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Abstract
Ultrasound molecular imaging (USMI) is an emerging technique to monitor 
diseases at the molecular level by the use of novel targeted ultrasound contrast 
agents (tUCA). These consist of microbubbles functionalized with targeting 
ligands with high-affinity for molecular markers of specific disease processes, 
such as cancer-related angiogenesis. Among the molecular markers of 
angiogenesis, the vascular endothelial growth factor receptor 2 (VEGFR2) is 
recognized to play a major role. In response, the clinical-grade tUCA BR55 
was recently developed, consisting of VEGFR2-targeting microbubbles which 
can flow through the entire circulation and accumulate where VEGFR2 is over-
expressed, thus causing selective enhancement in areas of active angiogenesis. 
Discrimination between bound and free microbubbles is crucial to assess cancer 
angiogenesis. Currently, this is done non-quantitatively by looking at the late 
enhancement, about 10 min after injection, or by calculation of the differential 
targeted enhancement, requiring the application of a high-pressure ultrasound 
(US) burst to destroy all the microbubbles in the acoustic field and isolate the 
signal coming only from bound microbubbles. In this work, we propose a 
novel method based on mathematical modeling of the binding kinetics during 
the tUCA first pass, thus reducing the acquisition time and with no need for 
a destructive US burst. Fitting time-intensity curves measured with USMI by 
the proposed model enables the assessment of cancer angiogenesis at both the 
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vascular and molecular levels. This is achieved by estimation of quantitative 
parameters related to the microvascular architecture and microbubble 
binding. The proposed method was tested in 11 prostate-tumor bearing rats 
by performing USMI after injection of BR55, and showed good agreement 
with current USMI methods. The novel information provided by the proposed 
method, possibly combined with the current non-quantitative methods, may 
bring deeper insight into cancer angiogenesis, and thus potentially improve 
cancer diagnosis and management.

Keywords: molecular imaging, contrast-enhanced ultrasound, angiogenesis, 
targeted microbubbles, pharmacokinetic modeling

(Some figures may appear in colour only in the online journal)

1. Introduction

Ultrasound molecular imaging (USMI) is an emerging method for in vivo non-invasive visual-
ization of biological processes such as inflammation, thrombus formation, and angiogenesis, 
an established hallmark of tumor growth and development (Folkman 1995, Deshpande et al 
2010, Russo et al 2012, Turco et al 2016a).

During cancer angiogenesis, the upregulation of pro-angiogenic factors triggers the growth 
of new blood vessels and the recruitment of pre-existing vessels from surrounding tissue, 
leading to the formation of a vascular network needed to support tumor growth and enable 
metastatic spreading (Folkman 1995). Cancer angiogenesis results in abnormal microvessels, 
exhibiting irregular branching, arterio-venous shunting, and increased microvascular density, 
tortuousity, and permeability (Folkman 1995, Deshpande et al 2010, Russo et al 2012).

Ultrasound imaging is a powerful tool to assess the vascular changes occurring due to 
cancer angiogenesis both at the vascular level, by Doppler-based methods, and in the micro-
circulation, by use of intravascular tracers, consisting of resonant microbubbles which can 
be detected down to a spatial resolution of 40 μm (Calliada et al 1998, Klibanov et al 2004, 
Lindner 2004). Recently, techniques to resolve single microvessels have been developed 
(Gessner et  al 2013, Errico et  al 2015), achieving, under specific conditions, a resolution 
as small as 10 μm (Errico et al 2015). By combining ultrasound with novel targeted tracers, 
USMI enables imaging of angiogenesis also at the molecular level with impaired spatial and 
temporal resolution (Deshpande et al 2010), compared to other clinical imaging modalities.

Targeted ultrasound contrast agents (tUCA) consist of encapsulated, gas-filled microbub-
bles, whose shell has been decorated with targeting ligands able to specifically bind molecular 
markers, overexpressed in various diseases (Deshpande et al 2010, Abou-Elkacem et al 2015). 
Thanks to their size of 2–5 μm in diameter (Lindner 2004), targeted microbubbles are able to 
flow through the smallest capillaries, without leakage in the extra-vascular space, and attach 
to the vessel wall at locations where the target molecule is over-expressed, thus causing selec-
tive enhancement in areas of active disease. Microbubble adhesion can be further enhanced 
by the application of acoustic radiation force (ARF) (Rychak et al 2005, Frinking et al 2012).

