, 

automated methods are an essential tool for PKD management and should be incorpo-

rated into routine clinical practice. 

4. Non-cystic tissue 

Beyond total kidney and cyst volume, the quantification and characterization of the 

non-cystic kidney tissue component (Figure 4) has recently shown potential to early 

stratify ADPKD patients, monitor disease progression, and possibly predict renal func-

tion loss.[61–64]  
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Figure 4. Examples of imaging techniques allowing to quantify and characterize non-cystic kidney 

tissue in ADPKD. Top row: automatic segmentation of cysts, intermediate volume (non-cystic fi-

brotic component) and residual parenchyma (right) on a contrast-enhanced (CE) CT scan (left), as 

described in [61]. Bottom row: DWI b0 scan (left) and pertinent DWI-based diffusivity (D) map 

(right) clearly distinguishing cyst and non-cystic tissue and allowing to characterize the non-cystic 

component, as described in [65]. 

In 2006, Antiga et al. used contrast-enhanced (CE) CT imaging to separate and 

characterize different kidney tissue components in ADPKD patients with normal renal 

function to severe renal dysfunction.[61] In addition to cysts, appearing uniformly dark, 

and renal parenchyma, appearing bright and assumed to represent functioning tissue, a 

third tissue component, called “intermediate volume”, was classified to account for the 

presence of regions appearing hypoenhanced as compared with typical vascularized tis-

sue. Intermediate volume showed specific image intensity on CE-CT (ranging from 50 to 

80 HU), independently of patient size and of the amount of residual parenchyma, ensur-

ing the possibility to accurately identify it. Significant inverse correlations were found 

between GFR and the ratio between intermediate and parenchymal volume, as well as 

between changes in GFR and relative intermediate volume. In the limited group of pa-

tients studied, there was no correlation between the volumes of cysts or parenchyma 

and the glomerular filtration rate (GFR) or its decline. This implies that an increase in the 

size of the cysts may not necessarily lead to a deterioration in kidney function. Instead, 

smaller-scale changes may play a more direct role in the loss of renal function. 

In 2011, Caroli et al. investigated the structural nature of the previously identified 

intermediate volume, on kidneys excised from three ADPKD patients with end-stage re-

nal disease already on hemodialysis who underwent CE-CT before surgery.[62] Histo-

logical samples of tissue corresponding to intermediate volume on CE-CT images were 

consistently characterized by sparse dilated tubules, microcysts, and peritubular intersti-

tial fibrosis[62], in line with previous histological findings showing the presence of inter-

stitial fibrosis in ADPKD [66–74], in spite of its controversial role.[75] From an imaging 

standpoint, hypo-enhancement of intermediate volume on CE-CT could reflect the up-

take of contrast agent in the sparse, dilated tubules and the reduced uptake throughout 
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the fibrotic tissue, where peritubular capillaries are stretched with secondary tissue hy-

poperfusion, globally leading to a loss of enhancement on CE-CT images at the mac-

roscale. 

Tubular atrophy and interstitial fibrosis are known to occur concurrently to cyst 

development even in ADPKD patients with normal renal function [71] suggesting that 

characterization and monitoring of these phenomena could be helpful since the earliest 

stages of the disease. The mainly fibrotic nature of intermediate volume suggest that this 

imaging parameter may be a strong candidate marker for monitoring disease progres-

sion and to anticipate the long-term renal functional outcome in ADPKD patients. 

Caroli et al. also found a strong correlation between intermediate volume relative 

to parenchyma and both GFR and GFR decline over a 3- to 8-year follow-up period in 

independent patient cohorts.[62] These findings, together with the previous ones,[61] 

suggest that the most severe condition for a patient may be associated with the presence 

of large portions of fibrotic tissue relative to the preserved parenchyma and highlight in-

termediate volume potential for early stratification of ADPKD patients in addition to 

monitoring disease progression.  

A few years later, Lai et al. used an advanced dynamic CE MRI protocol to identify 

areas of parenchyma with normal perfusion and tissue architecture - called “perfusion 

volume” - and areas characterized by peritubular interstitial fibrosis, tubular dilation, at-

rophy and vascular sclerosis - called “fibrotic volume” in 15 ADPKD patients.[63] The 

presence of fibrotic volume was documented since the earliest stages of ADPKD. More-

over, both total fibrotic volume and the ratio between total perfusion and kidney volume 

were significantly correlated with eGFR – with a negative and positive association, re-

spectively – suggesting these as possible new markers that could be used to monitor dis-

ease progression and response to therapy.  

