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Abstract

Background: Contrast-enhanced ultrasound (CEUS) can be used as a noninvasive and quantitative
diagnostic method to judge the progression of renal ischemia-reperfusion injury. The aim of this study
was to evaluate the blood perfusion of renal cortex during ischemia-reperfusion (I/R) injury by
quantitative contrast-enhanced ultrasound (CEUS) parameters.

Materials: In this experiment, 24 rabbits were randomly divided into following four groups (N=6): sham-
operation group, 24-h post-operation of ischemia-reperfusion injury group (24-h I/R), 3-d post-operation of
I/R injury group (3-d I/R) and 5-d post-operation of I/R injury group (5-d I/R). The I/R model was surgically
established. CEUS was performed via a GE LOGIQ 9 ultrasound machine, and a time-intensity curve (TIC)
in the renal cortex was generated for each group. All quantitative CEUS parameters were derived from TIC
and included the following: the curve's peak ascending slope (wash-in slope [WIS]),area under the curve
(AUC), time-to-peak (TTP), change in perfusion peak intensity (A), and arrival time (AT), Subsequently, we
analyzed the changes in these parameters, as well as the correlation between changes in CEUS
parameters and pathological parameters.

Results: The values of AT, TTP, and WIS of all I/R groups significantly differed from the sham-operation
group (P<0.01). However, there was make no difference in a and AUC values among the experimental
groups (P > 0.05). The AT and TTP values peaked at 3 d after I/R surgery, which correlated with the most
significant pathological changes at the same time point.

Conclusions: Among the quantitative CEUS parameters, AT, TTP, and WIS were found to be sensitive
indicators reflecting blood perfusion in renal microcirculation. Hence, these parameters may be useful for
dynamically monitoring the severity of tissue damage at the early stage of I/R injury. Collectively, our
findings provide compelling evidence for further clinical application of quantitative CEUS analysis.

Background

Ischemia/reperfusion injury (I/R) is one of the prime reasons of acute kidney injury (AKI), which is
principal consideration by critical iliness or surgery [1-4]. Various reactive oxygen species (ROS) were
produced during Ischemia/reperfusion injury [5], resulting in tubular atrophy, endothelial injury, and cell
death caused by renal tubular repair dysfunction [6—8].Renal hemodynamics in early stage of IRl can
provide important clinical significance for acute renal tubular injury [9, 10].

Serum creatinine and blood urea nitrogen (BUN) have typically been used to diagnose AKI. However, these
tests only reveal anomalies when kidney function is significantly compromised [11, 12], Hemodynamic
abnormalities in kidney is of great significance of pathogenesis of AKI, and diagnostic tools for
evaluating renal hemodynamic are especially lacking [13-15]. Therefore, early diagnosis of
hemodynamic changes and timely interventions are critical for improving the prognoses of AKI patients
[16].
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Contrast-enhanced ultrasonography (CEUS) has developed rapidly in recent years. CEUS evaluates the
microcirculation and tissue perfusion and has become an important research topic in diagnostic
ultrasound imaging. Many previous studies have demonstrated the importance of damage and
reconstruction of renal microcirculation in multiple models of kidney disease [17].

In this study, we build model of renal ischemia/reperfusion injury in a rabbit, performed a series of real-
time greyscale CUES, analyzed renal cortical blood flow via TICs and corresponding quantitative
parameters, and investigated changes in renal cortical blood flow at the early stage of AKl in rabbits.
Collectively, our results may support the value of CEUS-based quantitative analysis in the diagnosis of
AKI.

1. Materials And Methods
1.1 Animal groups

Twenty-four healthy adult male rabbits, with average bodyweight differences within 0.1 kg, were from the
Laboratory Animal Center of Southwest Medical University [License No: SYXK (CHUAN) 2018-065]. 24
rabbits were randomly divided into the following four groups: sham-operation group, I/R injury followed
by CEUS examination at 24-h post-operation group (24-h I/R), I/R injury followed by CEUS examination at
3-d post-operation group (3-d I/R), and I/R injury followed by CEUS examination at 5-d post-operation
group (5-d I/R). Prior to surgeries, all rabbits were housed and accommodated for one week with food and
water provided ad libitum.

