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Abstract

:

Objective: Hypertensive nephroangiosclerosis (HN) represents the second most common cause of chronic kidney disease. Kidney damage secondary to high blood pressure favors the appearance of serum and urinary changes, but also imaging, highlighted by ultrasonography (B-mode, Doppler, Acoustic Radiation Force Impulse Elastography). Acoustic Radiation Force Impulse Elastography (ARFI) represents a new imagistic method which characterizes renal stiffness in the form of shear wave velocity (SWV). Aim: This study aims to investigate renal stiffness in HN patients, and to assess the correlations between it and urinary albumin/creatinine ratio (UACR), estimated glomerular filtration rate (eGFR), and intrarenal resistive index (RRI). Material and Methods: This cross-sectional study was performed on a group of 80 HN patients and 50 healthy, sex and age-matched, as controls. UACR (urinary immunoturbidimetry), eGFR (Jaffe method), RRI, and renal SWV (Siemens Acuson 2000) were determined in all patients and controls. Data were expressed as mean ± standard deviation. Statistical analysis was done by means Pearson’s test and t-Student test, p values of less than 0.05 were considered statistically significant. Results: UACR, eGFR, RRI and SWV showed statistically significant differences between the HN patients and controls (p < 0.0001). In the hypertensive patients group, statistically significant correlations were observed between the SWV and UACR (r = −0.7633, p < 0.00001), eGFR (r = 0.7822, p = 0.00001), and RRI (r = −0.7978, p = 0.00001). Conclusions: Kidney sonoelastography characterizes imagistically the existence of intrarenal lesions associated with essential hypertension, offering a new diagnosis method for these patients.
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1. Introduction


Hypertensive nephroangiosclerosis (HN) represents the renal involvement secondary to the long-term evolution of arterial hypertension, being the second or third most common cause of renal replacement therapy in Europe, USA, respective in Japan [1,2,3]. The epidemiological data revealed that the HN incidence had increased both in Europe and in United States of America in the last 20 years. About 15% in Europe, respective 28% in United States of America of new cases with end-stage renal disease had HN as an etiology [4,5].



Mahmoodi et al. demonstrated an existence of a strong relationship between high blood pressure, renal involvement and cardiovascular disease [6]. On the other side, microalbuminuria and macroalbuminuria represent the important risk factors for cardiovascular events [7], and for the progression of renal involvement to chronic kidney disease [8].



In current medical practice, the diagnosis of HN is established on a clinical examination and laboratory tests, only a small proportion of patients benefit from histopathological examination. Therefore, epidemiological data vary widely between different medical centers (in Europe, between 5 and 33% of ESRD cases have as etiology HN) [5].



Hypertension-induced kidney damage involves vasculature, glomeruli, and tubulointerstitium. Intrarenal arteries show progressive intimal thickening and fibrosis, caused by collagen deposition, and, media thickening, attributable to smooth muscle cell hyperplasia. Afferent arterioles present a process of hyalinization. Glomerular involvement is heterogeneous: normal morphology, ischemic, obliterated glomeruli, with collapsed capillaries, or others hypertrophied. Another hallmark of hypertensive kidney injury is tubular atrophy, associated with interstitial fibrosis. These histological changes have a progressive evolution, from asymptomatic organ damage to symptomatic organ damage, with chronic kidney disease appearance. But this evolution may be slowed, if the kidney involvement is diagnosed early and the patients receive an appropriate treatment [4,9].



These renal morphological changes have an impact on renal function. Increased albuminuria and reduced glomerular filtration rate are the first changes that define the incipient kidney damage in HN [9]. But besides serum and urinary biomarkers, ultrasonographic investigations (B-mode and Doppler) play an important role in the diagnosis of HN. B-mode ultrasound evaluates the kidney position and the morphology (kidney length, parenchyma thickness and echogenicity). But, unfortunately, ultrasonographic changes appear late in the disease evolution [4,9,10]. Through colour duplex Doppler and power Doppler ultrasound, the renal and intrarenal vascularization (arterial and venous) are estimated, providing information about the kidney function [11,12].