A multicenter prospective study in ADPKD patients documented a closer relation-

ship between non-cystic kidney volume and renal function impairment than TKV on 

non-CE CT.[64] This study also found an association between radiomics features and re-

nal function impairment and showed an excellent predictive value for renal function 

impairment of the combination of non-cystic parenchyma and radiomics features.  

More recently, Caroli et used diffusion-weighted MRI (DWI) - that is a non-CE MRI 

modality enabling to investigate kidney microstructure[76] - to identify and characterize 

the non-cystic kidney tissue component.[65] Non-cystic tissue showed significantly 

higher diffusivity and lower pseudo-diffusion and flowing fraction than healthy tissue. 

This is in line with the observation that ADPKD non-cystic tissue is not healthy and in-

cludes fluid-filled microcysts that, despite not being visible on a macroscopic scale, do 

have a cyst-like microstructure,[62] with steady fluid where water molecules are free to 

diffuse (explaining increased diffusivity). However, no flowing occurs, giving reason of 

the observed reduced pseudo-diffusion and flowing fraction parameters, that are also 

consistent with the presence of peritubular interstitial fibrosis in the non-cystic compo-

nent, previously documented since the earliest stages of the disease.[62,63]  

Along the same line, in the context of a multiparametric MRI study performed in 10 

patients with early ADPKD compared with 10 healthy young adults, Kline et al. report-

ed significantly increased diffusivity values and decreased flowing fraction in ADPKD 

non-cystic renal parenchyma.[77] Moreover, the authors also found significant differ-

ences between ADPKD non cystic renal parenchyma and normal renal tissue in magnet-

isation transfer imaging (MTI), blood oxygenation level dependent (BOLD) MRI, and 

magnetic resonance elastography (MRE) biomarkers, suggesting multiparametric renal 

MRI potential for characterizing non-cystic kidney tissue in ADPKD. 

Taken all together, these studies highlight the promise of non-cystic parenchyma – 

particularly the fibrotic tissue component – as early monitoring and prognostic bi-

omarker in ADPKD. Special care should be taken to the imaging modality used to quan-

tify and characterize non-cystic kidney tissue. Despite allowing to easily quantify non-

cystic volume and separate perfused from fibrotic tissue, CE-CT requires the administra-
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tion of contrast media and patient exposure to radiation, that come with not-negligible 

risks, especially for patients with impaired renal function. Dynamic CE MRI does not en-

tail exposure to radiation, but still requires the administration of a contrast medium. 

Non-CE MRI alternative modalities allowing to separate residual functioning paren-

chyma from the fibrotic/pathologic non-cystic component would be highly desirable. 

5. Multiparametric magnetic resonance imaging  

In the last decades, several kidney MRI techniques have been proposed to measure 

biophysical tissue properties linked to fibrosis, inflammation, tissue oedema, perfusion, 

filtration, and tissue oxygenation, beyond anatomy [78,79] (Table 1). In contrast to con-

ventional MRI, limiting to investigate gross anatomical changes, functional MRI allows 

to characterize the tissue in detail. As such, quantitative MRI biomarkers may be able to 

pick up early signs of disease progression that have not yet led to a discernible effect on 

markers in blood and urine. In addition, MRI biomarkers are unique among diagnostic 

tools in that they characterize the entire kidney in high-spatial detail, do not use ionizing 

radiation and can assess the degree of functional heterogeneity across the kidney, thus 

showing potential to improve the management of a range of kidney diseases, including 

ADPKD. [79] Despite the use of MRI in ADPKD being often limited to anatomical se-

quences enabling volume quantification, other MRI sequences have been used in prelim-

inary studies to investigate ADPKD pathophysiology, namely phase-contrast (PC) MRI, 

DWI, T2 mapping, and dynamic CE-MRI. 

Table 1. Most common quantitative MRI measures that may be combined within a multiparamet-

ric renal MRI protocol and could also be informative for ADPKD. 

