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Abstract
Ultrasound contrast agents are gas filled microbubbles that enhance the ultrasound image. They
behave similarly to red blood cells and cross all capillary beds; making contrast enhanced
ultrasonography (CEU) a suitable technique to study vasculature and tissue blood flow. Ultrasound
contrast agents have been found to be safe after intravenous injection. CEU has been used extensively
in the field of cardiology. Currently, study of renal vasculature and renal blood flow requires
complicated, time consuming and expensive techniques, which are not commonly used in clinical
settings. CEU potentially may serve as a relatively noninvasive and safe technique for studying renal
hemodynamics in health and disease. In this article we have reviewed the literature on the use of
CEU in the study of kidney disease.

Contrast Enhanced Ultrasound (CEU)
Contrast ultrasonography has been used to improve ultrasound images. It has been used
extensively in cardiology to assess myocardial perfusion during echocardiography.[1–6] This
imaging technique utilizes stabilized gas bubbles to enhance the ultrasound image. Ultrasound
contrast agents are microbubbles made of a protein, saccharide or lipid shells and a gas filled
core. These agents usually contain a high molecular weight gas such as perfluorocarbons. [7;
8] Microbubbles have a diameter between 1 and 6 µm, a dimension that permit unimpeded
passage through all capillary beds.[9] The advantage of ultrasound contrast agents, in
comparison to contrast agents used in magnetic resonance or computed tomography, is that the
bubbles behave the same as the red blood cells and do not diffuse out of the vascular space.
[2]

Ultrasound waves directed at the vasculature are scattered upon interaction with intravenously
infused contrast agents resulting in a bright image of the vasculature. Therefore, using contrast
agents with ultrasound permits detection of changes in the microcirculation, improves Doppler
imaging in tissues with slow blood flow rates, and provides more detailed information on
structure of vasculature during imaging in B-mode. Ultrasound contrast agents have been
proven to be safe and free of hemodynamic effects. These characteristics make ultrasound
contrast agents ideal for the study of tissue blood flow and microvascular as well as large
vessels flow patterns and velocity. [2;10] The current generation of microbubbles have smaller
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diameters minimizing pulmonary capillary entrapment. This would allow intravenous rather
than direct arterial injection of the contrast agent. [10]

To study tissue perfusion, microbubbles are administered as a constant intravenous infusion
reaching a steady state within 1 – 2 minutes. Microbubbles in the tissue are then destroyed with
a pulse of high energy ultrasound. Subsequent ultrasound imaging and the rate of replenishment
of tissue with microbubbles provides information on the velocity of flow and total tissue
perfusion. [11;12] Analyzing serial images obtained during this time, a graph is generated
depicting changes in video (acoustic) intensity versus time after destruction of microbubbles
in the tissue (Figure 1). The slope of this graph (β), represents the velocity of microbubbles
(blood) and the plateau of the graph (A) represents tissue blood volume. Since flow of blood
in a tissue is the volume of blood moving at a mean velocity, then tissue blood flow would be
the product of the two (A × β).

CEU has been used extensively in cardiology for assessment of myocardial viability and the
potential for myocardial recovery after a myocardial infarction [3;4;6], coronary flow reserve
after percutaneous angioplasty [5] and also for the detection of coronary artery disease [1;
13]. More recently, this technique has been utilized in many different clinical settings such as
in the detection of breast cancer [14–16], intestinal ischemia [17;18], peripheral arterial disease
[19], aortic disease [20] hepatic circulatory disease and hepatocellular carcinoma [21–25].
Other than diagnostic studies, CEU has been used as a vehicle for targeting genes and chemicals
to specific tissues and as a means for the detection of certain tissue specific markers. [26] To
achieve these goals microbubbles need to be modified. Lindner et al [27] demonstrated
attachment of microbubbles to leukocytes adherent to the endothelial cells in presence of tissue
inflammation. This attachment was more pronounced with cationic than anionic microbubbles.
Later on, the same authors were able to show greater degree of microbubble attachment to
leukocytes within the inflamed venules after incorporation of phosphatidylserine into the
microbubble shell. [28] Ligands can be attached to the surface of microbubbles by either a
direct covalent bond or through biotin-avidin linking. Monoclonal antibodies, peptides and
vitamins could be attached to microbubble surface. It has been shown that ultrasonography
using microbubbles can change permeability of cell membrane as well as that of the capillaries
depending on the ultrasound settings. [26] Changing ultrasound parameters and local delivery
of microbubbles can be used to maximize tissue delivery of drugs. Contrast enhanced
ultrasound has been used in diagnostic imaging and as a therapeutic tool in atherosclerosis,
thrombosis and malignancies. [26]

Ultrasound Contrast Agents (USCA)
As mentioned previously USCA are microbubbles containing gases with a diameter between
1 – 6 µm that remain in the intravascular space and behave similarly to red blood cells. [29]
The size of these bubbles is an important factor. After intravenous injection, they need to pass
through pulmonary capillaries (7 µm in diameter) and enter in to the arterial circulation for
delivery to tissue.

