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Abstract

Purpose The aim of this study was to investigate the effectiveness of contrast-enhanced ultrasound (CEUS) in predicting
early nephropathy in cynomolgus macaques with spontaneous type 2 diabetes mellitus (T2DM).

Methods Six cynomolgus macaques with spontaneous T2DM and six normal cynomolgus macaques (Group 1) were included
in this study. The time—intensity curve was used to obtain parameters such as peak values, red blood volume (RBV), red blood
flow (RBF), time to peak (TTP), and mean transit time (MTT). Biopsy renal tissue samples were assessed histopathologi-
cally. Six cynomolgus macaques with spontaneous T2DM were subgrouped into T2DM without nephropathy group (Group
2) and T2DM with nephropathy group (Group 3) based on histopathological findings.

Results Peak value had the largest area under the curve comparing with RBF, RBV, TTP, MTT. The sensitivity and specificity
of peak value with cut-off value of 38.65 dB for the diagnosis of DN were 98.3% and 83%, respectively. Peak value, RBV,
and RBF in Group 3 was significantly decreased compared with Group 1 and Group 2 (P =0.000, x*=23.99; P=0.003,
x*=9.14; P=0.02, x> =5.14).

Conclusions The perfusion parameter of peak value in CEUS might be useful in predicting early diabetic nephropathy in
spontaneous T2DM cynomolgus macaques.
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Introduction

With the rapid economic development and lifestyle interven-
tion, more and more people lay an emphasis on public health
crisis—diabetes, particularly in type 2 diabetes mellitus
(T2DM) [1, 2]. One of the most important diabetic micro-
vascular complications is diabetic nephropathy (DN) [3].
The process of renal changes in diabetes mellitus is rang-
ing from early hyperfiltration with an increased glomerular
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filtration rate (GFR) to late nephrosclerosis and fibrosis
with azotemia. An estimated 30-40% of T2DM patients are
afflicted with nephropathy [4]. DN is considered one of the
risk factors for the happening of cardiovascular events and
may cause high mortality and morbidity [5]. Early identifi-
cation of renal changes increases the chance of preventing
overt nephropathy from incipient nephropathy which has
important practical implications for improving the outcome
[6]. Heart Outcomes Prevention Evaluation (HOPE) study
also showed that treatment for incipient or nephropathy was
aimed at reducing the risk of disease progression and pre-
venting cardiovascular complications [7].

The definition of early DN is that preclinical is associ-
ated with few clinical or laboratory findings. Renal pathol-
ogy change is the golden standard of DN. Clinical practice
guidelines for treatment type 2 diabetes published by the
American Diabetes Association and the Canadian Diabe-
tes Association recommend screening for microalbuminu-
ria when diagnosing type 2 diabetes [8]. However, some
patients with T2DM had been estimated GFR declined
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to <60 ml/min/1.73 m? without going through the stage of
microalbuminuria [9]. Two-dimensional ultrasound is not
sensitive enough in detecting early renal changes like the
renal size and parenchyma flow. Cynomolgus macaque is
the best candidate as animal models of human disease and
behavior have a close evolutionary relationship.

However, contrast-enhanced ultrasound (CEUS) has
significant advantages over CT, ultrasound, and blood test
due to the absence of ionizing radiations, lack of the risk of
nephrotoxicity, and cost savings [10]. CEUS is established
as a significant advancement in imaging and an effective,
repeatable, noninvasive, economic imaging technique [11].
Contrast agents are excreted into the respiratory system
rather than the collecting system.

Some studies had shown that CEUS had been widely
employed in diagnosis and evaluation of renal diseases. But
it is uncertain whether CEUS could be sensitive enough to
distinguish early DN from T2DM. The goal of our study
was to determine the renal CEUS findings in DN to define a
possible role for CEUS in the early identification with sus-
pected DN.

Materials and methods

All applicable national guidelines for the care and use of
animals were followed. Six cynomolgus macaques with
spontaneous T2DM (males, Guangdong Landao Biological
Technology Company, China) and six normal cynomolgus
macaques (males, Suzhou Xishan Zhongke Experimental
Animal Co., Ltd., China) were selected for the present study.
All cynomolgus macaques were fed standard feed pellets and
fruit. Six cynomolgus macaques with spontaneous T2DM
underwent hyperinsulinemic-euglycemic clamp test prior to
the CEUS examination. The body weights of cynomolgus
macaques were measured in kilograms by intramuscular
injection of 10 mg/kg ketamine for anesthesia.

