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Purpose and Motivation: Chronic kidney disease (CKD) is a major global public health problem with eventual progression to end-
stage renal disease which tends to increase kidney stiffness. Shear wave elastography (SWE) is a recently developed ultrasound based
technique which can be used to assess tissue stiffness noninvasively. The aim of this study was to evaluate the potential diagnostic
value of SWE to assess renal parenchymal stiffness in CKD and its correlation with estimated glomerular filtration rate (¢GFR), which
may be used as a marker for detecting and staging CKD.

Materials and Methods: The study protocol was approved by the Institutional ethics Committee at Kasturba medical college,
Manipal and written informed consent was obtained from all participants. The study included 93 control subjects and 108 patients with
CKD. SWE imaging was performed to assess renal cortical stiffness, as measured by the Young’s modulus (YM). Correlations
between SWE and conventional ultrasound parameters with age, serum creatinine, eGFR and serum urea were analysed using
Pearson’s correlation coefficient (p < 0.05) and receiver operating characteristic (ROC) curves were derived.

Results: The diagnostic performance of SWE correlated with serum creatinine levels and eGFR. We found a statistically significant
difference in kidney stiffness values between healthy individuals and CKD patients. The Spearman correlation coefficient revealed
moderate negative linear correlation between the YM measurements and eGFR. We obtained a YM measurement cut-off value of 4.43
kPa, a value less than or equal to this suggested a no diseased kidney. This yielded sensitivity and specificity of 92.6% and 80.6%,
respectively, with an AUROC of 0.92.

Conclusion: Our results demonstrated that shear wave elastography may provide a low-cost, non-invasive method for the morpho-
logical assessment and progression of the disease status in chronic kidney disease patients with CKD.
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Introduction

The incidence of chronic kidney disease (CKD) has increased considerably in recent decades, with diabetes mellitus
(DM) and hypertension being major causes. Its prevalence is estimated to be 8—16% worldwide. This highlights the
importance of better screening programs for populations at risk for CKD.!

Although biochemical tests such as urinary protein, serum urea, and creatinine can assess disease progression, they
lack sensitivity. Ideal methods for fibrosis assessment are lacking, except for kidney biopsy which is not only an invasive
procedure, but also has several contraindications.” Disorders of coagulopathy, polycystic kidneys, obstruction of the
urinary tract, infections of the upper urinary tract are regarded as absolute contraindications. Compromised cardiopul-
monary function, severe obesity, inability of the patient to cooperate, solitary kidney, advanced age, severe hypertension
(> 160/95 mmHg), and renal failure are considered as relative contraindications.

Conventional ultrasound is one of the most frequently used methods for the evaluation of renal structure and status as
well as for the diagnosis and follow-up of CKD. Renal length, parenchymal thickness, and increased cortical echogenicity
have been reported to correlate statistically with tubular atrophy and glomerular sclerosis.” But these parameters are not
quantitative and lack sensitivity and specificity for CKD evaluation.* Progressive histological changes in CKD include

glomerulosclerosis, vascular sclerosis, and tubular and interstitial injury, which can result in interstitial fibrosis and tubular
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atrophy . The deteriorating glomerular filtration rate (GFR) is accompanied by progressive interstitial damage.” This
increases the stiffness of the diseased area.

Ultrasound-based elastography,® which noninvasively measures tissue stiffness, is a significant advancement in the
field of ultrasound imaging. It has been widely used in assessing fibrosis in liver disease and to predict the presence of
gastro-esophageal varices in cirrhotic patients.” Other uses include assessing hardness of lesions in breast, prostate,
thyroid and also has various musculoskeletal applications. Static elastography methods which uses direct compression in
assessment of superficial organs such as thyroid or breast, have no utility in renal exploration because of the deeply
profound location and because of non uniform pattern of fibrosis in CKD or other diffuse pathologies, hence there is no
healthy tissue to compare the elastography results.® Shear wave imaging (SWE) is a technique where a dynamic stress is
applied to tissue. Elastography point quantification (ElastPQ) is a type of point shear wave-based elastography technique
that was introduced by Philips wherein ultrasonic pressure wave is transmitted to the body by the transducer, which
generates shear waves that propagate in the tissues perpendicular to the axis of the original pressure wave. ElastPQ has
an additional Doppler function that detects the speed at which these shear waves travel to estimate tissue stiffness. Stiffer
tissues had a higher shear-wave velocity. Shear-wave elastography (SWE) is an emerging technique that is inexpensive,
convenient and safe, especially in patients with contraindications to biopsy. It can be integrated into a conventional
ultrasound machine to measure tissue stiffness in real-time. Combined use of conventional ultrasound imaging and SWE
imaging can provide qualitative and quantitative assessments of tissue elasticity.

