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Abstract

:

Background: We require an quantitative imaging technique for the diagnosis and assessment of chronic kidney disease (CKD). Renal elastography has been widely used in recent years in different studies; however, the results across them are not consistent and, as a result, we conducted a meta-analysis of the published literature on this topic. Methods: The databases of PubMed, Medscape, Medline were searched for all studies published in English from 2010 until November 2021 that evaluated kidney shear wave speed (SWS) by elastography in patients with CKD. Trial design, methodological information, patient characteristics, interventions, results, and outcome data were all collected from each study according to a set protocol. Results: We found 37 publications, yet only 18 studies that utilized point shear wave elastography (Virtual Touch Quantification—VTQ system) were compared because the values achieved using different types of elastography are not evaluable. Finally, 1995 attendees (1241 patients with CKD versus 781 healthy subjects as the control group) were included. When comparing mean values of kidney SWS between studies we found increased heterogeneity Q = 513.133; DF = 10; p < 0001, I2 (inconsistency) = 98.12% (95% CI for I2 97.52–98.57%). With a standardized mean difference of −0.216, patients with CKD have a lower kidney SWS than healthy controls. A positive association between kidney SWS and eGFR was also discovered across the presented studies, with a pooled correlation coefficient of 0.38 (Z = 10.3, p < 0.001), Q = 73.3, DF = 5, p < 000.1, I2 = 93.18% (95% CI for I2 87.86 to 96.18). The pooled area under the ROC curve for kidney SWS to predict chronic kidney disease was 0.831 (95% CI, p < 0.001), Q = 28.32, DF = 6, p = 0.0001, I2 = 78.8% (95% CI for I2 56.37 to 89.72). In the four articles that used the Elast-PQ method, the data presented were insufficient for statistical analysis: area under the curve (AUC) values are used to compare distinct characteristics (differentiating kidney SWS between mildly and moderately impaired kidneys, between non-diabetic/prediabetic/diabetic patients, or kidney SWS between the CKD and control group), therefore not being suitable for further evaluation. Conclusions: The results show that patients with CKD have a lower kidney SWS than healthy controls. However, the number of studies involving renal elastography that have been published is limited and show an increased heterogeneity. Further research is needed to determine which factors actually influence kidney SWS in CKD patients and, as a result, to specify the role and indication of renal elastography in clinical practice.
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1. Introduction


Chronic kidney disease (CKD) is becoming more prevalent, and its progression is linked to increased morbidity, mortality, and healthcare costs. [1] As a consequence, it is essential to diagnose CKD earlier and accurately measure the disease’s progression using several markers (biomarkers, histology, imaging). The kidneys are evaluated using conventional ultrasound; however, this method only gives us a few pieces of quantifiable information regarding the renal size and parenchyma thickness, which both decrease as CKD develops. Ultrasound additionally provides us with some non-quantifiable evidence on the echogenicity of the renal cortex, which increases when fibrosis advances in the later stages of CKD when the kidneys stiffen. However, the diagnostic value of the use of conventional ultrasound in the assessment of chronic kidney disease is limited [2]. The diagnostic accuracy of conventional ultrasound remains low even after quantifying renal parenchyma echogenicity by using a software that assesses the mean pixel density [3].



Elastography as a technique for measuring the elasticity of biological tissues was first proposed in 1991 by Ophir [4]. Elasticity is a feature of a tissue that allows it to deform after an initial load and then return to its original shape.



Ultrasound elasticity imaging technology has been widely used in the differential diagnosis of benign and malignant superficial organs, such as the breast and thyroid [5], or liver fibrosis and cirrhosis [6].



In recent years, elastography has started to be used as a non-invasive approach for the assessment of diffuse kidney disorders, the main purpose being the diagnosis and the assessment of the progression of chronic kidney disease. The importance of using this method could be the potential detection of renal damage in the early stages of chronic kidney disease when, due to the strong compensatory capacity of the kidney, the results of multiple renal indicators, such as glomerular filtration rate and urinary albumin/ creatinine ratio, can still be in the normal range if the kidney damage is not serious [7].



Transient elastography (TE), point shear-wave elastography (p-SWE), and two-dimensional shear wave elastography (2D-SWE) are the three types of ultrasound-based elastography. Because TE is known to be inadequate for evaluating kidney stiffness (KS), published studies focused on p-SWE and 2D-SWE, both methods based on acoustic radiation force impulse (ARFI).