MRI measure Description 

Diffusion weighted imaging 

(DWI) 

Provides information about kidney microstructure by 

detecting the displacement of water molecules (Brownian 

motion) within the architecture of tissues.[76]  

Phase-contrast (PC-MRI) Measures blood flow in renal arteries.[80] 

T1 mapping Provides a quantitative map over the whole kidney for 

T1 values, informing on kidney microstructure.[81] 

T2 mapping Provides quantification of T2 as tissue-specific time pa-

rameter.[81] 

Blood oxygen level dependent 

(BOLD) MRI 

Indirectly assesses renal oxygenation, exploiting the par-

amagnetic properties of deoxygenated haemoglobin.[82] 

Arterial Spin Labelling (ASL) Measures tissue perfusion by using magnetically labelled 

water protons in blood.[83] 

Magnetization transfer imag-

ing (MTI) 

Provides information about tissue composition and mi-

crostructure by measuring magnetization transfer ratio.  

Magnetic resonance elas-

tography (MRE) 

Provides information about kidney tissue stiffness using 

shear waves propagating in the tissues.[84] 

Dynamic contrast-enhanced 

MRI 

Measures renal perfusion and provide a direct measure 

of GFR, although requiring administration of an exoge-

nous contrast agent.[85] 

 

PC-MRI allows to non-invasively measure renal blood flow (RBF)[80] and has been 

used in ADPKD since 2003. RBF measurement by PC-MRI was shown to have high ac-

curacy and intra- and inter-observer reproducibility in early ADPKD, to strongly corre-

late with both renal volumes and GFR, and to predict GFR decline.[86] In a subsequent 

longitudinal ADPKD study, RBF decrease over 3-year follow-up was found to precede 

GFR decline, was negatively correlated with TKV and total cyst volume slopes, and pos-

itively correlated with GFR slope, thus predicting disease progression, and showing 
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promise as outcome measure in ADPKD clinical trials.[87] PC-MRI was used in a small 

clinical trial to investigate the short-term effects of Tolvaptan in patients with ADPKD, 

alongside GFR and TKV; the study found no significant change in RBF after 1 week of 

Tolvaptan treatment, with PC-MRI mirroring PAH clearance flow measurements.[88] 

More recently, Spithoven and colleagues provided additional evidence of accuracy and 

validity of RBF measurement by PC-MRI as compared with RBF measured by continu-

ous hippuran infusion. In this study, RBF values were associated with ADPKD severity, 

and technical problems preventing RBF measurement occurred predominantly in pa-

tients with lower eGFR, suggesting that RBF measurement may be less feasible in pa-

tients with ADPKD at an advanced stage.[89]  

Although DWI has been shown to be promising in several other kidney 

diseases,[76] up to now only a few studies have used DWI to investigate kidney tissue 

microstructure in ADPKD. Suwabe and colleagues highlighted DWI sensitivity to intra-

cystic infection, in spite of the low specificity.[90] Lupica and colleagues reported ab-

normally increased apparent diffusion coefficient (ADC) values and reduced fractional 

anisotropy in ADPKD patients,[91] despite not separating between cystic and non-cystic 

components. More recently, as mentioned in the earlier sections, Caroli et al. used DWI 

to identify and characterize the non-cystic kidney tissue component,[65] showing its 

higher diffusivity and lower pseudo-diffusion and flowing fraction than healthy tissue. 

Albeit preliminary, these studies highlighted DWI potential to characterise kidney tissue 

and follow disease progression in patients with ADPKD since the earliest disease stages. 

Renal magnetic resonance relaxometry, namely T1 and T2 mapping, holds the 

promise to non-invasively investigate kidney microstructure and function.[81] T2 map-

ping MRI has been used alongside DWI in an ADPKD preclinical study. Kidney T2 val-

ues and ADC were found to be highly sensitive markers of early cystogenesis in the 

ADPKD mouse model, exhibited a nearly perfect correlation to the histological cystic in-

dex, and were able to monitor early treatment effects in a proof-of-principle 

experiment.[92] In the same study, a strong significant increase in T2 values was seen in 

early-stage ADPKD patients compared with healthy volunteers. Based solely on T2 val-

ues, early-stage ADPKD patients with a kidney volume <300 mL could be distinguished 

from healthy volunteers, which was not possible based on total kidney volume (TKV). 

Along the same line, T2 values in the residual parenchyma showed a strong association 

with disease severity in ADPKD patients since the earliest stages and a higher correla-

tion with renal cyst fraction than height-corrected TKV.[93] 

Last, as mentioned before, dynamic CE MRI allowed to document the presence of 

fibrotic non-cystic volume since the earliest stages of ADPKD, and a significant correla-

tion between fibrotic volume and eGFR[63], suggesting dynamic CE potential to monitor 

disease progression and response to therapy in ADPKD.  