Targeted microbubbles may differ by shell-type, gas core, conjugation chemistry, and tar-
geting ligand (Abou-Elkacem et al 2015). Most commonly used targeting ligands for molecu-
lar imaging of angiogenesis include α βv 3 integrin, key regulator of migration and survival of 
endothelial cells (Avraamides et al 2008, Willmann et al 2010); endoglin, a co-receptor for 
the transforming growth factor beta, which regulates cell proliferation, differentiation, migra-
tion, and adhesion (Nassiri et  al 2011); and the vascular endothelial grow factor receptor 
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type 2 (VEGFR2), which acts by binding to pre-existing endothelial cells to stimulate their 
growth and proliferation (Pochon et al 2010, Leguerney et al 2015). Several preclinical stud-
ies have demonstrated the feasibility of tUCAs for imaging of angiogenesis (Pochon et al 
2010, Tardy et al 2010, Willmann et al 2010, Deshpande et al 2011, Barua et al 2014) and for 
antiangiogenic therapy monitoring (Palmowski et al 2008, Pysz et al 2010, Sorace et al 2012, 
Wang et al 2015) in several types of tumors, including pancreatic, renal, colon, liver, ovarian, 
prostate, breast, glioma, melanoma and angiosarcoma (Abou-Elkacem et al 2015, Leguerney 
et  al 2015). In this context, Bracco Suisse S.A. (Geneva, Switzerland) recently developed 
BR55, the first and currently only clinical-grade molecular ultrasound contrast agent, target-
ing VEGFR2 (Pochon et al 2010). Clinical trials in humans are ongoing to verify the feasibil-
ity of USMI with BR55 for detection of prostate, breast, and ovarian cancer (Abou-Elkacem 
et al 2015).

Ultrasound contrast detection relies on the strong non-linear acoustic signal that oscillating 
microbubbles produce when interacting with a US beam in a suitable frequency range (1–10 
MHz for clinical diagnostic imaging) (de Jong et al 2000, Klibanov 2005). Using contrast-
specific pulse sequences, such as harmonic filtering, pulse inversion, amplitude modulation, or 
combination of these, enables isolating the microbubbles signal from that of blood and tissue 
(de Jong et al 2000). High sensitivity up to single-microbubble detection has been reported 
(Klibanov et al 2004). Provided that the used dynamic range is sufficient to reverse the log-
compression (Rognin et al 2008), a linearized signal directly proportional to the concentra-
tion of microbubbles can be obtained (Deshpande et al 2010). Since the number of bound 
microbubbles is proportional to the level of biomarker expression, assessment of the degree of 
binding may provide an indirect way to quantify diseases.

Discrimination between bound and free microbubbles is, however, rather challenging. 
Current strategies mostly rely on long acquisition times (Frinking et al 2012), to allow the 
freely flowing microbubbles to clear the investigated area, often in conjunction with the appli-
cation of a US burst at high mechanical index (MI) to destroy all the microbubbles in the 
acoustic field. This enables isolating the signal coming only from bound microbubbles by cal-
culating the differential targeted enhancement (dTE), i.e. the difference in the acoustic signal 
before and after the application of the destructive burst (Willmann et al 2008, Abou-Elkacem 
et al 2015, Toaldo et al 2015). Besides the need for long acquisition times, which can go up 
to 30 min, these techniques can only provide semi-quantitative measures, inherently depend-
ent on machine settings and on the arbitrary time points chosen for the analysis. This limits 
reproducibility and intra- and inter-experiment comparison, especially important for monitor-
ing the response to anti-angiongenic therapies, whereby several longitudinal measurements 
are performed. Moreover, the application of a high-MI US burst raises concerns for damages 
to the endothelial tissue (Miller 2007).