In ARFI-based elastography, a transducer similar to the one integrated into an ultrasound machine is used to generate shear waves inside the organ that propagate through the soft tissue. The speed of these shear waves (SWS) is progressively reduced, and this is corresponding to tissue stiffness. The obtained result is either an average value inside a region of interest (pSWE) or a color-coded map, inside which the measurement can be performed (2D-SWE) [8].



It is necessary to understand what influences the obtained results to establish a role for renal elastography in clinical practice. Across different studies, different factors, such as age, gender, measurement depth, and urine pressure, have been mentioned to influence the renal shear wave speed measured using different elastography methods [9]. The relationship between renal function, fibrosis, and renal stiffness assessed through different elastographic methods does not show consistency across the different studies. Not all studies showed an increase in renal stiffness in more advanced renal disease. Changes in renal blood flow appear to influence renal elastography, and a decrease in renal blood could be the reason for the decrease in shear wave speed, as well as having a greater impact on elastography than renal fibrosis [10].



We performed a meta-analysis in order to compare different results obtained using elastography in the assessment of chronic kidney disease.




2. Materials and Methods


2.1. Eligibility Criteria


All studies (full-length publications) published in English from 2010 to November 2021 that performed kidney elastography were included using the following keywords: renal elastography, ARFI, Virtual touch tissue quantification, kidney stiffness, kidney fibrosis.



If the article did not provide the necessary information (the data presented were insufficient for statistical analysis), the article was not included in the analysis.




2.2. Data Sources and Searches


Studies that evaluated stiffness using elastography of the kidneys were searched in databases of PubMed, Medline, Medscape using the following search terms: kidney or renal elastography, kidney shear wave speed, ARFI, VTQ, 2D-SWE.




2.3. Study Selection and Data Extraction


Titles were assessed for potential eligibility by two authors (F.M. and F.B.) separately, and complete texts were screened for final eligibility. Country of origin, year of publication, patients, etiology of chronic kidney disease, technical failures, renal biopsy used for the evaluation of fibrosis in CKD, the quality of specimen obtained in renal biopsy, the correlation coefficient between kidney SWS and eGFR, the area under the curve (AUC) (if provided) and cut-off values for predicting CKD were all extracted.



We found 37 kidney elastography studies, which are presented in Table 1.



The results obtained using different types of elastography are not comparable, and no correlation tables are available, so out of the 37 titles found during the original search, only 21 studies that used point shear wave elastography (Virtual Touch Quantification-VTQ system) were compared.



We were primarily looking for a specific comparison of CKD patients to a control group (mean measures of KSWS and their standard deviation (SD)), also for a statistically significant correlation coefficient between eGFR and kidney stiffness, as well as AUC and a cut-off value of KSWS potentially useful for the diagnosis of CKD.



Finally, 11 studies (11 full-length publications) involving 1214 CKD patients versus 781 healthy controls examined using VTQ to determine renal stiffness were evaluated. (Figure 1.)



We attempted to analyze the 4 studies performed by Wang et al., 2014 [47], Cui et al., 2014 [25], Bob et al., 2015 [26], Sasaki et al., 2018 [33] performed only on CKD patients (without controls) using VTQ, but unfortunately, the results presented show no correlation between renal function and kidney SWS. Cui et al. (2014) [25] found that the VTQ values of the mild and moderate fibrosis groups were substantially higher than those of the non-fibrosis group, but there was no significant difference between the VTQ values of the mild and moderate fibrosis groups.



We also attempted to evaluate the four articles that used the Elast-PQ method, but the data presented were insufficient for statistical analysis. Sumbul et al., 2020 [40] was the only study that achieved a statistically significant correlation coefficient between eGFR and kidney SWS. Between studies, AUC values are used to compare distinct characteristics (differentiating kidney SWS between mildly and moderately impaired kidneys, between non-diabetic/prediabetic/diabetic patients, or kidney SWS between CKD and control groups), therefore not being suitable for further evaluation.



All three studies that used 2D-SWE-SSI reported elevated kidney SWS in patients with CKD; however, only two of them compared CKD to a control group, while the other one performed elastography in patients with idiopathic nephrotic syndrome.





3. Results


This analysis includes 1995 patients from 11 different publications. With a standardized mean difference of −0.216, patients with CKD have a lower kidney SWS than healthy controls. The number of cases with CKD, the mean kidney SWS in CKD, and the mean SD in CKD was compared to the same outcomes in the control group. The VTQ-detected shear wave velocity was substantially higher in healthy volunteers than in CKD patients, and it was related to eGFR. With a Q = 531.13, DF 10, p < 000.1, I2 = 98.12% (95% CI for I2 97.52 to 98.57) the analysis shows an increased heterogeneity as expected (Figure 2).