To improve specificity and gain the most insight into kidney disease pathophysiol-

ogy, individual MRI modalities are likely to benefit from their combination in a single 

acquisition session – the so-called multiparametric MRI approach, therefore enabling a 

comprehensive characterization of the kidney tissue and function.[94] There is only one 

study so far that has used multiparametric renal MRI in ADPKD patients.[77] Compre-

hensive multi-parametric renal MRI scans including T1-weighted, T2-weighted, FIESTA, 

2D PC-MRI, DWI, magnetization transfer imaging (MTI), blood oxygen level dependent 

(BOLD) MRI, and magnetic resonance elastography (MRE) (Figure 5) were acquired in 

10 young adults with normal renal function and 10 early ADPKD patients. Quantitative 

MRI sequences were found to be reproducible. Moreover, a significant difference be-

tween ADPKD non cystic renal parenchyma and normal renal tissue was found in MTI, 

DWI, BOLD, and MRE biomarkers, suggesting multiparametric renal MRI potential for 

detecting and following renal disease since earliest disease stages.  
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Figure 5. Examples of multiparametric MRI of the kidney in a representative ADPKD patient. The 

top row shows structural MR imaging (T1- and T2-weighted). The second and third rows show 

quantitative maps, overlaid on the T1-weighted scan: apparent diffusion coefficient ‘ADC’ derived 

from DWI, ‘MTR’ derived from MT, ‘R2*’ derived from BOLD, and tissue stiffness map derived 

from MRE. The figure was reprinted with permission from Kline TL et al. Quantitative MRI of 

kidneys in renal disease. Abdom Radiol 2018; 43(3):629-638 [77]. 

Despite multiparametric renal MRI showing promise for the non-invasive investi-

gation of kidney pathophysiology, in ADPKD as well as in several other kidney diseas-

es, it remains underused in clinical research and is still a long way from translation to 
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clinical practice due to technical challenges and limited evidence of biological and clini-

cal validity. Studies published so far were performed on small samples of patients from 

single centers, and large multicenter longitudinal studies aimed at providing definitive 

evidence of biological and clinical validity are highly desirable. Moreover, the multipar-

ametric approach involves a substantial number of MRI biomarkers each requiring non-

negligible acquisition time and poses the challenge to identify the most informative bi-

omarker combinations, that are likely to be disease area specific. Artificial intelligence 

algorithms and most recent neural networks could be useful for this purpose. Last, 

demonstration of cost-effectiveness and regulatory qualification of MRI biomarkers are 

necessary steps required for successful translation of multiparametric MRI towards clin-

ical practice.[79] 

 

6. Advanced Image Processing 

Radiomics, also known as texture analysis, is a growing field that uses advanced 

image analysis techniques to extract quantitative information from medical images. Tex-

ture analysis involves the measurement of various image features, such as intensity, 

shape, and the spatial distribution of image structures. These features can provide valu-

able information about the heterogeneity of the cystic and non-cystic tissue and can help 

to distinguish between simple and complex (e.g., proteinaceous) cysts. In the context of 

PKD, radiomics has been used to extract textural features from radiological images (Fig-

ure 6) and to correlate these features with the clinical severity of the disease. 

 

 
Figure 6. Example of image features extracted using radiomics from a T2-weighted scan from a 

representative ADPKD patient. 

 

In 2017, Kline et al. explored the potential of image texture features from magnetic 

resonance imaging (MRI) to enhance the predictive power of biomarkers for disease 

progression in the setting of ADPKD [95]. Using a retrospective cohort of 122 patients 

with T2-weighted MRIs and normal eGFR, nine distinct image texture features were 

computed per patient. The features' ability to predict progression to various stages of 

CKD and a 30% reduction in eGFR at eight-year follow-up was assessed. A multiple lin-

ear regression model was developed incorporating age, baseline eGFR, HtTKV, and 

three image texture features (Entropy, Correlation, and Energy). The inclusion of texture 

in the model improved the Pearson correlation coefficient from -0.51 to -0.70, suggesting 

that texture analysis could refine ADPKD prognosis and assist in individualized clinical 

decision-making and outcome prediction. 