The aim of this study was to evaluate the potential diagnostic value of SWE in assessing the stiffness of the renal
parenchyma, which may be used as a marker for detecting and staging CKD, and to analyse its potential influencing factors.

Materials and Methods

This retrospective study was conducted at the Department of Radiodiagnosis and Imaging, Kasturba Medical College,
Manipal between September 2018 and September 2019. Our study complies with the declaration of Helsinki and was
approved by the Institutional Ethics Committee of Kasturba Medical College, Manipal. Written informed consent was
obtained from all patients and healthy volunteers prior to the procedure.

93 healthy volunteers were selected as controls based on the following inclusion criteria: age >18 years, BMI<35.
Exclusion criteria were done in cases of diabetes mellitus, hypertension, or any other systemic disease that might
influence renal function and the presence of kidney lesions such as renal cysts/stones/mass/HUN/solitary kidney.

The cases included 108 CKD patients with CKD referred to our department for imaging of the kidneys with the
following inclusion criteria: age >18 years, chronic kidney disease secondary to type II diabetes mellitus, hypertension,
or both. Kidneys were screened by conventional ultrasound to detect stones, any type or size of cyst, hydronephrosis, or
masses and were excluded from the study. Other exclusion criteria were as follows: BMI >35, any condition where renal
cortical thickness was <1.5 cm, acute kidney injury, CKD due to causes other than DM/HTN such as glomerulonephritis,
tubulointerstitial disease, polycystic kidney disease.

Table | Staging of CKD Based on eGFR

Gl 290 (+albumin/creatinine >30mg/g)
G2 60-89

G3 30-59

G4 15-29

G5 <15

Abbreviations: CKD, Chronic kidney disease; eGFR,
Estimated glomerular filtration rate.
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Evaluation of Renal Function
Estimated glomerular filtration rate (eGFR) was calculated using the Modification of Diet in Renal Disease (MDRD)
equation using serum creatinine levels, age, sex and race.’

Clinical history and laboratory tests were used to make the primary diagnosis.

The diagnosis of CKD was based on kidney damage or eGFR, and was classified into stages, as shown in Table 1.

Conventional Ultrasound Evaluation

The kidney was displayed on the longitudinal plane to identify intrarenal structures, and the following features were
noted: kidney size, cortical thickness, parenchymal changes, and Doppler measurement of the main renal artery (Peak
systolic velocity, End diastolic volume, and Resistive index).

Quantification of Kidney Stiffness by Shear Wave Elastography

All US examinations were performed using either a Philips EPIQS5 or Affinity 70 (PHILIPS HEALTHCARE) system

equipped with shear wave point quantification (ELASTPQ), using a 5C-1 curvilinear broadband transducer (1-5 MHz).
All patients were placed in the left lateral decubitus position, with the right arm maximally abducted above the head

measurements obtained in the right kidney. During acquisition, patients were asked to hold their breaths at the mid-

respiration level to minimise breathing motion while avoiding deep inspiration or expiration.'’
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Figure | B-mode image and report showing the ROI placement (white box) in the cortex of a patient with CKD stage-5 with average YM measurement of 9.16 kPa.
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A fixed small region of interest (ROI) was selected based on available thickness of cortex. The region of interest (ROI)
was always placed at a depth of <8 cm. Kidney stiffness measurements were performed in a region of well-represented renal
cortical parenchyma devoid of renal pyramids or capsules, at the shortest distance from the skin that corresponded to the
middle third of the kidney, with the sample line being radially oriented, as shown in Figures 1-5. This was done to orient the
beam parallel to direction of collecting ducts which helps avoid the anisotropic properties of the kidney and improve
reproducibility of the measurements.'' The applied transducer compression was minimised as much as possible. The US
machine measures the tissue stiffness in kilopascals (kPa), also known as the Young's modulus of elasticity.

The goal of these techniques is to reduce the impact of renal anisotropy and other technical factors affecting the
quality of the measurements, thereby improving the reproducibility of SWE measurements.

Only examinations with at least five validated measurements were considered reliable. Valid measurements were
considered to have success rate >60% (SR) and an interquartile range <50%. The mean stiffness values of 5 valid
consecutive measurements of the examined kidneys were calculated.

Statistical Analysis
Data were analysed using Statistical Package for the Social Sciences software v.25 (IBM Statistics, Inc. Armonk,
New York, USA).

We used the mean of the SWE measurements obtained as the tissue Young’s modulus (YM) for the subsequent
analysis.
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Figure 2 B-mode image and report showing the ROI placement (white box) in the cortex of a patient with CKD stage-4 with average YM measurement of 7.78 kPa.
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Figure 3 B-mode image and report showing the ROI placement (white box) in the cortex of a patient with CKD stage-3 with average YM measurement of 6.26 kPa.

