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Abstract—Super-resolution ultrasound imaging (SRI) can 
visualize and quantify changes in the microvasculature. Metabolic 
syndrome is associated with hyperlipidemia that affect different 
organs, including the kidneys. Ex vivo studies have shown 
glomerular injury in Obese Zucker rats (OZR) over time. If in vivo 
SRI can diagnose renal disease before it becomes evident with 
current measures, earlier treatment can be initiated to postpone 
the onset of renal complications in persons with metabolic 
syndrome. The overall aim of this study is to investigate whether 
SRI can detect early microvascular changes in the kidneys of rats 
with metabolic syndrome. The rats presented in this work were 
scanned at an early age to get a baseline scan prior to further 
studies. In this work an 11-week-old OZR and a healthy age-
matched Zucker rat were investigated. During open surgery, the 
left kidney was scanned for 10 min using a modified BK5000 
scanner (BK Medical, Denmark), a fixed X18L5s transducer and 
intravenously administered SonoVue (1:10). Images were 
obtained using interleaved contrast (amplitude modulation) and 
B-mode sequences with focused beam transmission (6 MHz, 50 Hz, 
MI: 0.2). An in-house tool was used to track microbubble (MB) 
movements between frames, in order to estimate the MB velocities, 
which were measured in a large region of the cortex and the outer 
medulla. This is the first time SRI has been used on the kidneys of 
rats with Metabolic syndrome. Both the cortex and the medulla 
were well-perfused with MBs, and no morphological differences in 
the microvasculature were found between the two rats. The 
thickness of the cortex and the medulla was almost identical; 
cortex 1.8 mm, medulla 8 mm, craniocaudal length 2.0 vs. 1.9 cm 
(healthy vs. OZR). The same was true regarding the MB velocities 
(median (IQR) in mm/s) for healthy vs. OZR; cortex 0.75 (3.51) vs. 
0.65 (2.64) and medulla 0.75 (0.32) vs. 0.62 (0.30). The results show 
that SRI can visualize the renal microvasculature of a young OZR. 
Therefore, the method can be used for further investigations of the 
renal microvascular changes that occur in the course of Metabolic 
syndrome. 
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I. INTRODUCTION 

Super-resolution ultrasound imaging (SRI) is a new US 
technique that makes it possible to visualize the 
microvasculature in vivo. Studies have shown the ability to do 
in vivo SRI of organs and tissues in different animals, but the 
literature on pathological changes is still sparse [1]–[6]. Obese 
Zucker Rats (OZR) has a mutation in the leptin receptor gene 
which results in obesity, hyperinsulinemia, poorly regulated 

blood glucose giving them hyperlipidemia and 
glomerulosclerosis at an early age. The rat-model develop 
albuminuria as the one measurable factor, as seen in correlation 
with diabetes. [7], [8] Diabetes Mellitus (DM) is associated with 
microvascular disease in several organs including the kidneys. 
Microalbuminuria (excretion of 30-300 mg/24 hours of albumin 
in the urine) is the earliest measurable stage of microvascular 
kidney disease in DM. Progressing into macroalbuminuria it can 
manifest as diabetic nephropathy (DN), defined by urinary 
albumin excretion >300 mg/24 hours. DN is one of the main 
causes of end-stage renal failure and results in a poor prognosis 
for the patients and high medical cost [9]. Since the kidneys have 
a rich vascularity and because microvascular dysfunction greatly 
affects kidney function, SRI of the kidneys has a big potential. 
With our current measures we cannot predict who develops 
diabetic nephropathy until DN is manifest. Therefore, our vision 
is to detect early changes in the renal microvasculature. SRI uses 
gas-filled microbubbles (MBs) as intravascular tracers, allowing 
imaging of the microvascular anatomy as well as estimation of 
MB flow velocity and direction [1], [2].  

II. MATERIALS AND METHODS 

A. Animals 

The experiment was conducted on one 11-week-old OZR 
and one healthy age-matched Zucker rat (396 and 308g). The 
experiments were executed according to protocols approved by 
the Danish National Animal Experiments Inspectorate. The 
procedures were performed at the University of Copenhagen, 
and all local ethical standards were respected. The ethical policy 
of the university is consistent with that of the National Institutes 
of Health (NIH). The rats were obtained at 9 weeks, fed standard 
laboratory chow ad libitum, allowed free access to water and 
housed in an animal facility at the University of Copenhagen, 
Department of Experimental Medicine, under the responsibility 
of trained animal caretakers. Prior to the scans the rats were 
anesthetized with 5% isoflurane and placed on a heating table to 
maintain normal body temperature (37°C). The blood pressure 
was measured continuously by a catheter in the carotid artery. 
After initial anesthesia a final isoflurane concentration of 1-2% 
through the tracheostomy was maintained. The rat’s ventilation 
was controlled by a mechanical ventilator with a respiration 
cycle of 72 respirations/min. After laparotomy, to further expose 
the left kidney and reduce the respiratory motion, a metal 
retractor under the left diaphragm pulling slightly cranially was 