In 2021, Cong et al. aimed to develop and validate a radiomics method based on the 

FS-T2WI MR pulse sequence for kidney function evaluation in patients with ADPKD 

[96]. Using clinical data and MRI images of 114 ADPKD patients, they extracted 960 ra-

diomics features per volume of interest (VOI). Three models were constructed using 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 May 2023                   doi:10.20944/preprints202305.2254.v1

https://doi.org/10.20944/preprints202305.2254.v1


 15 of 25 
 

 

pure clinical data, pure image data, and a combination of both. These were evaluated us-

ing five machine learning classifiers. The clinical-image fused model outperformed the 

pure image model and pure clinical model, demonstrating superior diagnostic efficien-

cy. Thus, the study concluded that MR FS-T2WI radiomics analysis, based on a clinical-

image fused model, is effective for evaluating and predicting kidney function in ADPKD 

patients. 

A year later, Li et al. developed a radiomics-based nomogram model to predict re-

nal function in patients with ADPKD [97]. Using MRI data from 100 patients, they creat-

ed a model using radiomics features, clinical factors, and conventional MR imaging var-

iables. The nomogram model showed superior predictive power compared to the basic 

radiomics model, demonstrating the potential for non-invasive renal function predic-

tion, thus aiding in clinical decision-making for ADPKD patients. 

Earlier this year, Kremer et al. conducted a study to identify texture-based differ-

ences in risk-stratified Mayo Imaging Classification (MIC) groups in ADPKD and to find 

the optimal pre-processing parameters for feature extraction[98]. The study used T2-

weighted fat-saturated MRI images from 128 patients, categorized into low/intermediate 

and high-risk MIC classes. Features were extracted from the non-cystic kidney paren-

chyma and the entire kidney using different levels of gray-level discretization and pixel 

resampling. The least absolute shrinkage operator (LASSO) combined relevant features 

into a logistic regression model. The study found that the area under the receiver operat-

ing characteristic curve (AUC) values ranged from 0.68-0.84 for the non-cystic kidney 

and 0.83-0.88 for the entire kidney. The results suggest that texture-based differences 

among risk-stratified MIC classes in both the non-cystic and entire kidney parenchyma 

can help better identify patients at risk for end-stage kidney disease. 

While the outcomes of radiomics studies in PKD indeed show potential, it's crucial 

to acknowledge that these are initial findings, and that comprehensive research is still 

required to definitively determine the clinical value of these methods. Furthermore, it's 

important to affirm these techniques through validation studies before they can be rou-

tinely incorporated into everyday clinical practice. 

The successful widespread implementation of radiomics in PKD management 

hinges on several factors. A key aspect is the development of standardized protocols for 

radiomics analysis. Having a clear, consistent, and universally accepted approach to the 

analysis would ensure that the results are comparable across different studies and set-

tings, thereby increasing the reliability and acceptance of the results. 

Another vital component is the availability of validated software tools. Given the 

complexity of radiomics analysis, it's important to have software tools that are not only 

efficient and accurate but also have been rigorously tested and validated. This would 

ensure that the analysis is performed correctly and that the results can be trusted. As we 

move forward, we must focus on these critical aspects to ensure the successful imple-

mentation of this promising new technique. 

In summary, while the initial results indicate a potential game-changer in the man-

agement of PKD, the journey towards integrating radiomics into standard practice re-

quires robust research and validation efforts. Nevertheless, the promise of these innova-

tive techniques is undeniably exciting and opens up new possibilities for improving 

PKD management. 

8. Conclusion & Future directions 

ADPKD is a prevalent hereditary renal disease, requiring early biomarkers to de-

tect and predict disease progression. Renal enlargement, a key aspect of ADPKD, has 

been assessed using imaging techniques such as CT, MRI, and US. This review present-

ed an in-depth analysis of the current state-of-the-art diagnostic imaging in ADPKD, 

emphasizing the importance of various imaging biomarkers, from established methods 

like total kidney and cyst volume measurements to innovative approaches for tracking 

disease progression. Furthermore, this review discusses the latest advancements in arti-
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ficial intelligence for quantifying imaging biomarkers and the potential of multiparamet-

ric approaches to provide enhanced monitoring of ADPKD. These biomarkers are vital 

for clinical monitoring and evaluating new treatment strategies in clinical trials, ulti-

mately aiming to improve the prognosis and management of ADPKD patients. Ad-

vanced image processing techniques such as radiomics and texture analysis hold im-

mense potential to revolutionize the characterization and management of ADPKD. Ra-

diomics/texture analysis can extract a high-dimensional set of quantitative features from 

medical images, which may provide a more detailed insight into the disease's heteroge-

neity. These approaches could also identify subtle patterns not discernible by the human 

eye, potentially serving as early indicators of disease progression. 