1.2 Establishment of the animal models

Surgeries were conducted at room temperature. The hair at the bilateral kidney area was removed, and
the skin was exposed. Two-dimensional ultrasound imaging was used to locate the kidneys before
surgery. After local anesthesia induced by 3% Pelltobarbitalum Natricum at a dose of 30 mg/kg, the
kidney on the right was excised, and the kidney on the left was well separated. For I/R injury groups, left
renal artery was clipped with artery clip. Once tissue ischemia was confirmed via the color of the kidney
changes from bright red to dark red, as well as by a lack of blood perfusion in the renal parenchyma (as
assessed by color Doppler imaging; Figure 1), the artery clip was then maintained for 1 h before being
released. Then, the kidney turned from dark red back to bright red, which indicated successful
reperfusion. This time was recorded as I/R time. The incision was closed with sutures. For sham-
operation groups rabbits were subjected to the same procedures except that kidney on the left was merely
exposed—but was untreated—for 1 h before the incision was closed.

1.3 Contrast-enhanced ultrasonography (CEUS)
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CEUS imaging was performed via a GE LOGIQ 9 ultrasound machine and a 10-L linear array transducer
probe. The probe was fixed at the maximum coronal section of the left kidney. CEUS parameters were set
with a low mechanical index (Ml) of 0.08, a dynamic range of 50 dB, a depth of 3—4 cm, inclusion of
time-gain compensation, and a focus range that was set in the center of a region of interest (ROI).
SonoVue (Bracco, Italy) lyophilized powder was used as the contrast agent, which was suspended in 5 ml
of normal saline and was mixed well to obtain a microbubble suspension. The dosage of suspension
injection is 0.1ml/kg through the Auricular vein. And then with Tml of normal saline to flush the tubes.
Dynamic imaging data were continuously recorded for 5 min, saved to disk, and analyzed using TIC
analysis software. A circular ROl with a diameter of 3 mm was placed in the parenchyma with the
strongest echogenicity. A TIC was generated for each group. The following quantitative parameters were
analyzed: the area under the curve (AUC), blood perfusion peak intensity change (A), the curve's peak
ascending slope (wash-in slope, WIS), arrival time (AT), and time-to-peak (TTP). To minimize errors, all
data were acquired on the same machine using the same protocol, with the same mechanical indices,
and the same batch of the contrast agent was used by a single operator.

1.4 Renal pathological examinations

Rabbits were euthanized at 24 h, 3 d, and 5 d after I/R injury. The left kidney was quickly excised. One
third of the kidney tissue was used for immunohistochemical examination. Histopathological analyses
were performed by members in the Department of Pathology at the Affiliated Hospital of Southwest
Medical University.

1.5 Statistical analysis

Descriptive and inferential statistical analyses were performed using SPSS17.0. Inter- and intra-group
differences were compared using one-way analyses of variance (ANOVAs). TIC-derived quantitative
indices were analyzed using linear correlation analysis and the correlation coefficient, 7, was calculated.

2. Results

Two-dimensional ultrasound imaging was used to detect and assess normal rabbit kidneys, which were
bean-shaped and 2.3 £+ 0.8 cm in size. The renal capsule was smooth, clear, and hyperechoic. Color
Doppler flow imaging (CDFI) of the renal parenchyma revealed the different grades of renal arteries and
their corresponding veins. The blood flow in the aorta, segmental arteries, and lobar arteries were
visualized with evenly distributed color-coded flow information. However, CDFI was unable to detect any
blood flow that was deeper than the renal capsule (Fig. 2).