established. Prior to every scan the rat was infused with Nimbex 
(cisatracurium, 0.85 mg/ml, GlaxoSmithKline). Before the scan, 
blood and urine samples were collected. After the scans the rats 
were euthanized in anesthesia.  

B. Ultrasound scan procedure and SRI technique 

After laparotomy we scanned the left kidney using a 
modified BK5000 scanner and a fixed X18L5s transducer (BK 
Medical, Aps, Herlev, Denmark). Sonovue (Bracco, Italy) was 
used as contrast. The MBs were diluted in isotonic saline (1:10) 
and injected through a jugular vein catheter. Each SRI scan 
lasted 10 minutes in order to acquire enough data to visualize 
the entire vascular bed. [10] The non-linear behavior of the MBs 
excited by contrast-enhanced sequences (amplitude modulation) 
with line-per-lined focused beam transmission (frame rat: 50 Hz, 
center frequency: 6 MHz, mechanical index: 0.2) made it 
possible to obtain the images.  Before the tracking of the MBs 
motion correction was applied [11]. The MB tracks were made 
by connection of neighboring MBs in sequential images and 
with the use of Hierarchical-Kalman tracker [12] To estimate the 
vessels in the ROI the images was filtered by direction, MB 
lifetime and track length.  

C. Blood and urinary parameters 

Blood samples were collected to measure blood glucose, 
creatinine and urea. Blood glucose was measured prior to and 
after the laparotomy, and before euthanasia. Urine was collected 
over a period of 15 min for analysis of albumin and creatinine. 
Both samples were collected to determine the kidney function. 

D. Histology 

After euthanasia the left kidney was removed to document 
any possible tissue damage by staining. The kidneys were 
dropped in a glass with 4% paraformaldehyde and stained by 
standard hematoxylin and eosin (H&E), Sirius Red and Silver 
Jones staining. The images were analyzed blinded by a trained 
anatomist. 

III. RESULTS 

A. The microvasculature of the rats 

The thickness of the cortex and the medulla was almost 
identical. The cortex measuring 1.8 mm, the medulla 8 mm and 
a craniocaudal length of 2.0 versus 1.9 cm (healthy versus OZR). 
The same was the case regarding the MB velocities (median 
(IQR) in mm/s) for healthy versus OZR. cortex 0.75 (3.51) vs. 
0.65 (2.64) and medulla 0.75 (0.32) vs. 0.62 (0.30). (fig.1) 

The histology (fig 2) showed normal glomeruli both 
regarding the OZR as well as the healthy rat.  

B. Kidney function 

Average blood pressure for the healthy Zucker rat was 62,82 
mmHg versus 94,7 mmHg for the OZR. Blood glucose prior to 
the scan was 8.3 mmol/L for the healthy and 9 mmol/L for the 
OZR (<11 mmol/L is normal blood glucose). 

IV. DISCUSSION 

The histology supported our SRI results showing no 
morphological differences in the microvasculature between the 
two rats. The OZR might be too young to see a vascular 
difference before very late in the illness [13] With this study we 
would like to move further with SRI by scanning the kidneys of 

Fig 2 A: Histology image of a Sirius Red strained from an 11 wk old healthy 
Zucker rat showing a normal glomerulus. 

B: Normal glomerulus from an 11 wk old OZR. 

 
Fig.1 These images is filtered by including every track, Hierarchical-Kalman tracker and motion compensation applied, MB lifetime 3, maximum velocity 15 (mm/sec). 
A: Microbubble velocity image of an 11-week-old healthy Zucker rat, showing the microbubble flow directions according to the color wheel in the top right corner.  

B: Microbubble velocity image of an 11-week-old OZR. 
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rats with metabolic syndrome at a later stage and characterize 
the microvascular damage caused by metabolic diasease. 
Another possibility is to use another rat-model; Zucker Diabetic 
Fatty develop glomerulosclerosis at a much earlier stage. [14], 
[15]  
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