Traditional B-mode ultrasound was performed success-
fully on bilateral kidneys in each cynomolgus macaque using
a MyLab Twice (Esaote, Genova, Italy) machine equipped
with LA332 (3—11 MHz) transducer. The maximum diam-
eters of left and right kidney including length, width, and
height were measured in longitudinal and transverse view.
The same frequency pulsed Doppler ultrasound was used
to examine intrarenal arteries with a standard 90 degree
skin-probe angle. The resistive index (RI)=(peak systolic
frequency shift — minimum diastolic frequency shift)/peak
systolic frequency shift. The RI value of each kidney was
calculated as the average value. Three to five waveforms
were recorded in three different areas of the kidneys. An
average renal RI value for each animal was obtained by aver-
aging the RI of the left and right kidneys. The person who
performed ultrasound was blinded to the laboratory findings.

CEUS procedure was performed using MyLab Twice
(Esaote, Genova, Italy) machine equipped with Contrast
Tuned Imaging technology (CnTI) after Doppler ultra-
sound. LA332 (3—-11 MHz) linear array transducer was used
with the acoustic pressure of 50 kPa in each cynomolgus
macaque. The contrast agent SonoVue® (Bracco SpA, Milan,
Italy) in this study was a lyophilized powder, which was
reconstituted by adding 5 ml of 0.9% saline and gently shak-
ing the vial by hand to form a homogeneous microbubble
suspension. A 20-gauge needle cannula was inserted into
femoral vein and 0.03 ml/kg of SonoVue was injected as
a bolus followed by 3 ml of saline flush. All CEUS were
performed in the longitudinal view of each kidney and the
transducer was manually positioned during each imaging
procedure at the same position; the entire movie sequence
(at least 3 min) was stored on magnetic optical disks for
analysis. After 30 min later, CEUS on another kidney was
performed.

The cine loop of each kidney was analyzed three times
using Qontrast 4.0 software. The region of interest (ROI)
was drawn on the superficial peripheral renal cortex at the
same depth and in similar size without including medulla
performed by two radiologists. Once the perfusion process-
ing was performed, the arrival of contrast within the analysis
ROI was automatically detected. An echo-power signal is a
time—intensity curve derived from either a pixel or a region
of interest. The quantitative parameters of each kidney were
automatically obtained including peak value, time to peak
(TTP), red blood volume (RBV) red blood flow (RBF), and
mean transit time (MTT) by the system from the time—inten-
sity curve (TIC), and the average value of parameters was
calculated. The person who performed CEUS was blinded
to the laboratory findings.

Blood samples were collected following an overnight 12-h
fast at 8 am, and the animal keeper collected 24-h urine sam-
ples. Fast plasma glucose (FPG), blood urea nitrogen (BUN),
serum creatinine (s-Cr), total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C), and glycohemoglobin A, (HbA, )
were measured. Urinary albumin excretion (UAE) was meas-
ured on at least two out of a total of three occasions (every
other day during a week). Animals were stratified as having
either nonmicroalbuminuria (UAE <30 mg/24 h) or micro-
albuminuria (UAE <300 mg/24 h and UAE > 30 mg/24 h)
according to UAE level.

Ultrasound-guided core needle biopsy was performed in
both kidneys of each cynomolgus macaque at the end of
examination. Partial renal biopsy samples were prepared for
hematoxylin—eosin staining (HE). Other partial renal sam-
ples were fixed with 10% neutral formalin for periodic acid
Schiff staining (PAS). The slides were observed under light
microscopy. The remaining renal biopsy samples were fixed
with 2.5% glutaraldehyde in phosphate buffer for over 4 h
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which were prepared to transmission electron microscope
(TEM) to assess ultrastructural alternations in the glomer-
ulus. The early DN was defined as thickened glomerular
basement membranes, the presence of diffuse mesangial
expansion, or Kimmelstiel-Wilson nodules histologically.
Six cynomolgus macaques with T2DM were subgrouped
into two groups according to renal histopathological result,
T2DM without nephropathy group (Group 2), and T2DM
with nephropathy group (Group 3).

Statistical analysis was performed with SPSS 22.0 soft-
ware (IBM, USA) and GraphPad Prism 5.0; P <0.05 was
considered statistically significant. The measurement data
were tested for normality using the Kolmogorov—Smirnov
test. The Kruskal-Wallis H test was used to compare the
different parameters among three groups when the data had
a nonnormal distribution. The Mann—Whitney U test was
used to compare the different parameters with two groups
when the data had a nonnormal distribution. The receiver
operating characteristic (ROC) curve was conducted to get
cut-off point of different parameters.

Results

There were no significant differences of renal length, width,
height between left and right kidney (P> 0.05, for all). Also
there were no significant differences of renal length, width,
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height among three groups (P> 0.05, for all). There was
no association of variables with RI at radiologist 1 or radi-
ologist 2. The RI of Group 1, Group 2, and Group 3 were
0.68 £0.09, 0.65 £ 0.06, and 0.67 +0.04, respectively. There
were no significant differences of renal RI between left and
right kidney (P> 0.05, for all). Also there were no signifi-
cant differences of RI among three groups (P> 0.05, for all).
Renal diameter and RI are shown in Fig. 1a, b.