At 3-5 s after an intravenously delivered bolus injection of contrast agent via the auricular vein, the
recorded cine loop was visually inspected. In the sham-operation group, The renal cortex, medulla, renal
artery, segmental artery, interlobar artery and arcuate artery were observed in turn (Fig. 3). Within the
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following 35-50 s, the enhancement subsided to the background level in the same sequence, with the
renal cortex being the last area of complete subsidence. During the peak signal time, the left kidney
showed a “fireball-like” enhancement. In the I/R groups, the contrast-agent enhancement and subsidence
were both slow, and the “fireball-like” enhancement was not as obvious as that in the sham-operation
group. By analyzing the selected renal cortical ROI, the corresponding TIC was obtained. As shown in
Figs. 4-8, the TIC of the sham-operation group ascended and descended rapidly, while those of the I/R
groups ascended and descended slowly. These results suggested that there was renal hemodynamic
dysfunction in the I/R groups.

Table 1
TIC parameters of the renal cortex in each group (#5).
Groups A (dB) AT (s) TTP (s) AUG (dB) WIS (dB/s)
Sham 15.027 + 15.027 + 15.027 + 15.027 + 15.027 +
13.488 13.488 13.488 13.488 13.488
I/R
injury
24 h 16.626 + 16.626 + 16.626 + 16.626 + 16.626 +
15.271 15.271 15.271 15.271 15.271
3d 15.846 + 15.846 15.846 15.846 15.846 +
16.233 16.233 16.233 16.233 16.233
5d 18.655+ 18.655+ 18.655+ 18.655+ 18.655+
15.835 15.835 15.835 15.835 15.835

Table 1: as compared with the sham-operation group, *P <0.05, **P <0.01.

The measured value AUC, TTPR, A, AT, and WIS were analyze among the sham-operation group, 24-h I/R
group, 3-d I/R group, and 5-d I/R group (Table 1 and Fig. 9) through One-way ANOVAs. The measured
value A, which was not different between any groups (P >0.05), the AT, TTR, AUC, and WIS of the I/R
groups were marked difference from those of the sham-operation group (P<0.01). The AT and TTP
values reached their peaks at 3 d after I/R injury. Finally, the AUC was not marked difference between the
three I/R groups (P >0.05).

In the sham-operation group, the anatomical structures of nephrons were clear. The glomeruli and tubules
were well organized. In the 24-h I/R group, the tubular epithelial cells underwent degeneration with
characteristic morphological changes, such as increased somatic sizes with cytoplasmic vacuolation
(balloon-like changes) and pale staining. Other pathological changes included dilation of the proximal
tubules, cellular casts in the distal tubules and collecting ducts, parenchymal edema, and infiltration of
inflammatory cells in the renal parenchyma. Compared with the sham operation group, these results
demonstrated the renal injury was obvious in the I/R groups (Fig. 10). At 3d after I/R injury,, renal injury
was exacerbated and was characterized by coagulative necrosis in proximal tubular epithelial cells,
congestive and inflammatory penumbra around the necrotic tissue, dilation of the proximal tubules,

cellular casts in the distal tubules, significant parenchymal edema, and extensive inflammatory-cell
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infiltration (Fig. 11). At 5 d after I/R injury, the distal tubules were dilated slightly (with a small number of
cellular casts), degenerated or necrotic epithelial cells were present, the parenchymal edema was
alleviated with focal infiltration of inflammatory cells, and increased neovasculature was found (Fig. 12).

3. Discussion

In humans, the kidneys have the most abundant blood supply, receiving roughly 20—-25% of cardiac
output, and filter approximately 94% of this bloody supply through the cortex. RBF varies under different
conditions. Under conditions such as hemorrhagic shock, low cardiac output, or redistribution of systemic
blood flow, significant pre-renal arterial contractions lead to rapid and dramatic RBF reduction. CEUS can
detect a 15% reduction in human RBF [18]. Cagini et al considered that 2-2.5 min was the best time to
observe renal injury after injection of contrast medium [19].