All the morphological abnormalities of the kidneys listed above can cause elastic compliance changes, determined by a new ultrasonographic method, known as Acoustic Radiation Force Impulse Elastography (ARFI), as shear wave velocity (SWV). In ARFI, the acoustic pulses emitted by the transducer generate micrometric displacements (1–20 μm) in the examined tissue. The square region of interest (ROI) is used to measure micrometric displacements. The displacement generates the shear waves, which propagate away from the ROI and are captured by the same transducer, displaying them as m/s. ARFI technique has many advantages over other elastographic methods. First, it is not operator-dependent. Another advantage of the ARFI technique is that it is not based on transducer compression. By using ARFI, the deep organs, like kidneys, can be successfully examined [13,14,15].



The aim of this study is to investigate the kidney SWV in patients with HN, and to establish the correlations between SWV and UACR, eGFR, and RRI.




2. Material and Methods


2.1. Patients


This cross-sectional study was performed in the Department of Internal Medicine, Timișoara, Romania between July and September 2019 on a group of 80 patients with HN and 50 healthy subjects, used for matching, as controls.



HN was diagnosed based on the following criteria: essential hypertension, having a period of evolution over 5 years before the proteinuria development, mild to moderate persistent proteinuria, normal or minimal changes of urinary sediment, hypertensive retinopathy, left ventricular hypertrophy, exclusion of other primary or secondary kidney diseases [9,16]. Exclusion criteria were represented by: age under 18 years, patients’ refusal to participate in this study, pregnancy, breast feeding women, secondary hypertension of any etiology, primary or secondary kidney diseases, cardiovascular diseases. The controls were selected among the healthy subjects, who have periodically checked their health. The controls presented normal values of arterial blood pressure, normal renal structure and function, and no risk factors for chronic kidney disease (diabetes mellitus, collagen-vascular diseases, inflammatory systemic diseases, urinary tract infections, heart diseases). All the participants signed the informed consent. This study was approved by the Ethics Committee of Railway Clinical Hospital Timișoara, Romania, with registration number 137/July 2019. This study respected the Declaration of Helsinki.



All the patients and controls underwent clinical examinations, laboratory tests (serum and urinary creatinine, albuminuria, estimated glomerular filtration rate), renal ultrasonographic examinations (gray scale, Doppler, ARFI).




2.2. Methods


Serum and urinary creatinine were performed using colorimetric enzymatic Jaffe method (normal values of serum creatinine being between 0.6–1.1 mg/dL), and glomerular filtration rate (eGFR) was estimated by MDRD formula (http://www.mdrd.com (accessed on 27 September 2019)) (normal values over 90 mL/min/1.73 m2).



Albuminuria was determined from the first matinal voiding (immunoturbidimetric method). It was expressed as urinary albumin/creatinine ratio (UACR). Microalbuminuria was defined as UACR ≥ 30–299 mg/g, and macroalbuminuria as UACR ≥ 300 mg/g [17].



The retinal microvascular changes were assessed by means of funduscopy. It was used the Mitchell-Wong classification systems for the hypertensive retinopathy [18].



Renal ultrasonography was performed in all the participants, using SIEMENS ACUSON A2000 with 3.5 MHz convex transducer, by two operators (A.C. and A.M.). The participants in this study were in fasting conditions for at least 6 h. RRI was determinated in the interlobar arteries at the lower pole, at the middle level of the kidney, as well as in the upper pole of each kidney in the lateral decubitus or prone position. Color gain and the pulse repetition frequency were adjusted individually in order to avoid the aliasing phenomenon. The Doppler angle was set below 60° with respect to the long axis of the interlobar artery. The mean value of RRI of both kidneys was recorded. In healthy kidney, the normal RRI value is less than 0.70 [11,12]. Then, ARFI was performed, keeping the same position of the participants. Using the conventional ultrasonographic image, region of interest (ROI) was identified (box with fixed dimension of 1 × 0.5 cm) and positioned at the middle level of the kidney, in the outer renal cortex, with minimal scanning pressure. The participants were asked not to breathe. Each participant was given 5 valid SWV measurements, calculating the average, expressed as meter/second (m/s). In case of an invalid measurement, on the screen was displayed “X.XX” [10,13,14,15].





3. Statistical Analysis


Data are recorded and presented as mean ± standard deviation. Statistical analyses were performed using the Student’s t-test, ANOVA test, and the Pearson’s correlation. Differences were considered statistically significant at the value of p < 0.05.




4. Results


This study included 130 participants, 80 patients with HN and 50 controls. Baseline participant characteristics are presented in Table 1.