Technical advances made over the last several years have focused on developing microbubbles
with more stable shells and a core filled with gases with lower diffusibility to increase the half
life of the microbubbles. The first generation of USCA contained a shell made of denatured
albumin and a core filled with air (Albunex®, Molecular Biosystems, USA). Thereafter,
combinations of saccharides and palmitic acid (acting as a surfactant) were used for the shell
(Levovist®, Schering, Germany). More recent USCA contain perfluoro gases (Definity®,
Bristol, Meyers, Squibb; SonoVue®, Bracco, Italy) [9;29] with lower diffusibility compared
to air. [9]
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Albunex®, the first approved contrast agent in the United States has a half life of less than a
minute. Levovist® has a slightly better half life due to the addition of a sugar matrix as well
as a small amount of palmitic acid to the shell, making it capable of multiple recirculations.
Levovist® was the first contrast agent to be approved for radiology applications in the Europe
and Canada. [7] Optison® (Molecular Biosystems & Mallinckrodt, USA) is approved in the
U.S., Canada and Europe for cardiac indications. It is very similar to Albunex® except for
replacing air with perfluorocarbon gas. This gas is eliminated unchanged by the lungs. It has
a half-life greater than 5 minutes. SonoVue® is another type of perflurocarbon-based agent,
which includes sulfur hexafluoride. The shell is stabilized with multiple surfactants, such as
polyethylene glycol, phospholipids and palmitic acid. It is approved for cardiac and radiologic
applications in Europe. [7] Definity® microbubbles are composed of octafluoropropane
encapsulated in an outer lipid shell. Similar to SonoVue® and Optison®, it has a half-life longer
than 5 minutes. Definity® has been approved in the United States for cardiac indications.

Extensive studies of these agents have demonstrated a significant safety profile with no
evidence of toxicity to the kidneys, heart or liver. Minor adverse events, such as mild
hypotension, dizziness, flushing and a transient rash have been reported in some studies. Rare
cases of anaphylactic reactions have also been reported. Therefore close monitoring of subjects
during imaging is recommended.

CEU in the study of kidney disease
Ultrasonography of the kidneys is limited because of the low resolution of the B-mode for
kidneys and also because of low sensitivity of color Doppler images for smaller arteries and
arterioles, especially in deep sections of the renal medulla. Other techniques, such as contrast
enhanced computerized tomography and magnetic resonance, also have limitations related to
their nature and their toxicities. CEU is potentially valuable tool in the study of both micro and
macrovasculature within the kidneys and in the detection of renal artery stenosis, renal
perfusion defects and possibly alterations in renal blood flow due to physiologic and
pharmacologic stimuli. Another advantage of CEU over other techniques is its ability to provide
information on regional tissue blood flow (see below). In addition, CEU may have other
indications, such as the characterization of indeterminate lesions or acute or chronic rejection
in renal transplantation. [30;31]

A controversial field in the study of pathogenesis of certain kidney diseases, especially diabetic
kidney disease, is the role of hemodynamic changes, i.e. glomerular hyperfiltration and loss of
glomerular autoregulation mechanism, as opposed to hormonal changes and inflammatory
pathways. Autoregulation of GFR has been shown to be impaired or abolished in both type 1
and type 2 diabetes.[32;33] The remnant kidney animal model, in which 5/6 of the total renal
parenchyma is removed, results in progressive sclerosis of renal glomeruli and proteinuria
similar to what is seen in progressive human kidney disease.[34] This model demonstrates the
role of glomerular hyperfiltration in development of glomerular sclerosis. However, there are
multiple other pathogenic mechanisms that have been shown to play major roles in the
development of pathologic changes in diabetic nephropathy. These include, activated renin
angiotensin system, accumulation of advanced glycation endproducts, activation of protein
kinase C, increased production of inflammatory cytokines and changes in production of growth
factors among many other mechanisms. [35] Therefore, a noninvasive tool for monitoring of
renal hemodynamic changes during early stages of renal disease and as it progresses to more
advances stages will be a valuable tool for in vivo studies of these pathogenic mechanisms.

Timely diagnosis of acute kidney injury (AKI) amenable to therapeutic intervention is critical.
Thus far clinical trials have not conclusively shown beneficial effects in the treatment of AKI
in part due to inability to differentiate prerenal azotemia from acute tubular necrosis. [36]
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Currently, the differentiation between acute tubular necrosis and prerenal azotemia is based
upon urine output, urinary sodium excretion and rise in BUN and creatinine. These are
considered poor markers of kidney function and fail to differentiate between the causes of AKI
in many occasions. Assessing total and regional renal blood flow by CEU early in the course
of AKI could be a valuable diagnostic and prognostic tool. Appropriate therapy can be delivered
early and potentially attenuate or reverse AKI.