Alternatively, mathematical modeling of the targeted contrast agent kinetics may provide 
quantitative assessment of microbubble binding. By measuring the changes in the acoustic 
intensity at each frame of the USMI loops and by applying proper linearization, a  time-intensity 
curve (TIC) proportional to contrast concentration changes over time can be obtained at each 
imaging pixel. Fitting the measured TIC to a suitable mathematical model enables the estima-
tion of (semi)quantitative parameters related to blood perfusion and biomarker expression 
level.

Kinetic modeling of microbubble retention was first attempted in cardiology to describe 
the persistent behavior of microbubbles due to pathologies such as crystalloid cardioplegia, 
ischemia, and coronary stenosis (Lindner et al 1998, Fisher et al 2002, Carr et al 2011). The 
total contrast agent concentration was described as the weighted sum of a gamma-variate 
(Lindner et al 1998, Carr et al 2011) or lagged normal (Fisher et al 2002) functions, modeling 
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the concentration of freely flowing microbubbles, and their integrals, describing the fraction 
of persistent bubbles. These models enable quantifying microbubble binding by an empirical 
parameter reflecting the fraction of retained microbubbles. Similarly, Sugimoto et al (2012) 
proposed an empirical model given by the sum of a local density random walk and a ramp 
function to describe the kinetics of BR55 in hepatocellular carcinoma xenografts in mice, 
quantifying microbubble binding by the slope of the ramp function. In Sirsi et  al (2012), 
the combination of a bi-compartmental model with a motion-analysis algorithm was used 
to isolate the concentration of adherent microbubbles from that of circulating microbubbles. 
All these methods, however, are based on semi-empirical models, lacking a clear physiologi-
cal description of microbubble transport; they still require lengthy acquisitions (10–30 min); 
they rely on a region of-interest (ROI) type of analysis; they do not account for contrast agent 
recirculation, possibly leading to inaccurate parameter estimation.

In this work, we propose a novel method based on pharmacokinetic modeling of the first-
pass binding of tUCA, which requires only one minute acquisition with standard contrast-
specific US imaging. Fitting each pixel TIC to the proposed model enables quantitative 
assessment of angiogenesis at both the microvascular and molecular level by the estimation of 
parameters related to the microvascular architecture and to microbubble binding. The feasibil-
ity of the method for angiogenesis imaging is investigated in 11 prostate tumor-bearing rats by 
performing USMI after injection of BR55.

2. Methods

2.1. Modeling microbubble binding

The total concentration of a targeted contrast agent in a pixel of tissue can be described by a 
bi-compartmental model (figure 1) including one compartment for the freely flowing micro-
bubbles and one for the adherent microbubbles as

( ) ( ) ( )= +C t v C t v C t ,t f f b b (1)

where Cf(t) and Cb(t) are the concentrations of free and bound microbubbles, respectively, 
and vf and vb are the fractional dilution volumes of free and bound microbubbles, respectively.

Assuming the kinetics of free microbubble to be much faster than the binding kinetics, the 
adiabatic approximation is made (Lawrence and Lee 1998), by which the slow event (binding) 
can be considered constant at each integral step, thus allowing for the separate solution of the 
two compartments.

Figure 1. Schematic drawing representing one imaging pixel with the corresponding 
generalized 2-compartment model: targeted bubbles can freely flow within a vessel, 
attach to the endothelial wall where the target biomarker is over-expressed at a rate Kb, 
and detach from the target biomarker at a rate Kub.
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The transport of a bolus of free microbubbles in a blood vessel can be described as a 
convective-dispersion process, whereby the bolus translates in the longitudinal direction due 
to the drag force of the carrier fluid (i.e. blood), and diffuses due to Brownian motion of the 
contrast particles. Simplified in one dimension, this process can be described as

( ) ( ) ( )∂

∂
=
∂

∂
−
∂

∂

C z t

t
D

C z t

z
v

C z t

z

, , ,
,

f f f
2

 (2)

where Cf (z, t) is the free-microbubble concentration at time t and position z, D is the dispersion 
coefficient, and v is the convective velocity. While in large vessels dispersion is mainly deter-
mined by the flow profile, in the microcirculation, dispersion is mainly due to the multipath trajec-
tories of contrast transport across the microvascular bed (Taylor 1953). The combination of these 
phenomena was addressed by Taylor as ‘apparent diffusion’ (Taylor 1953). For these reasons, 
dispersion has been adopted to characterize the microvascular architecture (Kuenen et al 2011, 
Mischi et al 2012).