Based on the office blood pressure measurements, the HN patients were classifies as: grade 1 hypertension (18 patients), and grade 2 hypertension (62 patients) [19].



Between the group of HN patients and controls, statistically significant differences of the monitored parameters were identified. The group of HN patients presented low values of eGFR and SWV, statistically significant. On the other side, the same patients presented high values of UACR and RRI, statistically significant, too (Table 2).



The histological abnormalities are responsible for the changes of the monitored parameters. Intrarenal parenchyma arteries show progressive intimal thickening, afferent arterioles present a process of arteriosclerosis, all these changes being highlighted by the increase of RRI (Figure 1). Another factor responsible for the RRI increased is tubular atrophy associated with interstitial fibrosis [9,20,21]. Glomerular involvement is expressed by UACR increasing [9]. But the kidney is a complex organ and the SWV, as a marker of its stiffness, is dependent on the degree of renal fibrosis, as well as on the intrarenal vascularization [22] (Figure 2).



The severity of kidney damage, depending on the degree of hypertension and the duration of its evolution, causes changes in the monitored parameters, statistically significant. Among patients with HN, those with grade 1 hypertension had lower values of UACR and RRI, as well as higher values of eGFR and SWV compared to patients with grade 2 hypertension (Table 3).



Statistical analysis revealed the presence of significant correlations between SWV and UACR, eGFR, respectively RRI (p < 0.0001) (Table 4, Figure 3, Figure 4 and Figure 5).




5. Discussion


In present, HN represents an important cause of end-stage renal disease [21]. It is the consequence of essential hypertension with a long-term evolution, being characterized by complex histopathological changes, involving intrarenal vessels, glomeruli and tubulointerstitium [9].



The present study is one of the few published related to the HN patients investigated by means of ARFI. By investigating 80 HN patients, it showed that hypertensive kidney damage causes changes in kidney vascularization (evaluated by means of RRI of interlobar arteries) and elasticity (evaluated by means of ARFI, as SWV), but also in biochemical and urinary tests.



Glomerular impairment secondary to high blood pressure is evidenced by increased UACR (297.31 ± 107.81 mg/g in HN patients versus 18.93 ± 4.41 mg/g in controls, p < 0.0001) and decreased eGFR (45.90 ± 11.07 mL/min in HN patients versus 95.86 ± 7.38 mL/min in controls, p < 0.0001). Boulatov et al. reported that the hypertensive patients presented higher UACR than the normotensive ones (2.17 ± 2.67 mg/mmol versus 1.72 ± 2.97 mg/mmol, p = 0.012) [23]. Studying microvascular involvement in hypertensive patients, Sabanayagam et al., reported that the decreased of retinal arteries diameter was associated with the reduced eGFR and micro/macroalbuminuria [24]. Awua-Larbi demonstrated that the albuminuria was associated with hypertensive retinopathy [17]. Yoon SJ et al. analyzed the data from the 2011–2012 Korea National Health and Nutrition Examination Survey, including 9519 subjects. The authors reported a positive correlation between the systolic blood pressure, respective diastolic blood pressure and UACR (p < 0.005) [25]. Georgakis et al., in their meta-analysis described that albuminuria was associated with small vessel involvement from kidney and brain [26]. In another study, Grupper et al. showed that the hypertensive patients presented lower eGFR and higher UACR than the normotensive subjects (p < 0.001) [27].



In addition to glomerular changes, the hypertensive kidney also has vascular changes (narrowing of the intrarenal arteries and arterioles), as well as interstitial fibrotic ones. Gray-scale ultrasonography reveals renal changes only in advanced stages of HN evolution. But early renal histopathological changes can be identified only by special ultrasonographic techniques, such as Doppler technique (as RRI of interlobar renal arteries), respectively ARFI (as SWV) [11,12,13,14,15]. RRI is increased in several renal parenchymal diseases, particularly those with pathological changes in tubules, renal interstitium and blood vessels, while patients with isolated glomerular lesions usually have normal RRI [28].



This study identified that the RRI were higher in HN patients than in controls (0.72 ± 0.02 in HN patients versus 0.63 ± 0.02 in controls, p < 0.0001). In a group of 211 patients with essential hypertension, higher RRI of interlobar renal arteries was associated with higher prevalence of microalbuminuria (p = 0.008) [29]. In another study, Doi et al. demonstrated that the increased RRI was associated with low eGFR, this association being related with poor cardiovascular and renal outcomes. [30]. Elevated RRI values were associated with increased UACR and decreased eGFR (p < 0.01) [20].