Currently, a nuclear medical scan can examine blood flow to the kidneys. However, its high cost and
inability to delineate the dynamic changes of the cortical and medullary blood flow limit its clinical
application as a routine test. CDFIl has some diagnostic value in the assessment of vascular changes, but
it cannot accurately measure blood perfusion in the renal arcuate and smaller arteries. Moreover, CDFI
results may vary among different operators. Wei et al reported that CEUS not only detects early
hemodynamic changes in a rabbit AKI model but also helps to delineate abnormal changes in renal blood
distributions and hemodynamic [20]. Jin et al. examined a number of patients before renal
transplantation through contrast-enhanced ultrasound technology, and found that the enhanced
parameters reflected certain advantages in monitoring the blood flow perfusion of transplanted kidney,
and suggested that this technology may be able to early diagnose acute rejection of renal
transplantation. This indicates that CEUS has certain potential in clinical diagnosis and efficacy
evaluation of renal diseases, especially those with renal blood circulation changes, but further research is
needed [21].

SonoVue is an ideal red-blood-cell tracer [22]. SonoVue has a chemical composition of F¢S, and a
microbubble diameter similar to that of average red-blood-cell diameters; hence, it can flow to all organs
and tissues and is then excreted through the respiratory system instead of the urinary system, making it
safe for all tissues and organs [23]. After the administration of contrast agent, a TIC can be produced for
the ROI within the imaging plane. From the produced TIC, several temporal and amplitude features can be
obtained, including AT, TTP, A, AUC, and the WIS [24-25].

These parameters quantitatively evaluate the real-time blood flow characteristics in the capillaries of the
renal cortex. The value of AT, which represents the time interval between commencing of contrast-agent
administration and when signals start to enhance in the ROI, is determined by the blood flow velocity in
renal cortical microvessels. The value of TTP, which is the time interval between the commencing of
contrast-agent administration and signals reaching their peaks in the ROI, is determined by the blood flow
velocity in renal cortical blood vessels. In the present study, due to the short contrast-agent-filling time
and the relatively small sample size, the temporal and amplitude changes of the echogenicity

Page 6/17



enhancement in the renal cortex were difficult to differentiate by direct visual inspection alone. Analysis
of TICs indicated that the AT and TTP were the slowest at 3 d after I/R injury. This result suggested that it
took a long time for the contrast agent to reach the renal capillaries as a consequence of increased
resistance in the renal cortical microvasculature. Renal histopathological examinations showed that at 3
d after I/R injury, some of the renal tubular epithelial cells exhibited chromatin condensation, genomic
DNA fragmentation, and dissolution of internal nuclear structure, all of which are characteristics of
oncotic (coagulative) necrosis. Additionally, there was a congestive and inflammatory penumbra around
the necrotic area. Cellular casts were seen in tubular lumens, with interstitial edema and numerous
lymphocytic infiltrations. The pathological changes were most significant in the 3-d I/R kidneys. At 3 d
after I/R injury, neutrophils and various metabolites not only accumulated within the blood-vessel lumen
but also extravasated to cause extensive interstitial edema and to compress small blood vessels. The
overall results were increased vascular resistance and reduced blood flow velocity in the
microvasculature. WIS represents the average blood velocity and local tissue perfusion rate since the
emergence of contrast agent in the ROI. Theoretically, as the TTP prolongs, the TIC curve becomes flat
and the WIS is reduced. Changes in WIS are opposite to those of AT and TTP. Our present results further
validated that as the AT and TTP were prolonged, the WIS decreased and the TIC became flattened. The
WIS was lowest and the ascending of the curve was slowest in the 3-d I/R group, which was followed
sequentially by the 24-h I/R group, 5-d I/R group, and the sham group. These results suggested that the
value of WIS changed at different time points after I/R injury. The change of WIS showed an opposite
trend to that of AT and TTP. The AUC is affected by blood flow velocity and the contrast-agent distribution
volume, and is linearly correlated with the blood supply in the renal parenchyma [26]. Theoretically, when
the TTP is delayed, the AUC should increase as a result of an increased number of microbubbles entering
the ROI. Our present results showed that the I/R groups had significantly greater AUCs than that of the
sham-operation group, which were consistent with the aforementioned theory. This phenomenon might
be explained by the numerous stagnant microbubbles in the renal capillaries as a result of swelling of the
renal medulla, compression of small renal veins, and consequent increase of venous-return resistance.
The stasis of renal cortical blood flow is the main reason for the reduced descending slope of the cortical
blood-flow curve. The reduction of renal blood perfusion, together with stasis of cortical blood flow, leads
to a significantly increased AUC value. In the present study, the AUC values did not significantly differ
among the I/R groups, whereas the changes in RBF caused by AKI induced differential degrees of tissue
damage among these groups. This discrepancy might be explained by several factors. First, within 5 d of
I/R injury, a great number of activated neutrophils adhered to the endothelium of the renal parenchymal
venule. Microbubbles could be phagocytosed and subsequently remain intact within these activated
neutrophils. It has been demonstrated that phagocytosed microbubbles remain acoustically active and
can be detected [20]. Second, renal I/R injury is an irreversible process. The RBF only resumes when
necrotic cells are absorbed, or when new blood vessels are formed. Due to the high permeability of
neovasculature, reduced cortical blood-flow velocity, and interference from inflammatory cells, the
accumulation of microbubbles is not significantly detectable via ultrasound imaging procedures. For
these reasons, the AUC is not a suitable parameter for the quantitative evaluation of renal blood volume
in renal AKI. In contrast, the A value, which denotes the change in the perfusion peak intensity during the
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contrast process, reflects the number of microbubbles in the renal cortex and the change of local blood
flow. In the present study, the A value did not differ among the experimental groups, because the A value
represented the transient signal intensity instead of an accumulative effect. Therefore, the A value is not
a reliable quantitative parameter to monitor changes in blood perfusion following renal I/R injury.