We also discovered a positive association in six studies that looked at the correlation coefficient between eGFR and kidney SWS with a pooled correlation coefficient of 0.383 (Z = 10.387, p < 0.001). However, heterogeneity still rose among them with a D = 73.3, DF = 5, and I2 (inconsistency) = 93.1 % (95% CI for I2 87.86 to 96.18). In total, 681 patients with CKD were included in this analysis (Figure 3).



A pooled area under the ROC curve to predict chronic kidney disease was also performed. Seven studies including 589 patients with CKD provided measures for AUC and were therefore included in this analysis. Across the studies, the pooled area under the ROC curve for kidney SWS to predict chronic kidney disease was 0.831 (95% CI, p < 0.001) with a statistically significant level of p = 0.0001, Q = 28.3, DF = 6, I2 (inconsistency) = 78.82% (95% CI for I2 56.37 to 89.72) also preserving the inconsistency (Figure 4). A limitation of this pooled analysis is the different method of diagnosing CKD that has been used across the seven studies [18,21,22,26,29,31,34]: either the level of eGFR < 60 mL/min [18,26,29,31], or the presence of fibrosis in the renal biopsy [21,34].




4. Discussion


Throughout our research, we discovered 37 renal elastography studies, out of which only 11 were suitable for our pooled analysis.



The relationship between the level of kidney SWS and renal disease was quite distinct in different studies using VTQ. We found that in some studies, kidney SWS was increased in patients with CKD (5 studies) [19,22,25,34,36], while in others it was decreased (12 studies) [18,23,27,28,29,31,35,37,38], and four studies showed no relationship between kidney SWS and renal disease [20,32,33,47]. Overall, we found that patients with CKD have a lower kidney SWS than healthy controls with a standardized mean difference of −0.216. In addition, the results of research utilizing different elastography devices were also inconclusive. Out of the four studies that employed the Elast-PQ method, two reported a high KSWS in relationship with CKD while the other two reported low kidney SWS in relation to CKD. Only three studies were performed using the 2D-SWE method but all of them reported high kidney SWS in correlation with CKD.



Regarding the relationship between CKD stages and kidney SWS, this has been approached in some studies; however, no statistically significant correlations have been found, despite the tendency of kidney SWS to decrease as the CKD stage rises. It could be concluded that elastography (at least VTQ) is not suitable for differentiating between CKD stages [29].



The connection between kidney SWS and eGFR is debatable as well. Out of our 37 studies, only 13 correlated them with statistical significance. Different studies proposed renal stiffness cut-off values to predict advanced stages of CKD. A total of 19 studies performed AUC and obtained a cut-off value for predicting CKD for differentiating between diabetic and nondiabetic patients, or comparison between different stages of CKD. Across the VTQ studies, the pooled area under the ROC curve for kidney SWS to predict chronic kidney disease was 0.831, p < 0.0001; however, as already mentioned, CKD has been diagnosed using different criteria across the mentioned studies.



An unexplained aspect relates to the fact that kidney SWS in CKD is high in some investigations but also reduced in the majority of them even though they were using the same method (VTQ) for measuring the same type of patients (with CKD and healthy participants). The question remains why CKD seems to be associated to lower kidney SWS because fibrosis should lead to an increase in tissue stiffness.



There are some studies that compare elastography with renal histology (eight studies). However, when it came to kidney SWS in CKD, there was no significant difference between the mild and moderate fibrosis groups. Two studies reported mean KSWV in severely impaired kidneys (biopsy proven) being considerably lower than in slightly impaired, moderately impaired, and healthy kidneys [2,21]. According to one experimental study, the stiffness of the kidney increases as the amount of fibrosis increases [38]. The inconsistent relationship between histological changes and renal stiffness could be due to the fact that histological changes in renal diseases are heterogenous, consisting of changes in the different compartments of the renal tissue (glomerular, vascular, or tubulointerstitial) that are not uniformly involved in different renal diseases.



Because intrarenal blood flow decreases as fibrosis progresses, alterations in renal perfusion may influence renal stiffness and explain some inconsistencies in results. As a consequence, a decrease in renal blood flow may be the cause of stiffness reduction as CKD progresses and it may have a greater impact on stiffness than renal fibrosis [23].



Although there are some advantages to using elastography in the assessment of the kidneys, such as the fact that the image is obtained in real time without the need for special prior preparation of the subjects and without procedure complications, the use of elastography in the assessment of the kidneys is more difficult than in other organs. This is confirmed by the increased heterogeneity that we have found between the studies that have been included in the present meta-analysis [10,23].



