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Objective: The assessment of the grade of renal fibrosis in diabetic kidney disease (DKD)
requires renal biopsy, which may be associated with certain risks. To assess the severity of
chronic pathologic changes in DKD, we performed a quantitative analysis of renal parenchymal
stiffness in advanced DKD, using shear wave elastography (SWE) imaging.

Patients and methods: Twenty-nine diabetic patients with chronic kidney disease (CKD)
grades 3—4 due to DKD, and 23 healthy subjects were enrolled. Combined conventional ultra-
sound and SWE imaging were performed on all participants. The length, width, and cortical
thickness and stiffness were recorded for each kidney.

Results: Cortical thickness was lower in patients with DKD than in healthy subjects (13.8+£2.2
vs 14.8£1.6 mm; P=0.002) and in DKD patients with CKD grade 4 than in those with
grade 3 (13.043.5 vs 14.7£2.1 mm; P<<0.001). Cortical stiffness was greater in patients with
DKD than in healthy subjects (23.72+£14.33 vs 9.024+2.42 kPa; P<<0.001), in DKD patients
with CKD grade 4 than in those with grade 3 (30.4%£16.2 vs 14.648.1 kPa; P<<0.001), and in
DKD patients with CKD grade 3b, than in those with CKD grade 3a (15.7+6.7 vs 11.0+4.2 kPa;
P=0.03). Daily proteinuria was higher in DKD patients with CKD grade 4 than in those with
grade 3 (5.5220.96 vs 1.13£0.72; P=0.001), and in DKD patients with CKD grade 3b, than in
those with CKD grade 3a (1.5910.59 vs 0.77£0.48; P<<0.001). Cortical stiffness was inversely
correlated with the estimated glomerular filtration rate (r=—0.65, P<<0.001) and with cortical
thickness (=—0.43, P<<0.001) in patients with DKD.

Conclusions: In patients with advanced DKD, SWE imaging may be utilized as a simple and
practical method for quantitative evaluation of the chronic morphological changes and for the
differentiation between CKD grades.
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Introduction

Diabetes mellitus is the leading cause of end-stage renal disease (ESRD) worldwide.
Clinically, diabetic kidney disease (DKD) is characterized by a progressive increase
in proteinuria, a decline in glomerular filtration rate (GFR), elevated blood pressure,
and a high risk of kidney failure. In addition, advanced DKD is characterized by
morphologic renal changes that include varying degrees of fibrosis."?

For a number of decades, the evaluation of renal disorders has been based on a
variety of conventional methods, including ultrasound, computerized tomography,
magnetic fields, and biochemical analysis. Although the progression of DKD can be
assessed from routine biochemical tests, such as the amount of urinary protein and
serum creatinine levels, assessment of the grade of renal fibrosis requires renal biopsy.
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This is an invasive and costly procedure that may be associ-
ated with certain risks and is not routinely performed.>=

While kidney biopsy is required for the definitive diagno-
sis of diabetic nephropathy, in most cases, careful screening
of diabetic patients can identify people with DKD without
the need for kidney biopsy. Thus, renal biopsy is usually
considered when the course of DKD is not typical, as when
other diseases, such as membranous nephropathy, are sus-
pected. Although most complications of renal biopsies are
mild and resolve spontaneously, major complications have
been reported in up to 7.3% of biopsies.’> Renal insuffi-
ciency is considered a main risk factor for the development
of complications after renal biopsies. The risk of bleeding
has been shown to increase with worsening of the degree of
renal insufficiency.* Compared to patients with normal renal
function, patients with CKD grades 3 and 4 have a six-fold
increased risk of severe bleeding. Despite the identification
of predisposing risk factors, there is no definitive way to pre-
dict which patients will develop serious bleeding. Therefore,
a noninvasive method may be preferred for assessing the
severity and progression of chronic renal changes, particu-
larly in cases in which it is advisable to avoid performing a
kidney biopsy, such as in DKD patients with a single kidney
or in those who are receiving anticoagulant therapy. Thus,
shear wave elastography (SWE) imaging may be applied
as a simple tool for assessing the severity of chronic mor-
phologic changes and for establishing categories of severity
based on cortical stiffness measurements, at least in cases in
which renal biopsy should be avoided or is contraindicated.
Certainly, other studies are needed to establish the correla-
tions between cortical stiffness, morphologic changes, and
renal function.