ARFI uses short-duration acoustic radiation forces that produce localized displacements in the renal tissue [31,32]. The renal shear wave velocity (SWV) represents the speed of a transverse wave that propagates perpendicular to the direction of tissue movement, which is a representative factor of renal tissue rigidity [33,34]. Renal elasticity changes during the HN progression. The speed of shear wave propagation is measured and is proportional to the stiffness of the renal tissue [22,32,33]. In the present study the SWV values were between 1.82 and 2.99 m/s. The studied HN patients presented low values of SWV than the controls (2.37 ± 0.34 m/s in HN patients, versus 2.96 ± 0.18 m/s in controls), statistically significant (p < 0.0001). Guo et al. and Zheng et al. reported similar results (p < 0.001, respective p < 0.05) [34,35]. Munger et al., based on the fact that 20% of cardiac output enters the kidneys, and that changes in this flow affect renal function, has shown that renal SWV is dependent on intrarenal vascularization [36]. Bob et al., in their study, demonstrated that renal SWV depends not only on renal fibrosis, but also on intrarenal vascularization [22]. Under HN conditions, reducing the diameter of the intrarenal vessels leads to a reduction in blood flow, and then, SWV [35].



Our study revealed the presence of significant correlations between SWV and eGFR (r = 0.7822, p < 0.00001), UACR (r = −0.7633, p < 0.00001), respectively RRI (r = −0.7978, p < 0.00001).



Studying by ARFI 46 patients with chronic glomerulonephritis, diabetic nephropathy, hypertensive nephrosclerosis, chronic pyelonephritis, and 58 healthy subjects, Bob et al. demonstrated that the renal SWV values decreased with the reduction of eGFR in renal patients (p < 0.001) [22]. Asano et al. identified that the SWV decreased with eGFR decline (p < 0.01) [37]. The same results were obtained by other studies [10,13,14,38]. In HN patients, the reduction of SWV is consistent with the reduction of eGRF and renal histopathological changes. Lesions of intrarenal parenchyma arteries and afferent arterioles generate decreased renal blood flow, which may affect SWV values more than tissue fibrosis affects [37,39,40,41]. Hu et al. studied 163 patients with chronic kidney disease and 32 healthy subjects and investigated the renal parenchyma stiffness in correlation with renal histolopathological fibrosis and renal function. SWV showed significantly correlations with pathological parameters (p < 0.001), serum creatinine (p < 0.001), and eGFR (p < 0.001). The authors identified the cutoff values of SWV for the diagnosis of renal dysfunction, as: 2.65 m/s for the mildly impaired kidneys, 2.50 m/s for moderately impaired kidneys, and 2.33 m/s for severely impaired kidneys [42].



Young’s modulus represents a quantitative and objective parameter for evaluation of tissue elasticity. It is is calculated according to the equation: E = 3 cs2, where E = Young’s modulus (kPa), cs = shear wave velocity (m/s) [43]. In the study performed by Leong et al. on the renal patients who underwent renal biopsy, it was demonstrated that the kidney Young’s modulus correlated significantly with intrarenal lesions (p < 0.001) [44].



You-Hsien Lin et al. demonstrated on 227 patients with CKD that these patients presented lower elasticity values than the controls (p < 0.001). On the other hand, the authors identified significant correlations between renal elasticity and proteinuria (p < 0.001), eGFR (p < 0.001). The conclusion of their article was that the renal elasticity was associated with the degree of proteinuria and the risk of renal function deterioration [10].



Koc et al. identified in two studies a statistically significant correlation between the renal stiffness and RRI in hypertensive patients (p < 0.001, respective p < 0.05) [45,46].



The present study showed that the severity of high blood pressure (grade 1 hypertension versus grade 2 hypertension) causes kidney damage dependent on it. The severity of renal impairment is shown by increases of UACR, RRI, respectively reductions of eGFR and SWV in grade 2 hypertension patients, statistically significant (Table 3). Sievers et al. reported that the severity of blood pressure elevation often correlates with the degree of renal damage [21].