4. Conclusions

Hence, the A and AUC offer limited value in the quantitative analysis of renal blood perfusion and in the
evaluation of renal functional changes during AKI. However, the specificities and sensitivities of the A and
AUC parameters require further investigation. Because previous studies have used different ultrasound
machines, contrast agents, durations of recorded CEUS data, sizes/locations of sampling areas, and
software packages used for data analysis, there are no established reference values of ultrasonographic
parameters for the quantitative evaluation of renal cortical microcirculation and perfusion. To establish
well-accepted diagnostic criteria, a larger sample size and standardized operating procedures are needed
[20]. In summary, we found that the AT, TTP, and WIS derived from CEUS-acquired TICs represent sensitive
indicators that reflect renal blood perfusion, which may be useful for evaluating renal tissue damage at
early stages of AKI.
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Figure 1

The left kidneys were isolated by a non-invasive blood-vessel clip, during which the kidney changed

Figure 2

CDFI was used to detect renal arterial blood flow in normal rabbits, but this detection barely reached
beyond the renal capsule.

Figure 3
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Ultrasound contrast-agent began to appear in renal cortex at 5 seconds after administration.
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Figure 4

Ultrasound contrast-agent began to appear in renal medulla at 7 seconds after administration.
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Figure 5

The TIC of the renal cortex in the sham-operation group is shown, indicating a rapid ascending and
descending curve.
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Figure 6

The TIC of the renal cortex in the 24-h I/R group is shown, indicating a slower ascending and descending
curve.
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Figure 7

The TIC of the renal cortex in the 3-d I/R group is shown.

LLE R

\ “"’hﬁ..w‘}“#ﬁ -

C WSt Tiod™k Beea Grad ATm
036 137 1007 100438 222 .49

Figure 8

The TIC of the renal cortex in the 5-d I/R group is shown.
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Figure 9

Analysis of quantitative CEUS parameters derived from TICs. (a) The A values were not different among
the groups (P>0.05); (b and ¢) The AT and TTP values of the I/R groups were significantly greater than
those of the sham-operation group. The AT and TTP values peaked at 3 d after I/R injury and partially
decreased at 5 d after I/R injury. (d) The AUC values of the I/R groups were significantly greater than that
of the sham-operation group. However, the AUCs did not differ among the I/R groups. (e) The WIS of the
sham-operation group was significantly greater than that of the I/R groups, with the 3-d I/R group having
the lowest WIS (*P<0.05, **P<0.01).
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Figure 11
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The renal histopathology of the 3-d I/R group is shown (200x magnification).
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Figure 12

The renal histopathology of the 5-d I/R group is shown (200x magnification).
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