Conventional renal ultrasound may reveal reduced renal
length and cortical thickness, as well as increased cortical
echogenicity, which may suggest the presence of chronic
atrophic morphological changes in a variety of renal dis-
eases. However, these measurements are not quantitative.
Moreover, in diabetic patients, kidneys frequently do not
show atrophic change by conventional renal ultrasound,
even in advanced DKD with CKD grades 3 and 4. Therefore,
conventional renal ultrasound is, generally, not informative
for the evaluation of the progression of DKD and not useful
for the differentiation between the CKD grades."*¢

SWE imaging, based on acoustic radiation force impulse
(ARFTI) technology, is a noninvasive and cost effective
ultrasound diagnostic method that has been developed for
the evaluation of tissue elasticity.” ' Essentially, SWE
technology measures the velocity of the shear wave (in m/s)

that passes through the examined tissue, and then converts
this measurement into a tissue stiffness measurement that
is expressed in kPa.”!! Combined conventional and SWE
imaging can provide qualitative and quantitative assessments
of tissue elasticity. A number of recent applications of SWE
have focused on the evaluation of the mechanical properties
of renal tissue.” !

Mechanical properties of the kidney depend on its
histology, particularly the amount of fibrosis in the renal
parenchyma. A simple, practical, and noninvasive measure
is needed for quantitative assessment of renal fibrosis.
Yet, the ARFI technique is difficult to apply to native
kidneys because of the limited detection depth, which is
a maximum of 8 cm from the probe surface. Only a few
studies examined renal elastographic parameters in native
kidneys of patients with DKD. Goya et al'® and Yu et al"!
showed that ARFI can be used to assess renal morphologic
changes in patients with DKD. Goya et al'® evaluated the
changes in the elasticity of the renal parenchyma in healthy
volunteers and patients with diabetic nephropathy using
ARFI imaging. The shear wave velocities (m/s) for the
kidneys were higher in patients with stage 1-5 diabetic
nephropathy than healthy volunteers, and it was concluded
that ARFI imaging was able to distinguish between different
diabetic nephropathy stages (except for stage 5). Also, Yu
et al'! evaluated the changes in the elasticity of the renal
parenchyma in healthy volunteers and three groups of
patients with diabetic nephropathy, according to their uri-
nary albumin-to-creatinine ratio (ACR): normoalbuminuria
(ACR <30 mg/g), microalbuminuria (ACR 30-300 mg/g),
and macroalbuminuria (ACR =300 mg/g and estimated
glomerular filtration rate [eGFR] =30 mL/min/1.73 m?),
to determine and to compare the shear wave velocity of the
renal cortex between these groups.® The results showed that
there was no significant difference between the normoal-
buminuria and healthy subjects, but there was a significant
difference between the microalbuminuria and macroalbu-
minuria groups and the healthy subjects. It was concluded
that it is feasible to use ARFI imaging to determine the
renal cortical shear wave velocity for judging renal injury
in type 2 diabetes mellitus.

In the current study, we investigated whether renal SWE
imaging expressed in kPa can serve as a practical and non-
invasive tool for quantitative assessment of renal fibrosis in
DKD patients with CKD grades 3a, 3b, and 4, where conven-
tional renal ultrasound is not informative for the evaluation of
the progression of DKD and not useful for the differentiation
between CKD grades.
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Materials and methods

The study protocol was approved by the Institutional
Helsinki Committee of Galilee Medical Center, Naharyia,
Israel (no 0096-14-NHR) and written informed consent was
obtained from all participants.

