International Journal of General Medicine

Dove

ORIGINAL RESEARCH

Factors Influencing Renal Parenchymal Stiffiness in
Patients with Diabetic Nephropathy

Jian-Xiu Fang

Xiao-Yan Chen
Qing-Mei Yang
Meng-Hua Xue

Department of Ultrasound, Shanxi
Bethune Hospital, Shanxi Academy of
Medical Sciences, Taiyuan, 030032,
People’s Republic of China

Correspondence: Jian-Xiu Fang Department
of Ultrasound, Shanxi Bethune Hospital,
Shanxi Academy of Medical Sciences, No. 99
Longcheng Street, Xiaodian District,
Taiyuan, Shanxi Province, 030032, People’s
Republic of China

Tel/Fax +86 139 34534690

Email fangjx_sd@163.com

Objective: Glomerulosclerosis and tubulointerstitial fibrosis are associated with lower renal
parenchymal resilience. The purpose of this study is to determine the factors influencing
renal resilience in patients with diabetic nephropathy (DN).

Methods: We recruited 56 healthy volunteers and 187 patients with DN. All the participants
were evaluated using shear-wave elastography (SWE), and the size of their kidneys and
Young’s modulus values for the parenchyma were recorded. A total of 187 patients with DN
are allocated to three groups according to their urinary albumin-to-creatinine ratio: normoal-
buminuric (<30 mg/g creatinine), microalbuminuric (30-300 mg/g), and macroalbuminuric
(>300 mg/g) groups. Renal resilience is compared between the stages of diabetic nephro-
pathy and the healthy control group, and the factors affecting the stiffiness of the renal
parenchyma in DN are analyzed.

Results: The renal parenchyma is harder in participants with DN than in healthy participants
(P < 0.001), and the stiffiness increases with the progression of the disease (P < 0.001).
Multivariate logistic regression analysis shows that disease stage (f = 0.789, P < 0.001),
duration of diabetes (f = 0.028, P < 0.001), and serum creatinine (SCr) concentration (f =
0.001, p < 0.001) influence the stiffiness of the renal parenchyma.

Conclusion: We show that SWE can be used to measure changes in the stiffiness of the
renal parenchyma in patients with DN. Furthermore, Young’s modulus of the renal parench-
yma is related to the duration of diabetes, urinary albumin excretion, and SCr concentration.
Thus, SWE can be used to objectively and non-invasively stage DN.

Keywords: diabetic nephropathy, shear-wave elastography, Young’s modulus, parenchymal
stiffiness

Introduction

Kidney disease is a major complication in patients with long-term type 2 diabetes
mellitus (DM). Early kidney damage in diabetic nephropathy (DN) can be con-
trolled or even reversed; however, renal function is seriously impaired once it
develops into advanced DN and currently has no effective treatment.! The amount
of urinary albumin/protein and estimated glomerular filtration rate (or serum crea-
tinine) is the gold-standard method for diagnosing and staging DN.** However,
because these parameters are affected by many factors and cannot be widely used
for the early diagnosis of DN, there is a need for identifying a safe, simple, non-
invasive, accurate, and reproducible method for the early diagnosis of DN.
Shear-wave elastography (SWE) recently became an established and non-
invasive technique for measuring tissue stiffiness. The method is approved by the
Food and Drug Administration for the assessment of liver disease and has high
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sensitivity and specificity for the differentiation between
normal and cirrhotic livers.* Furthermore, recent studies
showed that this technique can also be used to evaluate
renal fibrosis and to stage chronic nephropathy.” ® In the
present study, the SWE technique was used to assess
changes in renal stiffiness in patients with different stages
of DN. The relationships between renal parenchymal stif-
finess and SCr, BUN, glycosylated hemoglobin, and the

duration of diabetes were also assessed.