The modified local density random walk (mLDRW) solution of (2) provides a local char-
acterization of the dispersion of free microbubbles as (Kuenen et al 2011)

( )
( )

( )
( )α

κ
π

=
−

κ µ
−

− −
−C t

t t2
e ,f

t t
t t

0

2
0

2

0 (3)

where α is the time-integral of Cf(t), t0 is the theoretical contrast injection time, μ is the mean 
transit time of the contrast particles between injection and detection sites, and κ is the disper-
sion parameter, given by the local ratio between contrast convection (squared velocity v2) and 
dispersion (dispersion coefficient D).

In case of tUCA, flowing microbubbles may adhere to target molecules expressed on the 
endothelial wall. Under the assumption of negligible unbinding in the first pass of the tUCA 
bolus, the binding kinetics can be described as

( ) ( )∂
∂

=v
C t

t
K C t ,b

b
b f (4)

where Kb is the first-pass binding rate constant. Solving (4) for ⩾t 0, with initial conditions 
( ) ( )= =C C0 0 0b f , leads to

( ) ( ) ( )= Θ ∗v C t K t C t ,b b b f (5)

where ( )Θ t  represents the Heaviside unit-step function, and the symbol ∗ the convolution int-
egral. The adiabatic approximation (i.e. κ�Kb) allows substituting (3) in (1) and (5). The 
first-pass binding (FPB) model can thus be obtained as
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0
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0
2
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0

 (6)
More details on the derivation of (6) can be found in the appendix.

2.2. Tumor model

Rat prostate adenocarcinoma was induced in Copenhagen rats by orthotopic injection of 
G-Dunning R-3327 tumor cells (European cell culture collection—ECACC, Salisbury, 
United Kingdom) under anesthesia (2% isoflurane, Foren Abbott GmbH). The animals were 
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housed according to institutional guidelines and all procedures were approved by the Cantonal 
Veterinary Office of Geneva. The tumor cell suspension (106 cells in 50 microL) was injected 
in one of the ventral lobes of the prostate through a 27G needle. Sixty to ninety days after 
implant ation, tumors measuring approximately 0.1–0.3 cm2 were obtained (figure 2).

2.3. Ultrasound imaging

After anesthetizing the rats by continuous inhalation of 2% isoflurane in air, USMI was per-
formed by a 50 μl intravenous injection of BR55 ( ×1.3 108 microbubbles per kg) through the 
rat tail vein, followed by a 150 μl saline flush. For each rat, a USMI loop was acquired with 
a clinical Siemens Sequoia Scanner (Siemens Medical Solutions, Mountain View, CA, USA) 
equipped with a 15L8 linear probe working at 7 MHz transmit frequency in Cadence contrast 
pulse sequence (CPS) mode, with dynamic range set to 83 dB and focal depth of 25 mm. At 
about 3 min, the gain was increased of 10 dB. Intermittent imaging at MI  =  0.25 was per-
formed for 10 min, with temporal resolution of 1 s for the first 45 s of acquisition, and 15 s 

Figure 2. Parametric maps: (c)–(f ). Examples of Kb, κ, late-enhancement (LE), and 
differential targeted enhancement (dTE) maps, obtained in one rat, overlaid onto the 
contrast-mode baseline frame. The manually-drawn prostate contours are highlighted 
in grey, while the control and tumor ROIs are highlighted in green and red, respectively. 
The corresponding B-mode and contrast-mode images are shown in (a) and (b), 
respectively.

S Turco et alPhys. Med. Biol. 62 (2017) 2449
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afterwards. At about 10 min after injection, a destructive burst was applied by increasing the 
MI to 1.9 for a few seconds. After the application of the high-MI flash, imaging at MI  =  0.25 
was continued for about 2 min to observe the replenishment of free microbubbles.