We found in the literature only two other meta-analyses regarding renal elastography. The first one by Wu et al., 2020 proposes looking into whether ARFI could accurately diagnose kidney masses [48], and the second one by Hwang et al., 2021 [49] determined the technical performance of ARFI imaging for evaluating renal parenchymal stiffness. The percentage of technical fault and intrasubject correlation coefficient indicated good agreement in both native and transplanted kidneys, but also that the region of interest location represented a significant factor of heterogeneity in transplanted kidneys.



The good inter-operator agreement of p-SWE in native kidney studies is also pointed out in the EFSUMB guidelines published by Saftoiu et al., 2018 [9] for non-hepatic applications. Despite the good reproducibility of renal elastography, no evidence-based recommendation for the practical use of renal elastography can be offered so far.



The present study is the first meta-analysis that examines the relationship between kidney SWS and renal function, and the presented results, even when comparing studies performed with the same method, are characterized by high heterogeneity.



One of the causes of this could be anisotropy. The architecture of the renal tissue, which is characterized by a high degree of anisotropy, has an impact on the measured kidney SWS, making the results difficult to interpret [41]. In addition to anisotropy, another problem related to renal elastography is the depth of the kidneys. The placement of the ROI within native kidneys is a major challenge in renal elastography and the ability of current elastography methods to evaluate deep tissues is constrained. ARFI-based approaches have been reported to have a 7 cm target anatomical depth limitation [50].



In order to improve the performance of renal elastography, different improvements to the technique have been proposed. An experimental elastography-based method is two-dimensional time-harmonic ultrasound elastography. This method uses a vibration bed that produces continuous vibrations and thus the 2D-SWE elastography allows for deeper measurements (up to 13 cm) and provides elastograms that cover the entire kidney rather than just a region of interest [51]. Using this enhanced elastography method CKD could be diagnosed as early as stage 1, the same method underlying the influence of renal blood flow [52].



Another improvement could be obtained through the analysis of raw data of the different elastography systems used. The results of the study published by Barr et al. in 2020 [53] show that the three machines used for renal elastography do not provide accurate shear wave displacement curves and the conclusion is that improved processing algorithms are required to obtain more accurate renal stiffness data from an elastographic device.



Although one vendor has released technology that claims to be able to effectively measure shear wave displacements, there are currently just a few studies using 2D-SWE techniques in kidney assessment for this to be accepted.



The main limitation of the present study is the limited number of studies that could be introduced in the meta-analysis. The choice of the main method assessed (VTQ) was made because it was the only method for which the number of published studies so far was sufficient to perform the statistical analysis.




5. Conclusions


The analysis of the different renal elastography studies shows that, overall, patients with CKD have a lower kidney SWS. However, although renal elastography could be an attractive tool for monitoring the progression of CKD, studies to date show an increased heterogeneity, at least regarding VTQ technique, and therefore this method is not compelling enough to be introduced into routine practice. Perhaps the improvement of the technique (time harmonic ultrasound elastography or modified processing algorithms of raw data) could be helpful in order to lead to a wider practical use.
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Figure 1. Flowchart of the selection of studies. The “*” from records identified can be deleted. 
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Figure 2. Forest plot for mean kidney SWS between 11 studies comparing CKD versus a control group. 
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Figure 3. Forest plot for the correlation coefficient (between eGFR and kidney SWS). 
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Figure 4. Forest plot for the pooled AUC. 
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Table 1. Primary elastography research in kidneys that have been published.
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	Nr.
	Study
	Elastography Method
	CKD Patients
	Healthy Subjects
	Kidney SWS in CKD
	CKD vs. Control Group
	Correlation Coefficient Kidney SWS < >eGFR(p < 0.05)
	AUROC/Cut-Off Values