Materials and Methods

Research Objective
Patients who were diagnosed with type 2 DM at Shanxi
(China) between July 2017 and
December 2019 were recruited. The inclusion criteria
DN had been

a nephrologist based on retinal changes and other diagnos-

Bethune Hospital

were as follows: diagnosed by
tic indicators.”'” The exclusion criteria were as follows:
(1) the presence of another primary kidney disease; (2)
pregnancy or lactation; (3) the presence of severe psychia-
tric disease; (4) the presence of a malignant tumor that
could not be cured or required chemotherapy or radiation
therapy; (5) the presence of coronary artery disease or
a history of myocardial infarction, significant cardiac valv-
ular disease, respiratory or heart failure, or renal arterial
stenosis. According to their urinary albumin-to-creatinine
ratio (ACR), the participants were allocated into three
groups: a normoalbuminuric group (Mogensen I or II,
ACR <30 mg/g), a microalbuminuric group (Mogensen
III, ACR 30-300 mg/g), and a macroalbuminuric group
(Mogensen IV or V, ACR >300 mg/g). This study followed
the recommendations set out in the ethical principles pub-
lished in the Declaration of Helsinki, developed by the
World Medical Association (WMA).

The study was conducted in accordance with the
Declaration of Helsinki (as was revised in 2013). The
study was approved by Ethics Committee of the Shanxi
Bethune Hospital. Informed consent was explained in
detail to patients, who were enrolled only after providing

written consent for doing so.

Clinical Data Recording
The detailed medical histories of all the participants were
collected, and their age, sex, blood pressure, and duration

of diabetes were recorded.

Laboratory Measurements

After fasting for 12 h, fasting venous blood samples were
obtained for the measurement of SCr, BUN, and glycosylated
hemoglobin Alc (HbAlc). We calculated the estimated glo-
merular filtration rate (eGFR) using the Modification of Diet
in Renal Disease formula (eGFR (mL/(min*1.73m2))
=175%(Scr)*-1.154x%(age)"-0.203%(0.742 for female)).

Shear-Wave Elastography

Shear-wave elastography was performed using a curved
2-5 MHz broadband transducer and a two-port Aixplorer
ultrasound system (Supersonic Imagine, Paris, France).
Images were obtained after a minimum of 6 h of fasting
and at least 20 min of rest. Renal ultrasonography (USG)
was performed in the right lateral decubitus position. The
least possible compression was applied to the probe during
USG. The probe was placed in a stable position, and the
participants were asked to hold their breath for a few
seconds to minimize kidney movement with respiration.
Measurements were made after the selection of a region of
interest (ROI) in renal cortical areas that lacked vessels or
cysts on conventional renal USG images (Figure 1). The
main axis of the ROI was adjusted to be parallel to the axis
of a renal pyramid (vertical to the kidney surface). The
ROI target distance was a maximum of 8 cm and it was
1 cm square in size. Eight-to-twelve measurements were
made per participant and a median SWE value was
recorded as Young’s modulus (YM) value in kPa
(Figure 1).

The YM values were calculated using Aixplorer soft-
ware under the assumption that the target tissue would be
at body temperature, and using the formula E = p x ¢2,
where E is tissue resilience in kPa, p is tissue density
in kg/m’, and c¢ is the shear-wave velocity in m/s."' The
participants were evaluated by conventional and SWE
examinations by a single radiologist who had more than
five years’ experience of SWE studies and had conducted
at least 500 SWE procedures annually. Each USG exam-
ination lasted approximately 25-30 min. In this way, we
obtained the maximum elastic value (Emax), mean elastic
value, and minimum elastic value of the kidney.

Statistical Analysis

All analyses were performed using the SPSS Statistics
22.0 software package (IBM Corp., Armonk, NY, USA).
The distributions of continuous variables were evaluated

for normality using the Kolmogorov—Smirnov test.
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Figure | Estimation of Young’s modulus using shear-wave elastography in a kidney. The region of interest box was placed in the mid portion of the right renal cortex. On the
right is the normal shear-wave velocity, measured in real time the maximum elastic value (Emax), average elastic value (Emean), minimum elastic value (Emin).