2.4. Ultrasound quantification

After manually drawing the contours of each rat prostate (figure 2), a linearized time-intensity 
curve (TIC) was extracted at each pixel of the USMI loop within the contours and fitted by the 
FPB model in (6). In accordance with the FPB model assumptions, the fitting interval was lim-
ited to the first minute of acquisition so as to include in the analysis only the tUCA first pass 
(figure 3). A time-efficient solution was used to reduce the computational burden due to the 
convolution integral in (6): the two terms of the integral were first transformed to the Fourier 
domain, multiplied, and finally inverse-transformed back in the time-domain (Turco et  al 
2016b). To cope with the large number of free parameters, the initialization was optimized 
to reduce the risk of converging to a local minimum. First, the wash-in of each TIC was fit to 
the mLDRW model in (3), and the resulting estimates were used as initial guesses for fitting 
to the FPB model. Second, a search-grid was used for the parameter t0; for each t0 in the grid, 
the rest of the parameters were fit all at once by non-linear iterative least squares curve fitting 

Figure 3. Model fit: example of TIC in the tumor ROI (top row) and control ROI (bottom 
row). On the left side, the contrast wash-in (0–1.5 min) is shown with corresponding 
FPB model fit. The total tUCA concentration Ct(t) (solid line) is given by the sum of 
the concentration of free microbubbles Cf (t) (dotted line) and bound microbubbles Cb(t) 
(dashed line). The late enhancement (7–12 min) is shown on the right side, including the 
destructive burst at about 10.5 min.

S Turco et alPhys. Med. Biol. 62 (2017) 2449
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with the trust region reflective algorithm. Third, the free parameters were constrained within 
physiologically sensible values: for the parameter of interest, these were chosen as (0.005;4) 
s−1 and (0.005;15) min−1 for κ and Kb, respectively (Takalkar et al 2004, Zerbe and Gajovic-
Eichelmann 2010, Kuenen et al 2011). Finally, the goodness-of-fit was determined by the 
coefficient of determination R2, and the curves with R2  <  0.75 were discarded from further 
analysis. Parametric maps of κ, related to the microvascular architecture, and of Kb, related 
to microbubble binding, were thus generated to assess cancer angiogenesis. For comparison, 
maps of the late enhancement (LE; gray level (g.l.) for t  =  500 s) and differential targeted 
enhancement (dTE; difference in the average g.l. for 300  <  t  <  600 s and 660  <  t  <  750 s) 
were also obtained from the quantized log-compressed raw data. All the analysis was imple-
mented in MATLAB® (Natick, MA, USA) running on a standard computer.

2.5. Validation

To evaluate the ability of the proposed parameters to detect angiogenesis, a region-of-interest 
(ROI) representing cancer tissue was drawn in each rat prostate, in areas showing both high 
late-enhancement on the contrast images and hypo-echoic appearance on the B-mode images, 
as typically observed in the used tumor model (Tardy et al 2010) (figure 2). For comparison, 
control ROIs were drawn in iso-echoic areas with low late-enhancement. The significance of 
the difference in the parameter values between the tumor and control ROIs was evaluated by 
a two-tailed Wilcoxon–Mann–Whitney test (Moses 2005) with significance level α = 0.01.

Considering LE as the current USMI standard, its agreement with the proposed quanti-
tative parameters (Kb and κ), and the semi-quantitative parameter dTE, was evaluated by 
regression analysis, and by calculation of the correlation coefficient. Bland–Altman analysis 
was also performed by generating scatter plots of the difference between each parameter and 
LE against their mean (Bland and Altman 1986). As explained in Dewitte et al (2002), the 
percent age difference is better suited for Kb and κ, for which the units and orders of magnitude 
are different from those of LE, while for dTE, having same units and order of magnitude as 
LE, the absolute difference is more appropriate.

3. Results

Examples of parametric maps of κ, Kb, LE, and dTE obtained in one rat are shown in figure 2, 
with control and tumor ROIs highlighted in green and red, respectively. The average tumor 
ROI size was 4970 pixels, with minimum of 2630 and maximum of 7285. Given a pixel size 
of 0.0057 cm, this corresponds to an average area of 0.16 cm2.

Figure 3 shows examples of one measured TIC in the tumor and control ROIs, with the 
corresponding FPB model fit obtained within the first minute of acquisition.

Table 1. Difference in the parameter values in the ‘Control’ and ‘Tumor’ ROIs.