	1.
	Arndt et al., 2010 [11]
	TE
	57 transplanted patients
	-
	High
	-
	Correlated
	-



	2.
	Lukenda V et al., 2014 [12]
	TE
	23 transplanted patients
	-
	High
	-
	Correlated
	-



	3.
	Nakao et al., 2015 [13]
	TE
	27 transplanted patients
	-
	High
	-
	Correlated
	-



	4.
	Sommerer et al., 2013 [14]
	TE
	164 transplanted patients
	-
	High
	-
	-
	-



	5.
	Menzilcioglu et al., 2015 [15]
	SE
	58
	40
	High
	Yes
	-
	Performed



	6.
	Menzilcioglu et al., 2016 [16]
	SE
	121
	40
	High
	Yes
	-
	Performed



	7.
	Lin et al., 2017 [17]
	RTE
	148
	277
	Low
	Yes
	Correlated
	-



	8.
	Guo et al., 2013 [18]
	VTQ
	64
	327
	Low
	Yes
	Correlated
	Performed



	9.
	Stock et al., 2011, [19]
	VTQ
	18 transplanted patients
	-
	High
	-
	-
	-



	10.
	Syversveen et al., 2011, [20]
	VTQ
	30 transplanted patients
	-
	No relationship
	-
	-
	-



	11.
	Hu et al., 2014 [21]
	VTQ
	163
	32
	Low
	Yes
	Correlated
	Performed



	12.
	Yu et al., 2014 [22]
	VTQ
	120
	30
	High
	Yes
	-
	Performed



	13.
	Asano K et al., 2014 [23]
	VTQ
	309
	14
	Low
	-
	Correlated
	-



	14.
	Wang et al., 2014 [24]
	VTQ
	45
	-
	No relationship
	-
	-
	-



	15.
	Cui et al., 2014 [25]
	VTQ
	76
	-
	High
	Yes
	-
	Performed



	16.
	Bob et al., 2015 [26]
	VTQ
	46
	58
	Low
	-
	Correlated
	-



	17.
	Bob et al., 2015 [27]
	VTQ
	20
	-
	Low
	Yes
	-
	Performed



	18.
	Takata et al., 2015 [28]
	VTQ
	90
	39
	Low
	Yes
	-
	-



	19.
	Alan et al., 2016 [29]
	VTQ
	76
	79
	Low
	Yes
	-
	-



	20.
	Bob et al., 2017 [30]
	VTQ
	80
	84
	Low
	Yes
	Correlated
	-



	21.
	Bilgici et al., 2017 [31]
	VTQ
	30 pediatric patients
	38
	Low
	Yes
	-
	Performed



	22.
	Grass et al., 2017 [32]
	VTQ
	-
	264 healthy children
	No relationship
	-
	-
	-



	23.
	Sasaki et al., 2018 [33]
	VTQ
	187
	-
	No relationship
	-
	-
	-



	24.
	Yang et al., 2018 [34]
	VTQ
	90 idiopathic nephrotic syndrome
	30
	High
	Yes
	-
	Performed



	25.
	Hu et al., 2019 [2]
	VTQ
	146
	39
	Low
	Yes
	-
	Performed



	26.
	Lee et al., 2015 [35]
	VTQ
	73(biopsies of kidney donors before transplant)
	-
	Low
	-
	Correlated
	-



	27.
	Yoǧurtçuoǧlu et al., 2021 [36]
	VTQ
	30 acute glomerulonephritis
	30
	High
	Yes
	-
	-



	28.
	Caraba et al., 2021 [37]
	VTQ
	80
	50
	Low
	Yes
	Correlated
	Performed



	29.
	Grosu et al., 2018 [38]
	Elast-PQ
	102
	22
	Low
	Yes
	Correlated (but with no statistical performance)
	Performed (CKD vs. control group)



	30.
	Liu et al., 2019 [39]
	Elast-PQ
	102
	22
	Low
	-
	-
	Performed (only patients with type 2 diabetes)



	31.
	Sumbul et al., 2020 [40]
	Elast-PQ
	22
	103
	High
	Yes
	Correlated
	Performed(non-diabetic, pre-diabetic, diabetic patients)



	32.
	Leong et al., 2021 [41]
	ElastPQ
	75
	-
	High
	Yes
	-
	Performed (differentiating between mildly and moderately impaired kidneys)



	33.
	Grenier et al., 2012 [42]
	2D SWE-SSI
	43 transplanted patients
	-
	No relationship
	-
	-
	-



	34.
	Samir et al., 2015 [43]
	2D SWE-SSI
	25
	20
	High
	Yes
	-
	Performed



	35.
	Radulescu et al., 2018 [44]
	2D-SWE-SSI
	32
	22
	High
	Yes
	-
	Performed



	36.
	Yang et al., 2020 [45]
	2D-SWE-SSI
	120 idiopathic nephrotic syndrome
	-
	High
	Yes
	-
	Performed



	37.
	Grosu et al., 2021 [46]
	2D-SWE-GE
	42
	50
	Low
	Yes
	-
	Performed







The keywords “high” and “low” refer to a statistically significant change in the KSWV in CKD patients compared to the control group, or in more advanced stages of CKD compared to less advanced stages. (TE = transient elastography, VTQ = virtual touch quantification, SE = strain elastography, RTE = real time elastography, 2D-SWE-SSI/GE = 2D shear wave elastography supersonic image/general electric).
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