Twenty-nine patients with type 2 diabetes mellitus and
CKD grade 3—4 due to DKD, and 23 healthy subjects were
enrolled in the study. All patients with DKD were receiv-
ing diabetic treatment, seven (24.1%) were receiving oral
antidiabetic treatment, and 22 (75.9%) were receiving insulin
therapy. The eGFR was calculated by using the CKD epide-
miology collaboration (CKD-EPI) equation:

GFR =141*min(Scr/k, 1) o * max (Scr/k, 1) —1.209 *
0.993 Age *1.018 [if female]*
1.159 [if African ethnicity].

where Scr is serum creatinine (mg/dL); k is 0.7 for females,
and 0.9 for males; o is —0.329 for females and —0.411 for
males; min indicates the minimum of Scr/x or 1; and max
indicates the maximum of Scr/x or 1.!2 Daily urinary protein
excretion was determined by 24-hour urine collection.
Diabetic nephropathy was defined on the basis of a urinary
albumin excretion of more than 300 mg in a 24-hour urine
collection and reduced eGFR.?

Combined conventional ultrasound imaging for routine
kidney scan with SWE imaging, using the Philips iU22
xMATRIX ultrasound system with ARFI-based technol-
ogy, including a 5-1 MHz convex probe (Philips Medical
Systems, Bothell, WA, USA), was performed on all
participants. Immediately after image acquisition, the screen
displays the image and measurement results, including the
mean and median values and the deviations expressed in kPa
or m/s. If measurement reliability is low, 0.00 kPa will be
displayed as the result. Elastic value (E) expressed in kPa is
calculated using the equation:

E =3pVs?

where Vs (m/s) is defined as the shear wave propagation
velocity and p as tissue density (with an approximated
value in the human body of 1 g/cm?). The p of blood is
1.0428 g/cm?, fat 0.9094 g/cm?, and muscle 1.0599 g/cm?.
The region of interest (ROI) can be placed anywhere, but
always at a depth of <8 cm. All the measurements were per-
formed in the supine and the right or left lateral decubitus posi-
tions while the patients were holding their breath. The probe
was placed steadily with minimal compression. The mean

values from ten measurements were used. The most appropri-
ate ROI used was the center of the image, immediately below
the probe, and <8 cm from the probe surface. The radiologic
evaluations, including the conventional ultrasound and elasto-
graphic examinations, were performed by a single experienced
radiologist. The usual examination time was 20—30 minutes.
Symptoms or a history of abnormal imaging data (including
cysts, stones, or hydronephrosis on conventional ultrasound)
were considered exclusion criteria. Before renal SWE imaging
was performed, kidneys were checked by conventional ultra-
sound to detect stones, cysts, hydronephrosis, or masses.
Obese subjects with a renal depth of more than § cm from the
skin surface were excluded from the study. The length and
width were recorded for each right and left kidney. Cortical
thickness was measured at ten locations between kidney poles
of both kidneys. The cortical thickness for each kidney was
calculated as the mean of ten measurements expressed in mm.
The elastographic measurements of the cortical stiffness were
taken at ten locations between kidney poles of both kidneys.
The cortical stiffness for each kidney was calculated as the
mean of ten measurements expressed in kPa.

Statistical methods

Statistical analysis was carried out using Statistical Package
for the Social Sciences (SPSS) (IBM SPSS Statistics
Version 21, Armonk, NY, USA) software; P<<0.05 was con-
sidered to be significant. Continuous variables were reported
as mean values and standard deviations, and categorical vari-
ables as frequencies and percentages. The unpaired #-test was
used to compare the differences between the study groups,
according to age, BMI, HbAlc, eGFR, proteinuria level,
kidney length, kidney width, cortical thickness, and cortical
stiffness. The Chi square test was used to compare the gender
distribution between the study groups. Pearson’s correlation
coefficient test was used to describe associations between
cortical stiffness, age, eGFR, and cortical thickness.

Results

The study group comprised 29 patients with DKD: 14 with
CKD grade 3 and 15 with CKD grade 4. Their mean eGFR
was 32.0£11.6 mL/min/1.73 m? and mean daily proteinuria
level was 1.61£1.09 g/day. Characteristics of the study
population are summarized in Table 1.