Correlations between SWE and conventional ultrasound parameters and age, serum creatinine level, eGFR, and serum
urea level were analysed using Pearson’s correlation coefficient (p < 0.05).

Receiver operating characteristic (ROC) curve analysis was performed, and the area under the ROC curve (AUC)
95% confidence intervals (CI), optimal cut-off value, sensitivity and specificity were calculated.

One-way analysis of variance (ANOVA) and post hoc Tukey’s significant difference tests were used to analyse the
changes in mean YM values according to the CKD stage.

Results

Relationship Between YM Measurements and Other Parameters
YM measurements showed no significant correlation with age among the controls but showed a moderate negative
correlation with age in the CKD group (r = —0.340, p < 0.001).

The Spearman correlation coefficient revealed a moderate negative linear correlation between YM measurements and
eGFR (r = —0.394, p < 0.001).

Moderate positive linear correlations were observed between the YM measurements and serum creatinine (r = 0.426,
p < 0.001) and serum urea (r = 0.368, p < 0.001).

YM measurements showed no significant correlation with BMI in either cases or controls.
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Figure 4 B-mode image and report showing the ROI placement (white box) in the cortex of a patient with CKD stage-2 with average YM measurement of 5.39 kPa.

In an attempt to determine the relationship between parenchymal stiffness and renal blood flow indices, we found that
there was no significant correlation between kidney stiffness and PSV in either cases or controls, and only a weak
positive correlation between parenchymal stiffness and RI in patients CKD (r = 0.268, p < 0.05).

Comparison of Mean of YM and Rl Between CKD and Control Groups
Comparison of mean YM measurements between the CKD and control groups revealed that YM measurements were
significantly higher in the CKD group Table 2, indicating increased stiffness within the CKD group, (p <0.001).

The resistive index (RI) values were also significantly higher in the CKD group than the control group (p <0.001)
Table 2. Spearman’s rho correlation coefficient showed that RI values had a significant positive correlation with
increasing CKD grade.

The mean YM measurements between the control and patient groups were analysed using ROC curves (Figure 6).
The area under the receiver operating characteristic (ROC) curve for SWE was 0.92. We obtained a YM measurement
cutoff value of 4.43 kPa, of which a value less than or equal to this suggested a non-diseased kidney. This yielded
sensitivity and specificity of 92.6% and 80.6%, respectively.

One-way analysis of variance (ANOVA) and post hoc Tukey’s significant difference tests were used to determine the
changes in mean YM values according to CKD stage (Figure 7).

The measured mean values of YM were lower in the lower CKD group that had a higher eGFR, with the exception of
stage 1 which had a higher YM value than stage 2, as shown in Table 3.
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Figure 5 B-mode image and report showing the ROI placement (white box) in the cortex of a patient with CKD stage-| with average YM measurement of 4.81 kPa.

Tukey’s post hoc multiple comparison test revealed a statistically significant difference in the means between stages 2
and 5 and stages 3 and 5. However no significant differences were observed among the other CKD stages.

Discussion
The incidence of CKD is very high worldwide. Progressive histological changes occurring in CKD include glomerulo-
sclerosis, vascular sclerosis, tubular and interstitial injury, which results in interstitial fibrosis and tubular atrophy.
Histological examination by kidney biopsy is invasive and can result in procedure related complication and carries
a risk of sampling error. CKD causes the stiffness of the diseased area to increase, allowing shear waves to propagate
quickly through the affected tissue.'? Thus there is decline in GFR with increasing amount of renal fibrosis, which in turn
is directly related to the speed of shear wave propagation in the renal parenchyma. In our study, we aimed to ascertain if
there was a significant correlation between tissue stiffness measured by Young’s Modulus (YM) measurements and
kidney function measured by eGFR.

We found that YM measurements were significantly negatively correlated with eGFR and positively correlated with
serum creatinine levels and presence of CKD. With increasing disease severity, the YM values increased, correlating with

Table 2 Comparison of Means of YM Measurements and
Rl Among Controls and CKD Group

YM (kPa) | 3.47 + 1.39 | 7.19 + 256 | —13.0 | <0.00I

RI 0.65 + 0.06 | 0.73 £ 0.05 | -8.2 | <0.001

Abbreviations: CKD, Chronic kidney disease; Rl, Resistive index; YM,
Young’s modulus.
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Figure 6 ROC curve of YM in distinguishing between CKD and control groups.
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Figure 7 Boxplot showing the correlation between CKD stage and YM measurements.

the fact that increasing fibrosis of tissues increases the shear wave velocity. This finding is supported by previous studies
employing the SWE technique conducted by Leong et al,’? Goya et al,'* Radulescu et al,'® Yu et al,'® Samir et al,'° and
Hassan et al,'” all of which showed a statistically significant difference in the measured YM/SWV values between
healthy controls and the CKD group.