1. Renal Blood Flow
Schlosser et al [12] used CEU (Definity®) to study renal blood flow in pigs. In that study, CEU
was used to study both macrovascular (main renal artery and larger vessels) and microvascular
(renal cortical) blood flow. The authors found significantly higher blood velocities in the main
vasculature compared to microvessels of the cortical region.[12]

In another study, Wei et al [11], used CEU (SonoVue®) to study changes in renal blood flow
in response to flow limiting blockade in the renal arteries and infusion of dopamine in dogs.
Tissue blood flow as obtained by CEU showed a significant rise after dopamine administration
and a significant drop after occlusion of the main renal artery. These findings correlated very
well with the renal artery flow obtained by a flow probe placed directly over the renal artery
(r = 0.82, p< 0.001). [11]

Hosotani et al [37] compared renal blood flow obtained by CEU, radionuclide scanning using
technetium-99m mercaptoacetyltriglycine (Tc-99m MAG3) and para-aminohippurate (PAH)
in 16 patients with chronic kidney disease of various causes. To determine renal blood flow
by CEU, Levovist® was injected intravenously and allowed to reach steady state. After
destruction of microbubbles with a pulse of ultrasound images were obtained first at an interval
(PI) of 10 cardiac cycles and then at PI of every cardiac cycle. Since the flow of blood is
unchanged, less frequent pulsing would allow more time for replenishment of the tissue with
microbubbles and as a result higher intensity of images compared to more frequent pulsing
(every cardiac cycle). This reduction in image intensity after changing from 10 to 1 cardiac
cycle (decline ratio, DR) in each kidney and average of the values for the left and right kidney
were used as an estimate of split and total renal blood flow, respectively. [37] Using this
technique, the authors were able to demonstrate a significant correlation (r = 0.69, p= 0.005)
between average DR by CEU and renal blood flow determined by PAH clearance. The
individual kidney DR also correlated well with MAG3 split renal blood flow values (r = 0.67,
p< 0.005). [37]

Currently at the University of Virginia General Clinical Research Center we are conducting a
study comparing CEU using Definity® , PAH clearance and renal artery Doppler flow to assess
changes in renal blood flow in response to physiologic stimuli in healthy individuals. After
intravenous injection of Definity®, a steady state is achieved in 1 to 2 minutes. As mentioned
before, the microbubbles are destroyed in the tissue with a pulse of high energy ultrasound and
then during continuous imaging, microbubble replenishment pattern is used to estimate renal
blood flow. During this time, a nonlinear correlation between pulse interval and image intensity
is used to determine blood velocity (slope of the reappearance curve), tissue blood volume
(plateau of the graph) and the product of the two (A*β) to determine tissue blood flow. Using
QLab software (Philips, USA), regions of interest are placed in the renal cortex, medulla and
the whole kidney to determine regional and total renal blood flows. Subjects consume a meal
with a high animal protein content (1.5 g/kg body weight) to increase renal blood flow.
Ultrasound imaging using Definity® is repeated again 2 hours after ingestion of the high protein
meal. The total duration of Definity® infusion for each set of images ranges between 3 – 5
minutes. To date 12 subjects have been studied and preliminary results suggest a good
correlation between different modalities of determining RBF. Blood flow in the main renal
artery as measured by Doppler ultrasound increased by a mean of 38%from baseline 2-hours
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after ingestion of a high protein meal. At the same time the changes from baseline in blood
flow velocity (β), tissue blood volume (A) and tissue blood flow (A*β) were 16%, 36% and
56%, respectively. From 12 subjects enrolled, only one individual showed a brief and mild
episode of flushing which resolved spontaneously.

2. Renal Artery Stenosis
Atherosclerosis is responsible for almost 90% of cases of renal artery stenosis. The incidence
of atherosclerotic renal artery stenosis (ARAS) increases with age and in presence of peripheral
arterial and coronary artery disease, diabetes, dyslipidemia and hypertension. The prevalence
of ARAS varies depending upon the defining criteria, age, risk factors and imaging versus
autopsy studies. [38] In an autopsy case series, ARAS was detected in more than 8% of
individuals with diabetes and more than 10% of those with both hypertension and diabetes.
[39] Although a high percentage (53%) of cases with severe degree of stenosis (80%) progress
to occlusion [40], The rate of progression in cases with less severe stenosis is between 18% to
30% in 3 years. [41] The risk of renal atrophy in two years is between 5% and 20%, depending
on the degree of stenosis at baseline. [42]