Continuous variables are presented as mean + standard
deviation. The independent samples t-test was used to
compare the differences between two groups and a one-
way analysis of variance was used to compare the differ-
ences between multiple groups. Multiple linear regression
was used to identify the factors influencing renal parench-
ymal stiffiness. Statistical significance was defined as
P <0.05.

Results
Differences in the Clinical and Laboratory

Parameters Among the Four Groups
One-way ANOVA was used to compare the general data
between the control group and diabetic nephropathy group.
The results showed that there were no significant differ-
ences in age and BMI between the two groups (P >0.05).
Other general information indicators showed statistically
significant differences between groups, and further com-
parison of differences between groups by LSD-z test
showed that HbAlc indicators showed an increasing
trend among groups, with statistically significant differ-
ences among all groups (P <0.05).

Sex, age, and body mass index did not significantly
differ between the normoalbuminuric, microalbuminuric,

macroalbuminuric, and control groups (P > 0.05). The

HbAlc and the duration of diabetes tended to increase
with the degree of albuminemia, and there were significant
differences among the groups in this regard (P < 0.05).
The SCr concentration in the macroalbuminuric group was
significantly higher than that in the other groups (P < 0.05)
but there were no significant differences in this regard
among the other groups (P > 0.05). The BUN and ACR
values in the microalbuminuric and macroalbuminuric
groups were significantly higher than in the control and
normoalbuminuric groups, and there was a significant dif-
ference between the microalbuminuric and macroalbumi-
nuric groups (P < 0.05). There was a significant difference
in eGFR between the normoalbuminuric group and the
other groups (P < 0.05) (Table 1).

Renal Stiffiness in Control Participants
and Those with Diabetic Nephropathy

One-way ANOVA was used to compare the renal parench-
ymal elasticity parameters between the control group and
diabetic nephropathy group, and further LSD-T multiple test
was conducted. The results showed that: The YM values
were successfully acquired for all the participants. These
values were higher in the DN groups than in the control
group but there was no significant difference between the
normoalbuminuric and control groups (P > 0.05). The YM
value was significantly higher in the microalbuminuric and
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Table | Clinical and Laboratory Parameters in the Diabetic Nephropathy and Control Groups
Control n=56 Normo n=75 Micro n=41 Macro n=71 F/X2 value p-value

Gender(Male/Female) 23/33 36/39 25/16 44/27 1.808 0.146
Age (yr) 53.13%£14.39 53.45£10.21 57.12%12.05 56.46+9.52 1.808 0.146
BMI(kg/m?2) 24.88+3.46 25.85+3.09 25.40%3.66 24.86+4.05 1.218 0.304
SBP(mmHg) 123.36+4.18 122.62+5.03 123.45+4.82 124.89+4.06 32.654 0.845
DBP(mmHg) 72.37+£3.98 71.89+4.03 71.63+4.87 71.51+4.68 12.563 0.526
HbAIlc (%) 7.27+0.73 7.5240.15% 7.81£0.26° 8.07+0.48°> 36.148 <0.001
SCr (umol/L) 80.75+4.99 86.05+11.29 100.84+17.84 459.08+265.35%¢ I111.575 <0.001
BUN (mmol/L) 7.06+1.71 5.66+2.18 7.36+3.44%° | 1.78+4.64%> 47.673 <0.001
eGFR 98.45+8.48 124.45+36.70° 93.10£22.03° 50.28+25.86™ 96.083 <0.001
ACR(mg/g) 9.82+3.64 14.095.54 131.56+5.41% 1318.75£534.91% 328.205 <0.001
Diabetes duration (yr) 7.83+6.34° 11.43£7.49% 14.13£6.13%¢ 67.808 <0.001

Notes: P<0.05 v s. the control group; °P<0.05 vs the normoalbuminuric group; P<0.05 vs the microalbuminuric group.
Abbreviations: BMI, body mass index; HbAlc, glycosylated hemoglobin; Alc; SCr, serum creatinine; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate;

ACR, urinary albumin-to-creatinine ratio.

macroalbuminuric groups than in the control group (P <
0.05). The YM value of the middle parenchyma of the left
kidney in the macroalbuminuric group was higher than in
the other three groups (P < 0.05). Comparisons between
pairs of subgroups showed that as renal function decreased,
the YM value increased significantly (Tables 2 and 3).