One of the crucial problems we encountered was the lack of a reliable definition of the normal limits of stiffness in the
native healthy kidney, as it has already been defined for other organs such as the liver, breast, or thyroid. The
measurements taken thus far have shown significant variations between the studies. For example, the elasticity values
of renal cortex varies upon different assessments, between 15.4 + 2.5 kPa® to 4.40 (3.68, 5.70) kPa’ for Young’s modulus

in SSI or SWE, and between 1.75 m/s® to 2.54 + 0.83 m/s’ for shear wave velocity in ARFI, highlighting the necessity
for extensive trials on healthy kidneys.
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Table 3 Mean YM Values of CKD Stages

Stage | 5 5.96 0.95
Stage 2 14 5.80 1.48
Stage 3 32 6.19 1.85
Stage 4 20 7.82 2.67
Stage 5 37 8.42 2.88

Abbreviations: CKD, Chronic kidney disease; YM, Young’s modulus.

In our study, we found that the average YM measurements in healthy controls were 3.47 £+ 1.39 kPa.

The ability to differentiate between individual stages was poor. However, early and advanced CKD stages may be
differentiated by stiffness values which are significantly different between CKD stages 2 and 5, and 3 vs 5. This
information may be valuable for the early initiation of suitable interventions to prevent further deterioration of renal
function.'®

The methodology of our study was closely aligned with that of Leong et al,'® with a similar elastography technique
(ElastPQ) and ultrasound equipment. However, their study did not include patients with CKD stage 1. The average YM
values obtained were similar to those of the controls, but among the CKD groups, we found lower YM values (Table 4).
The explanation for this difference could be the variation in the proportion of cases among the CKD subgroups; -our
study sample size was biased towards higher CKD grades, whereas they included more numbers in the lower CKD
grades. We found higher stiffness in CKD stage 1 CKD than those with stage 2 CKD. This could reflect the fact that there
is glomerular hyperfiltration occurs in the early stages of renal damage,'® but the relatively small sample size in the CKD
1 subgroup precludes a definite conclusion.

Compared to a few prior studies, as summarised in Table 4, our results followed the trend of increasing stiffness
values with progressing CKD grades, but the actual values differed slightly to significantly. A possible explanation for
this could be the different scanning parameters, type Il error due to small sample sizes, operator-dependent variations,
different elastography technologies and equipment, different population sizes, and population characteristics such as age,
race, and sex proportion.

In contrast to the above results, studies conducted by Asano et al,'® Hu et al,>° and Guo et al,?! found a positive
relationship between shear wave velocities and eGFR and an inverse relationship between kidney stiffness and increasing
grades of CKD. The exact reason for this discrepancy is not known; however, the proposed mechanisms were the

Table 4 Comparison with Few Previous Studies Showing Correlation of SWE Measurements
with CKD Grades

Controls | 34l * 1.39 3.55 - - -
CKD - | 5.96 + 0.95 - 2.87 + 0.55 - -
CKD -2 | 580+ 1.48 7.61 £ 6.09 3.14 £ 0.63 - -
CKD -3 | 619+ 1.85 1.6 £ 6.88 295 + 0.74 35.35 14.6 + 8.1
CKD -4 | 782 +267 10.06 + 5.72 2.68 £ 0.47 33.35 304 + 16.2
CKD -5 | 842 +1288 12.75 + 5.63 2.55 £ 037 49.61 =
Abbreviations: CKD, Chronic kidney disease; SWE, Shear wave elastography; YM, Young’s modulus.
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differences in histological changes and mechanical properties between the kidney and liver,”* reduced blood flow in
advanced CKD stages that mask renal fibrosis, and lower kidney stiffness.

We obtained a YM measurement cut-off value of 4.43 kPa, of which a value less than or equal to this suggested
a non-diseased kidney with a sensitivity and specificity of 92.6% and 80.6%, respectively. The area under the receiver
operating characteristic (ROC)curve for SWE was 0.92.

Similar to the average YM values of cases and controls, our cut off value was closest to the cut off reported by Leong
et al,'® with the possible reason mentioned earlier. However, we obtained a higher sensitivity and larger AUROC than
they did.

Limitations of This Study Include

1. A small number of participants with unequal sample sizes in different CKD subgroups. 2. The fixed size of the ROI
box could not be used to sample parenchymal stiffness in patients with thin renal parenchyma, hence a significant number
of patients belonging to the higher CKD groups had to be excluded. 3. Lack of histological quantification.

Conclusion

Our study results showed a positive correlation between renal cortical stiffness and increasing CKD grades and we were
able to establish a stiffness cut-off value for differentiating between normal and diseased kidney and early and
advanced CKD.

Disclosure
The authors report no conflicts of interest in this work.
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