Representative CEUS perfusion curves in Group 1, Group
2, and Group 3 are shown in Fig. 2. The ROC curves for
accuracy of peak value, TTP, RBV, MTT, RBF in diagnosing
DN are plotted in Fig. 3. The sensitivity and specificity of
peak value with cut-off value of 38.65 dB for the diagnosis
of DN were 98.3% and 83%, respectively. While TTP and
MTT in Group 3 showed no significant differences compared
to Group 1 and Group 2 in CEUS (P> 0.05, for both), peak
value, RBV, and RBF in Group 3 was significantly decreased
compared with Group 1 and Group 2 (P =0.000, x*=23.99;
P=0.003, x>=9.14; P=0.02, x*=5.14).

There was no significant difference between the BW of
each group (Fig. 1c). The general characteristics of cyn-
omolgus macaques in Group 1, Group 2, and Group 3 are
summarized in Table 1. One cynomolgus macaque was non-
microalbuminuria and another cynomolgus macaque was
microalbuminuria in Group 3. There was no microalbumi-
nuria in Group 1 and Group 2. All the cynomolgus macaques
in Group 3 were DN.

8, C
@l Group 1
% Group2
T @8 Group3
a
R R R
& ° ° °
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Fig.2 Representative CEUS perfusion curves according to intensity signal at different times of perfusion. a Group 1, b Group 2, ¢ Group 3.

Each curve contains ascending slope, peak, and descending slope
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Fig.3 ROC of CEUS quantitative index including peak value, TTP,
RBYV, MTT, RBF (area under curve)

Two cynomolgus macaques in Group 3 (4 kidneys) had
diabetic nephropathy. Six cynomolgus macaques in Group
1 (12 kidneys) and four cynomolgus macaques in Group
2 (8 kidneys) had not nephropathy. HE and PAS stain
showed normal histological structure of the glomerulus in
Group 1 and Group 2. HE and PAS stain showed extracel-
lular matrix expansion, glomerular basement membrane
thickening, and Kimmelstiel-Wilson lesion in Group 3.
Transmission electron micrographs of glomerulus in mon-
keys showed podocyte foot process effacement, glomeru-
lar basement membrane thickening, and increased lyso-
somal accumulation in Group 3. Renal histopathological
results are illustrated in Figs. 4 and 5.

Discussion and conclusions

The leading cause of end-stage renal disease throughout the
world is DN [12-14]. This life-threatening condition often
requires renal dialysis or renal transplantation [15-23]. Early
detection of nephropathy and early intervention are the key
to improving prognosis for patients with diabetic nephropa-
thy. Many articles had reported that end-stage kidneys were
usually small and irregular. However, morphological change
was not absolute and specific in the development of DN,
and the measurement of renal morphology just played an
accessory diagnostic value for DN [24]. Our results also
supported the conclusion that the evaluation of renal mor-
phology was not accurate in predicting development and
progression of DN.

Microalbuminuria had been considered to be an easy,
convenient, noninvasive, and major index to judge the pro-
gression of DN; the price of microalbuminuria detection
was one-fifth of the CEUS test, but the specificity, accu-
racy, and sensitivity still remain questionable for early
identification of DN [25, 26]. In our study, one cynomol-
gus macaque in Group 3 was nonmicroalbuminuria. But
the pathology showed DN. Sometimes, the progression
of DN is not necessarily paralleled with the progression
of UAE [27]. DN is theoretically characterized by renal
perfusion. RI of renal vessel is an invasive and traditional
method to measure renal perfusion which is an indication to
renal biopsy. However, distal perfusion index could not be
retrieved properly because of reduced peripheral perfusion
which was not detected by the ultrasound machine accu-
rately. Therefore, further dynamic renal tissue perfusion
measurement analyses were performed solely by proximal
perfusion index according to Stoperka et al. study [28]. The
vessel-transducer angle impacts on perfusion quantification.

Table 1 Levels of UAE, FPG,

BUN. Cr. TC. LDL. HDL, Group 1 (12 kidneys) Group 2 (8 kidneys) Group 3 (4 kidneys)
HbAlc in Group 1, Group 2, UAE (mg/24 h) 16.83+3.68 16.58+2.54 105.25 £96.26%
and Group 3 FPG (mmol/l) 5334027 16.40+3.97° 20254 1.48°

BUN (mmol/l) 542+0.35 7704157 8.15+0.07*

s-Cr (umol/l) 45.33+9.99 83.25+4.79 89.50+2.12°

TC (mmol/l) 4.03+0.50 6.60+0.51° 7.05+0.49°

LDL-C (mmol/l) 2.92+0.08 3.60+0.36° 3.65+0.07

HDL-C (mmol/l) 1334042 1.48+0.26 1.70+£0.14

HbA (%) 5.27+0.69 515+1.16 5.75+0.49

Values are presented as mean + standard error

UAE urinary albumin excretion, FPG fasting plasma glucose, BUN blood urea nitrogen, s-Cr serum cre-
atinine, 7C total cholesterol, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein
cholesterol, HbAIc glycohemoglobin Alc