Multivariable Linear Regression Analysis

We analyzed the factors that may potentially affect renal
parenchymal stiffiness using multiple stepwise linear regres-
sion. The potentially confounding factors included in the
analysis were the duration of diabetes, disease stage, BUN,
HbAlc, eGFR, and SCr. We found that the duration of
diabetes (B = 0.028, P < 0.001), disease stage (p = 0.798,

Table 2 Renal Hardness in Control Participants and Those with
Diabetic Nephropathy

Control Diabetic T value | p-value
Group Nephropathy
n=56 n=187
Emax 6.15£0.99 7.11£1.45% —5.646 <0.001
Emean 3.39+0.72 4.01%1.58* —4.095 <0.001
Emin 1.27+0.56 1.78+0.97* —4.994 <0.001

Notes: *P<0.05 vs the control group. Emax, Emean, and Emin values describe
Young’s modulus.

Abbreviations: Emax, the maximum elastic value; Emean, mean elastic value; Emin,
minimum elastic value.

P <0.001), and SCr (B = 0.001, P < 0.001) were indepen-
dently associated with renal parenchymal Emax (Table 4).

Discussion

Diabetic nephropathy is one of the most significant com-
plications of diabetes and is directly related to disease
progression.'> The early diagnosis of nephropathy is
important to achieve a good prognosis for patients with
diabetes. Clinically, DN is characterized by a progressive
increase in albuminuria, a decrease in GFR, an increase in
blood pressure, and a higher risk of renal failure. In addi-
tion, advanced DN is characterized by morphological
changes in the kidney including varying degrees of
fibrosis.'*'* For decades, the assessment of kidney disease
has been based on a variety of methods including ultra-
sonography, computed tomography, magnetic resonance
imaging, and biochemical analyses. However, although
the stage of DN can be evaluated using routine biochem-
ical tests, such as urinary protein and SCr concentrations,
the assessment of the grade of renal fibrosis requires
a renal biopsy, which is an invasive and expensive proce-
dure that carries some risk and is not routinely
performed.””™'” In contrast, SWE uses focused acoustic
pulses to produce microscopic tissue displacement, which
induces perpendicular shear waves that are tracked as they
progress through tissue. Harder tissue is associated with

higher shear-wave velocities. Estimates of tissue using
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Table 3 Renal Parenchymal Hardness in the Groups of Participants
Control n=56 Normo n=75 Micro n=41 Macro n=71 F value P value
Emax 6.15+0.99 6.27+0.81 6.32+0.69 8.45£1.29 < 82.067 <0.001
Emean 3.39£0.72 3.42+1.42 3.52%1.10 492+ 57%¢ 22.068 <0.001
Emin 1.27£0.56 1.38+0.68 1.68+0.78" 2271.12%¢ 19.592 <0.001
Notes: *P<0.05 vs the control group; °P<0.05 vs the normoalbuminuric group; P<0.05 vs the microalbuminuric group.
Table 4 Multivariable Linear Regression Analysis Data
Variable B S.E. Standardization T value P value 95% CI
Constant term 3.827 0.636 6.016 0.000 (2.572, 5.082)
Disease stage 0.789 0.127 0.482 6.191 0.000 (0.538,1.041)
Diabetes duration (yr) 0.028 0.012 0.135 2.303 0.022 (0.004,0.051)
Scr (umol/L) 0.001 0.000 0.164 2.240 0.026 (0.000,0.002)

YM, which is measured in kilopascals [kPa], can be
derived from shear-wave velocity; in this instance, higher
values correspond to a higher degree of fibrosis.'®!* Thus,
SWE represents a simple tool for the assessment of the
severity of chronic morphological changes based on cor-
tical stiffiness measurements.