Cortical thickness was significantly lower in patients with
DKD than in healthy subjects (13.81£2.2 vs 14.8+1.6 mm;
P=0.002) (Table 2) and in DKD patients with CKD grade 4
than in those with grade 3 (13.0£3.5 vs 14.7£2.1 mm;
P<0.001) (Table 3). Stratifying by gender, cortical thickness
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Table | Demographic and laboratory characteristics of the study population

Variables DKD patients with CKD Healthy subjects P-value
grades 3 and 4

n 29 23

Males, n (%) 17 (58.6) 13 (56.5) 0.525

Females, n (%) 12 (41.4) 10 (43.5) 0.997

Age (years) 61.12+10.85 58.50+9.420 0.099

BMI (kg/m?) 28.46+2.85 26.86+2.00 0.044

HbAIc (%) 7.32+0.43 5.48+0.32 <0.001

eGFR (mL/min/1.73 m?) 32.0%11.6 =90

Proteinuria (g/day) 1.61+1.09 <0.15

Diabetes mellitus, n 29 0

Oral antidiabetic therapy, n (%) 7 (24.1) 0

Insulin therapy, n (%) 22 (75.9) 0

ACEls or ARBs 18 (62.1) 0

DKD and CKD grade 3, n 14 0

DKD and CKD grade 4, n 15 0

Notes: Values of age, BMI, HbAlc, eGFR, and daily proteinuria are represented as mean + standard deviation.
Abbreviations: CKD, chronic kidney disease; DKD, diabetic kidney disease; BMI, body mass index; eGFR, estimated glomerular filtration rate; ACEls, angiotensin converting
enzyme inhibitors; ARBs, angiotensin Il blockers.

Table 2 Conventional and shear wave elastography imaging parameters

Variables Patients with CKD Healthy subjects P-value
grade 3-4 due to DKD

Number of participants 29 23

Number of evaluated kidneys 58 46

Kidney length (cm) 10.60+1.14 10.49+0.91 0.289

Kidney width (cm) 4.7910.66 4.67+0.53 0.138

Cortical thickness (mm) (all patients) 13.812.2 14.8£1.6 0.002

Cortical thickness (mm) (males) 14.0+1.328 14.9+1.7% 0.002

Cortical thickness (mm) (females) 13.3£1.2¢ 14.7+1.2% 0.002

Cortical stiffness (kPa) (all patients) 23.72+14.33 9.02+2.42 <0.001

Cortical stiffness (kPa) (males) 24.34£17.21% 9.6312.49%* <0.001

Cortical stiffness (kPa) (females) 22.89+9.58* 8.7312.46%* <0.001

Notes: Values are presented as mean * standard deviation. $P=0.078; #*P=0.405; *P=0.353; **P=0.117.
Abbreviations: CKD, chronic kidney disease; DKD, diabetic kidney disease.

Table 3 Shear wave elastography imaging parameters in CKD grade 3 and grade 4 due to DKD

Variables Patients with Patients with P-value* Patients with Patients with P-value*
CKD grade 3a CKD grade 3b CKD grade 3 CKD grade 4
due to DKD due to DKD due to DKD due to DKD
Number of participants 7 7 14 15
Number of evaluated kidneys 14 14 28 30
eGFR (mL/min/1.73 m?) 49.1+4.4 34.9+3.7 <0.001 42.0+8.3 21.7+4.8 <0.001
Cortical thickness (mm) 14.942.1 14.3+2.5 0.496 14.742.1 13.0£3.5 <0.001
Cortical stiffness (kPa) 11.0+4.2 15.7+6.7 0.03 14.618.1 30.4+16.2 <0.001
Proteinuria (g/day) 0.77+0.48 1.59+0.59 <0.001 1.131£0.72 5.524+0.96 0.001

Notes: Values are presented as mean = standard deviation. *P=, significance between grade 3a and grade 3b variables; #P=, significance between grade 3 and grade 4 variables.
Abbreviations: CKD, chronic kidney disease; DKD, diabetic kidney disease; eGFR, estimated glomerular filtration rate.
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was lower for individuals with DKD than for healthy subjects
(males: 14.0£1.3 vs 14.9£1.7 mm; P=0.002; females: 13.3+1.2
vs 14.7£1.2 cm; P=0.002). Mean values of cortical thickness
were similar in males and females among the diabetic patients,
as well as among the healthy subjects (Table 2).