“Significant change at P <0.05 in comparison with Group 1

bSignificant change at P <0.05 in comparison with Group 2
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Fig.4 a Photomicrograph of renal tissue section in Group 1 and
Group 2 showing no histopathological alteration and the normal his-
tological structure of the glomerulus (HE x 200). b Photomicrograph
of renal tissue section in Group 1 and Group 2 showing no histo-
pathological alteration and the morphology of the kidney is normal
(PASx200). ¢ Photomicrograph of renal tissue section in Group 3

Angle differences might impact on the dynamic renal tis-
sue perfusion repeatability because it influenced velocity
measurement. We tried to employ a standard 90° skin-probe
angle. There was no association of variables with RI in dif-
ferent groups. It is well known that the gold standard for the
diagnosis of diabetic nephropathy is pathology, but renal
puncture is an invasive method which sometime caused the
complications. Moreover, a large amount of patients with
renal involvement are not biopsied in clinical [29]. All in all,
renal biopsy is not suitable as a screening tool.

The vital importance in the progression of DN was
microvascular function and structural damage [30]. CEUS
has shown a promising diagnostic imaging technique to
noninvasively and repetitively quantify tissue perfusion on
a capillary level [31, 32]. Early identification of DN will
prompt early referral and initiation of renal protective ther-
apy [33, 34]. Although CEUS is not widely used in nephritic
research, CEUS is economical, convenient, and time saving
compared to CT and MRI. CEUS opened up a new sight in

@ Springer

showing extracellular matrix expansion, accumulation, and glomeru-
lar basement membrane thickening (HEx200). d Photomicrograph
of renal tissue section in Group 3 showing glomerular basement
membrane and mesangial expansion to the so-called Kimmelstiel-
Wilson lesions (arrowhead) (PAS x 200)

the characterization of microvasculature [35, 36]. Qontrast
4.0 analysis software allowed precise quantification of the
parameters in a certain region of interests accurately and
conveniently. The contrast agent used in CEUS consist of
tiny gas-filled microbubbles of size similar to red blood
cell tracers, which is exhaled through the lung. According
to different blood volumes of each kidney, the intensity of
the CEUS signal depends on the concentrations of contrast
agents that permeate into the kidney tissue. CEUS has been
used excellent technique for the assessment for renal micro-
vascular perfusion in patients with chronic kidney injury
and guidance for renal biopsy. In this study, we investigated
the effectiveness of CEUS in detecting early DN. Our data
showed that by comparison with Group 1 and Group 2,
quantitative indexes of DN were characterized by reduced
peak, indicating that less contrast microbubbles entered
the renal cortex microvascular bed. Further, ROC curve
indicated that the cut-off value of peak set as 38.65 dB, the
diagnostic accuracy, and specificity were satisfactory. Our
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Fig.5 Transmission electron micrographs of glomerulus in monkeys.
a Normal podocyte in Group 1 and Group 2 (X 1750). b Podocyte
foot process effacement in Group 3 (x2500). ¢ Glomerular basement

results suggested that quantitative index of peak provided
new insight to quantify the impaired microcirculation perfu-
sion in the early stage of DN.

As it has been well known, intra- and inter-species dif-
ferences make it difficult to extrapolate low ranking animal
data to humans. However, the close evolutionary relation-
ship between humans and nonhuman primates suggest that
they share many of the specific genetic mechanisms involved
in determining differential susceptibility to disease. Cyn-
omolgus macaques are physiologically and genetically very
similar to humans [37]. So cynomolgus macaque is the best
candidate as animal models of human disease and behavior.
There are some limitations of using CEUS to assess renal
microvascular perfusion in this study. The glomerular filtra-
tion rate of each monkey was not performed in this study and
is the subject in our ongoing research. Secondly, though the
bilateral kidneys of each monkey were performed using US-
guided core needle biopsy for pathogical examination, the
sample volume is still small in this study. Thirdly, 0.03 ml/
kg of SonoVue was injected in this experiment. TIC and
quantitative analysis of CEUS will be affected by the dose of

membrane thickening in Group 3 (x790). d Increased lysosomal
accumulation in Group 3 (X 5900)

ultrasound contrast agents. The last but not the least, CEUS
was performed on both sides in each monkey, but US-guided
core needle biopsy for pathological examination was only
performed on one side in each monkey. Pathological result
could not totally represent CEUS result.

Peak value might be a valuable quantitative index for
evaluating early perfusion changes in T2DM with DN.
CEUS quantitative analysis will be accepted as the test of
choice for detection of T2 with DN.
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