It has been reported that the renal pathology of patients
with DN (glomerular basement membrane thickening,
mesangial hyperplasia, glomerulosclerosis, tubular atro-
phy, and interstitial fibrosis) is progressive.”’ The results
of the present study show that compared with healthy
people, the stiffiness of the renal parenchyma is higher in
patients with DN, and the YM of the renal parenchyma
increases with the disease stage. After DN develops, the
glomeruli appear to harden, the renal tubules atrophy, and
the basement membranes thicken, causing interstitial fibro-
sis. Together, these changes lead to fibrosis of the renal
parenchyma and a further increase in stiffiness.?' It was
previously reported that the YM value of the renal par-
enchyma in patients with chronic kidney disease is higher
than in healthy people. According to Weitzel et al,** the
renal elastic modulus of patients who have undergone
renal transplantation is three times higher than that of
normal people, which is consistent with the results of the
present study and relates to the increase in renal parench-
ymal stiffiness caused by renal tubular atrophy and inter-
stitial fibrosis. Thus, renal parenchymal stiffiness can be
used as a surrogate index for defining the DN stage.

In the current study, we showed that the YM value of
the renal parenchyma increases gradually with the disease
stage. Studies of rats and rabbits have shown direct corre-
lations between renal cortical stiffiness and both renal
fibrotic changes and a decline in renal function.>** In
studies on transplanted kidneys, higher renal stiffiness
was detected in cases of transplant rejection and in patients
whose renal function rapidly deteriorated.”> > The
Mogensen stages of DN are associated with the following
pathologies: stage I, acute glomerular hyperfiltration with
no significant renal pathology; stage II, a slight thickening
of the glomerular basement membrane; stage III, glomer-
ular basement membrane thickening and mesangial widen-
ing; stages IV and V, glomerular lesions, particularly
glomerulosclerosis, tubular atrophy, and interstitial fibro-
sis. Moon et al** found that the elastic modulus of renal
tissue, measured using SWE, positively correlated with the
degree of renal fibrosis. At each stage of the progression of
chronic kidney disease, the renal pathological changes
worsen, and the stiffiness of the renal tissue increases.
Therefore, SWE can be used as a simple, non-invasive,
and practical technique for the quantitative evaluation of
the degree of renal damage in patients with DN and help to
better track its progression.

Existing studies revealed close correlations between
cortical stiffiness and BUN, SCr, ¢GFR, urinary ACR,
and urinary albumin concentration in patients with

DN.?%37 The present study’s results are consistent with
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these findings. The longer the disease has been present, the
higher the likelihood of the kidney showing microvascular
changes and the more likely it is to develop DN.
Additionally, the development of nephropathy in patients
with long-term DM leads to harder parenchyma.*®

In summary, SWE is an ultrasonic diagnostic technique
that can be used in the study of DN. It provides an
objective assessment of renal resilience or stiffiness;
furthermore, renal resilience measured using SWE corre-
lates well with the DN stage, to a degree that it can be used
to predict the progression of renal dysfunction. Timely and
accurate diagnosis of renal damage in patients with DN is
very important for effectively controlling the progression
of the disease.

The present study had significant limitations. First, the
number of patients enrolled was small; therefore, future
studies with larger participant samples are required.
Second, the ROI size could not be reduced to permit the
this
approach is not suitable for patients with a thin renal

sampling of smaller renal volumes; therefore,
parenchyma layer. Third, we used the ACR reference
standard to estimate the severity of chronic kidney disease
(CKD); no biopsies were obtained for histological assess-
ment because CKD is not a clinical indication for renal
biopsy. This lack of histological assessment will be
addressed in the next phase of our studies. Finally, we
did not measure renal blood flow or the resistance index,
which may have contributed to renal resilience in the
participants.

In conclusion, the results of the present study show that
SWE can be used to measure the renal parenchymal stiffiness
of patients with DN and that YM values of the renal parench-
yma are related to the duration of diabetes, urinary albumin
excretion, and SCr concentration. Thus, SWE can be used to
objectively and non-invasively stage DN in patients.
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