Cortical stiffness was significantly greater in patients
with DKD than in healthy subjects (23.72+14.33 vs
9.0242.42 kPa; P<<0.001) (Table 2), in DKD patients with
CKD grade 4 than in those with grade 3 (30.4+£16.2 vs
14.618.1 kPa; P<<0.001) (Table 3), and in DKD patients with
CKD grade 3b, than in those with CKD grade 3a (15.7£6.7
vs 11.024.2 kPa; P=0.03) (Table 3). Stratifying by gender,
cortical stiffness was greater for individuals with DKD than
for healthy subjects: (males: 24.34+17.21 vs 9.6312.49 kPa;
P<0.001; females: 22.8949.58 vs 8.731+2.46 kPa; P<<0.001)
(Table 2). Mean values of cortical stiffness were similar in
males and females among the diabetic patients, as well as
among the healthy subjects (Table 2).

Daily proteinuria was higher in DKD patients with CKD
grade 4 than in those with grade 3 (5.52+0.96 vs 1.1310.72;
P=0.001) and in DKD patients with CKD grade 3b, than
in those with CKD grade 3a (1.59£0.59 vs 0.77£0.48;
P<0.001) (Table 3).

Cortical stiffness was inversely correlated with the eGFR
(r=—0.65, P<<0.001) (Figure 1) and with cortical thickness
(r=—0.43, P<<0.001) in patients with DKD (Figure 2). Corti-
cal stiffness was positively correlated with daily proteinuria
(r=0.56, P<<0.001) (Figure 3). Daily proteinuria was inversely
correlated with the eGFR (r=—0.53, P<<0.001) (Figure 4).

In analysis of the total sample, no correlations were found
between cortical stiffness and kidney length, kidney width,
and gender. No correlation was found between cortical stiff-
ness and cortical thickness in healthy subjects.
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Figure 2 The inverse correlation between renal cortex stiffness and thickness.

Discussion
Compared to healthy individuals, cortical stiffness was sig-
nificantly higher and inversely correlated with the eGFR in
DKD patients with CKD grades 3 and 4. Moreover, cortical
stiffness was significantly higher in DKD patients with CKD
grade 3b than in those with CKD grade 3a. These data suggest
that SWE may be applied as a noninvasive, simple, cost effec-
tive, and reliable imaging technique that can quantitatively
assess the extent of cortical fibrosis in advanced DKD, and
enable differentiation between CKD grades 3a, 3b, and 4.
In contrast, conventional ultrasound and other expensive
imaging methods, including computerized tomography and
magnetic fields, are not quantitative for the assessment of the
severity of chronic morphologic changes, and not informative
for differentiation between these CKD grades.

According to Kidney Disease Improving Global
Outcomes (KDIGO), classification of CKD is based
on the degree of decline in GFR and the presence of
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Figure 3 The positive correlation between renal cortex stiffness and daily
proteinuria.
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kidney damage markers, rather than on direct examination
of kidney tissue.? These markers include abnormalities
in urinary protein excretion, urine sediment, electrolyte
and solutes, pathologic changes in kidney tissue obtained
by biopsy, imaging abnormalities, and history of kidney
transplantation. The quantitative information obtained by
SWE imaging enables more accurate assessment of the
chronic morphological changes associated with the pro-
gression of DKD.>7!! Furthermore, SWE imaging may be
used as a noninvasive, practical, and quantitative kidney
damage marker, and as a tool for assigning CKD grades
in DKD patients.

While only few studies have documented the use of SWE
imaging in relation to native kidneys, SWE has become a
useful and practical method to evaluate other organs. For
example, although liver biopsy has long been the gold
standard procedure for assessing the degree of chronic mor-
phologic changes in the liver, SWE has been used to stage
liver fibrosis.'* Moreover, SWE imaging has been used for
the evaluation of pathologic processes in several tissues,
including breast, prostate, pancreas, testis, thyroid, and
transplanted kidneys."*"'® Human native kidneys are located
at a greater depth than the liver and transplanted kidneys
and, therefore, assessment of their renal elasticity is more
difficult.'*?! Consequently, the earliest studies of renal SWE
imaging were performed in animals and transplanted kidneys.
Animal studies on rats and rabbits showed a direct correlation
between renal cortical stiffness and renal fibrotic changes,
and between an increase in cortical stiffness and a decline
in renal function.'”? In studies of transplanted kidneys,
increased renal stiffness was detected in cases of transplant
rejection and in patients who developed acute deterioration

in renal function.?*’