Many patients with ARAS are asymptomatic. Due to adverse events, such as risk of
atheroembolic disease, contrast nephropathy, complete occlusion and restenosis associated
with angioplasty, selection of the appropriate patient for diagnostic work up and treatment is
critical. [38] Currently, digital subtraction renal angiography is considered the gold standard
diagnostic test; however, it is seldom used because of its invasive nature and the risk of contrast
nephropathy. This renders this test unsuitable in cases with reduced kidney function. Other
imaging techniques include Doppler ultrasound, magnetic resonance angiography, carbon
dioxide angiography, contrast enhanced computerized tomography and radionuclide scanning
before and after an angiotensin converting enzyme inhibitor. These diagnostic modalities are
each associated with practical and safety issues. Captopril renal scan is not recommended for
the elderly, requires scanning at two separate occasions and is expensive. MR scanning using
gadolinium in patients with kidney disease has been shown to be associated with the devastating
condition, nephrogenic systemic fibrosis. [43;44] Although Duplex ultrasonography has been
shown to have sensitivity and specificity as high as 98% in detection of ARAS in some series
[45–49], being operator dependent, time consuming and associated with a higher than desired
technical failure rates limits its use as well. Factors such as obesity, bowel gas, depth, tortuosity
and number of renal arteries, and the presence of nephropathy limit the utility of this technique.
[50;51]

More recently CEU has been utilized in diagnosis of ARAS. [52–54] In a European multi-
center study by Claudon et al [52], 198 individuals suspicious of ARAS underwent Doppler
ultrasound and Levovist®-enhanced Doppler ultrasound in random order before undergoing
renal angiography. CEU resulted in a 20% increase in the number of renal arteries that were
thought to be assessable by Doppler examination (from 63.9% to 83.8%, p = 0.001). These
improvements were more obvious in obese individuals and those with reduced kidney function.
[52] The feasibility of nonenhanced Doppler ultrasound varied significantly between centers
and this variability was reduced after using the contrast agent. Enhanced Doppler ultrasound
had a significantly higher degree of agreement with angiography than nonenhanced Doppler
(70.2% vs. 50.3%, p = 0.001). [52] Similarly, in a study of patients suspicious of ARAS [53]
after addition of a contrast agent (Levovist®), Missouris and colleagues demonstrated a 20 db
increase in Doppler intensity. Addition of contrast agent improved sensitivity and specificity
of Doppler ultrasound in diagnosis of ARAS from 85% to 94% and 79% to 88%, respectively.
At the same time the examination time was cut almost in half. [53]
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3. Kidney Transplantation
Schwenger and colleagues [55] compared color Doppler ultrasound and CEU in the diagnosis
of chronic allograft nephropathy (CAN) in 26 outpatients with a kidney transplant and a stable
renal function. While resistance and pulsatility indices obtained by Doppler ultrasound did not
show any correlation with kidney function (serum creatinine or GFR), renal blood flow
determined by CEU (A × β) demonstrated a significant correlation with serum creatinine (r =
−0.62, p = 0.0004) and GFR (r = 0.49, p= 0.007). [55] Fifty percent of the study subjects had
evidence of CAN on their biopsy samples. Among these individuals, no correlation between
biopsy results and either serum creatinine or Doppler ultrasound findings was found. However,
the value of renal blood flow determined by CEU was significantly lower for individuals with
evidence of CAN on the biopsy than those without it (3.75 versus 8.25 dB/s, p< 0.001). Setting
a threshold of 5.79 dB/s for renal blood flow, the authors found sensitivity, specificity and
diagnostic accuracy of 82%, 64% and 73%, respectively for CEU in diagnosing CAN. [55]

Summary
CEU is a safe and relatively noninvasive imaging technique suitable for study of large and
small vessels and determination of tissue perfusion. It is simple and easy to perform in any
clinical setting. CEU has been used extensively in fields such as cardiology and hepatology.
This technique is promising for studies of kidney structure and function because of its safety
profile and its ability to provide information on single kidney as well as regional blood flow.
It has been used to determine changes in RBF in response to physiologic and pharmacologic
interventions and to study disease states such as renal artery stenosis and post kidney
transplantation.
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Figure 1.
Changes in acoustic intensity versus pulse interval after destruction of microbubbles with high
energy ultrasound in the tissue. β or slope of the curve representsthe velocity of blood in the
tissue and A or plateau of the curve is tissue blood volume. The product of the two (A*β)
represents tissue blood flow.
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Figure 2.
Assessment of renal blood flow using CEU. Panel A, steady state; Panel B, destruction of
microbubbles in the tissue using high energy ultrasound. Panels C through I, replenishment of
the tissue with microbubbles. Note, almost immediate appearance of microbubbles in the main
arteries followed by cortex and finally the medulla.
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