Parameter Control Tumor Difference p-value

Kb (min−1) ±0.93 1.2 ±2.25 1.9 ±1.32 0.7 × −1.29 10 03

κ (s−1) ±0.37 0.3 ±0.71 0.5 ±0.33 0.2 × −2.03 10 03

LE (g.l.) ±37.99 15.2 ±83.86 22.3 ±45.86 7.1 × −8.15 10 05

dTE (g.l.) ±2.12 16.3 ±42.54 24.1 ±40.42 7.8 × −1.40 10 04

S Turco et alPhys. Med. Biol. 62 (2017) 2449



2457

The histograms showing the distribution of the parameter values in the ROIs are shown 
in figure 5. The difference between the mean parameter values in the ROI, as evaluated by 
the Wilcoxon–Mann–Whitney test, were significant in all cases (table 1) (p-value � 0.01). 
Figure 4 shows the regression, correlation, and Bland–Altman analysis comparing the param-
eters Kb, κ, and dTE with the LE, taken as the current USMI standard. The obtained correlation 
coefficients and their p-values are summarized in table 2. In all cases, significant correlation 

Figure 4. Regression, correlation, and Bland–Altman analysis: scatter plots of Kb (a.), 
κ (c.), and dTE (e.) versus LE. The regression line and its 95% confidence interval limits 
(± σ1.96 , with σ being the standard deviation) are shown as continuous and dashed  
lines, respectively; the correlation coefficient with p-value are given as text. Bland–
Altman plots of Kb (b.), κ (d.), and dTE (f.) versus LE. The percentage difference 
is calculated as ((A  −  B)/(A  +  B)/2)  ×  100. The mean and  ± σ1.96  are shown as 
continuous and dashed lines, respectively.
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( p-value � 0.01) was found, and the Bland–Altman analysis showed the differences between 
the methods to be within the 95% confidence interval (± ×1.96  standard deviation).

4. Discussion

A new mathematical model describing the kinetics of targeted contrast agents is here proposed. 
The concentration of freely circulating microbubbles is described as a convective dispersion-
process by the mLDRW model, while, assuming negligible unbinding in the first-pass of the 
contrast bolus, the kinetics of bound microbubbles are modelled by a well-mixed, accumulat-
ing compartment. Fitting USMI-derived TICs by the proposed model enables simultaneous 
assessment of angiogenesis at both the microvascular and molecular level by the estimation 

Table 2. Correlation analysis.

Parameter ρ p-value

Kb (min−1) 0.75 × −5.76 10 05

κ (s−1) 0.69 × −3.53 10 04

dTE (g.l.) 0.91 × −3.36 10 09

Figure 5. Histograms: plots showing the histograms of the parameters values in the 
tumor (filled red bars) and control (empty green bars) ROIs.
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of the dispersion parameter κ, related to the microvascular architecture, and of the binding 
parameter Kb, characterizing microbubble binding.

In the model derivation, the adiabatic approximation is implicitly made (Lawrence and Lee 
1998), based on the different time-scales of free contrast transport and microbubble binding. 
By this approximation, the slow event (binding) can be considered constant while the fast 
event (convection-dispersion) occurs. The validity of this approximation is sustained by our 
results, showing time scales in the order of seconds for dispersion (Kuenen et al 2011), and in 
the order of minutes for binding (Takalkar et al 2004, Zerbe and Gajovic-Eichelmann 2010).

The assumption of negligible unbinding in the first-pass of the contrast bolus is motivated 
by the description of bubble binding as driven by concentration gradients: during contrast 
wash-in, the concentration of free microbubbles is maximum, while the bound bubble concen-
tration gradually raises from zero, thus the concentration gradient drives towards microbub-
ble binding; during contrast washout, although the concentration gradient will be eventually 
reversed, the formation of tight bonds with the target biomarker prevents microbubble detach-
ment in the short term, also in high flow areas (Takalkar et  al 2004). This, together with 
the slow time-scale of (un)binding, allows to disregard unbinding during the first-pass of the 
contrast bolus.