Of the few studies that examined the use of SWE
to assess renal stiffness, and its relationship to native
kidney function, four evaluated renal elasticity in CKD
patients.®*#4° Only two studies showed that SWE imaging,
using ARFI-based technology, can be used to assess renal
morphologic changes in patients with DKD.!*!! In both
studies, histological samples were lacking because renal
biopsies were not performed and the diagnosis of DKD
was based on the presence of albuminuria and/or reduced
kidney function. One study evaluated the elasticity of renal
parenchyma in different grades of DKD. The second study
evaluated the elasticity of the renal parenchyma in healthy
controls and in patients with DKD and different levels of
proteinuria. The results of both studies suggest that SWE
imaging, using ARFI-based technology, may distinguish
between renal elasticity changes in DKD. The results of the
present study revealed that SWE imaging can differentiate
not only between CKD grades in DKD (as was shown by
Goya et al'?) but also between CKD subgrades 3a, 3b, as was
shown for the first time in the present study. Furthermore,
the results showed that the cortical stiffness was inversely
correlated with the eGFR and positively with the level of
proteinuria which, itself, was found to be positively cor-
related with cortical stiffness. Thus, these data suggest that
SWE imaging can be considered as an additional noninva-
sive and more accurate tool for the evaluation of the sever-
ity of chronic morphological changes than other imaging
methods, and can contribute to better follow-up regarding
the progression of DKD.

Although current treatments that focus on controlling
hyperglycemia and hypertension with renin—angiotensin
system inhibitors reduce the risk of progressive kidney
disease, DKD remains the leading cause of ESRD.**
Metabolic abnormalities including high levels of glucose
and lipids may produce glycated lipids and reactive oxygen
species that lead to the production of inflammatory cytok-
ines and profibrotic factors.*'* These may incur mesangial,
endothelial, and epithelial damage that ultimately results
in the development of glomerulosclerosis and tubuloint-
erstitial fibrosis that are characteristic of DKD.*"* Based
on these advances, novel therapeutic agents, targeting dif-
ferent mechanisms of DKD, are under evaluation. Renal
biopsies are not practical for following the response to such
agents. In contrast, renal SWE imaging may be considered
a reliable and alternative method for providing additional
information concerning the severity and progression of the
chronic changes of DKD and the therapeutic response to the
investigational therapies.
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In summary, while kidney biopsy remains the gold stan-
dard for diagnosing renal chronic morphological changes,
this method is an invasive and expensive procedure that
requires hospitalization, and may be associated with various
risks.?” Renal insufficiency predisposes to dangerous com-
plications after renal biopsies, particularly severe bleeding.*
Additionally, sometimes biopsies should be repeated peri-
odically to monitor disease progression. Although the idea
of a noninvasive method to detect the progression of CKD
in the diabetic patient is tempting, the actual need for renal
biopsy in diabetics is restricted to certain medical situations,
such as the presence of hematuria, active sediments, heavy
proteinuria, or an atypical course of DKD.* However, due
to the rising number of patients with DKD worldwide, and
based on the findings in the present study, SWE appears to
be a simple, practical, and “virtual” method for evaluating
the native kidney in patients with advanced DKD. Addi-
tionally, the findings in the present study suggest that SWE
may be applied for evaluation of chronic morphological
changes in DKD patients with a single kidney and those on
anticoagulant therapy. However, this technology is a new
tool for renal tissue characterization and further studies are
needed to provide additional confirmation and validation in
clinical practice.

Limitations

The present study was performed in one center and included
arelatively small number of patients. The study was also lim-
ited because of the absence of real-time renal histopathologic
samples of the studied population, which were not obtained
due to ethical considerations. The maximum detection depth
of only 8 cm limits the use of the SWE method, and the accu-
racy of measurements depends on the skill of the examiner.

Conclusion

In patients with advanced DKD, SWE imaging may be
utilized as a simple and practical method for quantitative
evaluation of the chronic morphological changes and for the
differentiation between different CKD grades. Multicenter
studies are needed to provide additional confirmation and
validation in clinical practice.
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