This study this study had some limitations. First, the number of studied patients with HN was not very large. On the other hand, histopathological examination of patients with HN was not performed in order to correlate UACR, eGFR, RRI and SWV with histopathological data. The future research should be coordinated in the direction of identifying correlations between histological and biochemical parameters, respectively imaging (SWV, RRI) in HN.




6. Conclusions


Renal acoustic radiation force impulse elastography, by means of SWV, characterizes imagistically the existence of intrarenal lesions associated with essential hypertension. SWV changes appear early in the HN evolution. The present study demonstrated the strong correlations between SWV and biochemical, respective Doppler ultrasonography parameters.
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Figure 1. Interlobar renal artery (RRI = 0.72). 
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Figure 2. ARFI; SWV = 2.02 m/s. 






Figure 2. ARFI; SWV = 2.02 m/s.



[image: Applsci 11 10612 g002]







[image: Applsci 11 10612 g003 550] 





Figure 3. Correlations between SWV and UACR. 
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Figure 4. Correlations between SWV and eGFR. 






Figure 4. Correlations between SWV and eGFR.



[image: Applsci 11 10612 g004]







[image: Applsci 11 10612 g005 550] 





Figure 5. Correlations between SWV and RRI. 
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Table 1. Baseline participant characteristics.






Table 1. Baseline participant characteristics.





	
Parameter

	
Value (Mean ± Standard Deviation)




	
HN Patients

	
Controls






	
Sex [n (%)]

	
80

	
50




	
Males

	
48 (60%)

	
30 (60%)




	
Females

	
32 (40%)

	
20 (40%)




	
Mean age (years)

	
58.96 ± 4.09

	
56.27 ± 7.46




	
Mean length of hypertension evolution (months)

	
142.27 ± 46.27

	
-




	
Hypertensive retinopathy

	
mild: 17 patients

	
-




	
moderate: 55 patients




	
severe: 8 patients




	
The drugs used by the HN patients in the moment of investigation

	
- Angiotensin-converting enzyme inhibitors (ACEI) (10 patients)

	
-




	
- Angiotensin receptor blockers (ARB) (15 patients)




	
- Beta-blockers (BB) (10 patients)




	
- Diuretics (D) (7 patients)




	
- Combined therapy (ACEI + BB; ACEI + D; ARB + BB; ARB + D) (38 patients)
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Table 2. Parameters assessed in HN patients and controls.






Table 2. Parameters assessed in HN patients and controls.





	Parameter
	HN Patients
	Controls
	p





	Systolic BP (mmHg)
	170.31 ± 15.81
	112.41 ± 10.72
	<0.0001



	Diastolic BP (mmHg)
	103.43 ± 7.81
	68.32 ± 9.74
	<0.0001



	UACR (mg/g)
	297.31 ± 107.81
	18.93 ± 4.41
	<0.0001



	eGFR (mL/min/1.73 m2)
	45.90 ± 11.07
	95.86 ± 7.38
	<0.0001



	RRI
	0.72 ± 0.02
	0.63 ± 0.02
	<0.0001



	SWV (m/s)
	2.37 ± 0.34
	2.96 ± 0.18
	<0.0001
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Table 3. Monitorized parameters in HN patients depending on the severity of hypertension.
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	Parameter
	Grade 1 Hypertension
	Grade 2 Hypertension
	p





	Mean length of hypertension evolution (months)
	88.00 ± 21.11
	147.47 ± 44.70
	<0.0001



	Systolic BP (mmHg)
	148.57 ± 4.75
	172.39 ± 14.90
	<0.0001



	Diastolic BP (mmHg)
	95.00 ± 0.00
	104.24 ± 7.71
	<0.0001



	UACR (mg/g)
	174.00 ± 26.12
	309.13 ± 105.25
	<0.0001



	eGFR (ml/min/1.73 m2)
	55.85 ± 5.58
	44.94 ± 11.01
	<0.001



	RRI
	0.69 ± 0.01
	0.72 ± 0.02
	<0.01



	SWV (m/s)
	2.63 ± 0.19
	2.35 ± 0.35
	<0.01
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Table 4. Correlations between SWV and monitorized parameters.
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	Correlation between SWV and:
	r
	p





	UACR (mg/g)
	−0.7633
	<0.00001



	eGFR (ml/min)
	0.7822
	<0.00001



	RRI
	−0.7978
	<0.00001
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