The use of multi-modal data is another promising avenue to be explored. By inte-

grating data from various imaging modalities (like CT, MRI, and US) with clinical, ge-

netic, and proteomic data, we could develop a more comprehensive characterization of 

PKD. This integrative approach could enhance the accuracy of disease prognosis and the 

personalization of treatment strategies. 

Advanced image acquisitions, such as diffusion-weighted imaging, magnetization 

transfer, arterial spin labeling, and blood oxygen level-dependent (BOLD) MRI, coming 

at no risks for the patients, could provide further functional and structural insights into 

the PKD kidney. These techniques can offer additional information about renal blood 

flow, oxygenation, and microstructural changes, which may allow to characterize non-

cystic kidney tissue microstructure in addition to cyst expansion, and thus be particular-

ly valuable since the early stages of the disease. 

Furthermore, advanced AI-based approaches, such as deep learning, could be uti-

lized for automated and more accurate image interpretation, early diagnosis, and predic-

tion of disease progression. One could envision the use of AI not just for cyst segmenta-

tion, but for the prediction of cyst formation and growth based on early imaging and 

clinical data. 

Additionally, the utilization of machine learning models could facilitate the discov-

ery of new imaging biomarkers and the identification of complex patterns within multi-

modal data. AI could also be harnessed to predict patient outcomes and responses to 

treatments, enhancing the precision of clinical decision-making in PKD management. 

Exploration of additional novel imaging techniques such as contrast enhanced ul-

trasound (CEUS), dual energy CT (DECT), 3D phase-contrast MR (i.e. 4D Flow), and mo-

lecular imaging techniques such as Positron Emission Tomography (PET) could help 

further enhance our understanding and management of ADPKD. CEUS could be a safer 

alternative to contrast-enhanced CT and/or MR, especially for patients with renal im-

pairment. In addition, CEUS could potentially help assess renal blood flow and detect 

complications related to cysts, such as infections or neoplasms. On the other hand, 

DECT could provide more detailed information about tissue composition compared to 

standard CT. In ADPKD, it might help identify calcifications and/or perform stone com-

position analysis. The 4D flow MRI technique could be used to assess changes in renal 

blood flow (and potentially automate/standardize the measurements) and reduce in-

teroperator variability (e.g., as seen in 2D phase contrast methods). Lastly, PET could be 

used to explore metabolic changes in kidney tissues, potentially providing insights into 

disease mechanisms and progression. 

The creation of PKD nomograms is another innovative concept worth exploring. 

These graphical calculation tools would use multi-modal data to predict individual pa-

tient outcomes, providing a personalized prognosis based on various factors like cyst 

size, growth rate, genetic mutations, and protein levels. These nomograms would re-

quire advanced machine learning algorithms for development and once validated, could 

provide a major leap forward in personalized ADPKD treatment. Many existing calcula-

tors exist, and through techniques such as federated learning, models could be devel-

oped utilizing multi-institutional data while maintaining data security and privacy. 
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Last, any imaging biomarker will be useful for ADPKD patient management only if 

it will be able to enter clinical practice. Since the initial phase, imaging biomarkers 

should be developed with an eye towards regulatory approval and compliance with 

clinical practice. To this respect, AI-based algorithms could be transformative, although 

coming with clinical implementation challenges, including generalizability and the need 

for education of interdisciplinary stakeholders. After approval by regulatory agencies 

and successful example of clinical implementation of an AI-based computation algo-

rithm, TKV is undoubtedly the imaging biomarker closest to clinical routine and should 

serve as a model for all other ADPKD imaging biomarkers. In conclusion, the future of 

ADPKD characterization and management lies in harnessing the power of advanced im-

aging, multi-modal data integration, and AI techniques. These strategies will potentially 

enable earlier diagnosis, personalized treatment, and improved patient outcomes. In 

general, further research is needed to validate these techniques and to work towards 

translating them into clinical practice. 
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