The large number of free parameters present in the model makes parameter estimation 
rather challenging. In response, attention was paid to the initialization stage and to the design 
of the fitting algorithm in order to reduce the risk of incurring in local minima. In future work, 
model identifiability and parameter sensitivity analysis should be performed to evaluate the 
reliability of the estimated parameters, and to gain better understanding on which parameters 
are more critical. The accuracy, precision, and repeatability of parameter estimation could also 
be investigated by simulations (Turco et al 2016b).

Vascular features of cancer angiogenesis are highlighted by the estimation of the disper-
sion parameter /κ = v D2 . Dispersion in the microcirculation, as described by Taylor for trans-
port in porous media (Taylor 1953), is mainly influenced by the multipath trajectories of the 
contrast transport accross the microvascular bed. Although experimental proof of the link 
between contrast dispersion and underlying vascular architecture is still lacking, dispersion 
quantification with DCE-US and DCE-MRI has shown promising in the clinical context for 
detection of prostate cancer (Kuenen et al 2011, Mischi et al 2012, 2014, van Sloun et al 
2017). According to these studies, the presence of cancer correlates well with lower dispersion 
coefficient. This can be due to the increased tortuousity, typically exhibited by cancer angio-
genic vessels, which may constrain the contrast agent transport in space, thus leading to lower 
dispersion. This is also suggested by our results, showing higher values of κ, hence lower 
dispersion, in areas of high biomarker expression, possibly indicating active angiogenesis.

At the molecular level, the proposed method provides quantitative assessment of cancer 
angiogenesis by the estimation of the binding rate Kb. Several studies have shown the number 
of attached microbubbles to correlate well with the level of biomarker expression, evaluated 
ex vivo by immunohistological analysis (Tardy et al 2010, Wang et al 2015). Although the 
proposed method evaluates the binding kinetics of targeted microbubbles only during the con-
trast agent first-pass, possibly influenced by initial non-selective binding, and disregarding 
any binding occurring during contrast recirculation, the binding rate Kb is still expected to be 
proportional to the overall biomarker expression level, and thus represents a good candidate 
for quantitative assessment of cancer angiogenesis at the molecular level.

Although highlighting different feature of cancer angiogenesis, κ and Kb both showed 
similarities with current USMI methods (LE, dTE): as observed in figure 2, the parametric 
maps show higher values approximately in the same areas for all parameters. Significant cor-
relation (p-value �0.01) was found between the proposed parameters and LE, taken as the 
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reference USMI measurement (figure 4, table 2). The agreement between the methods was 
also confirmed by the Bland–Altman plots, showing no particular trends in the distribution 
of the differences over the means, with values contained within the 95% confidence interval 
(± ×1.96  standard deviation). However, although all the methods provided significantly dif-
ferent values between the tumor and control ROIs (p-value�0.01), the proposed quantitative 
parameters κ and Kb showed lower accuracy in discriminating tumor from control, which can 
be observed from the histograms in figure 5, and it is also confirmed by the higher p-values 
of the Wilcoxon–Mann–Whitney test evaluating the differences of the parameters in the two 
ROIs (table 1). This suggests that further optimization is needed in order to reach sufficient 
accuracy for pre-clinical and clinical imaging.

Due to the lack of immunohistological analysis of excised tumors, in this study, the pro-
posed method was evaluated only by comparison with other USMI methods. As a consequence, 
the results are inherently biased towards LE, which was used as the reference to draw the 
ROIs and to evaluate the agreement between methods, and also partially towards dTE, which is 
dependent on LE. This may influence the results of the Wilcoxon–Mann–Whitney test, show-
ing lower p-values for LE and dTE, and it may also play a role in the higher correlation found 
between dTE and LE. The bias towards LE can be even more critical for κ, which, differently 
from the other parameters, all related to binding, highlights microvascular features of cancer 
angiogenesis. Further validation against immunohistological quantification of angiogenesis, 
by, e.g. measurement of biomarker expression level and microvascular density, is thus neces-
sary in future work to overcome this limitation and possibly confirm the promising role of 
the proposed method in the context of angiogenesis imaging and anti-angiogenesis therapy 
monitoring.

Compared to 10–30 min currently required for USMI examinations, the proposed method 
allows reducing the acquisition time down to 1 min. Provided that sufficient clinical accuracy 
is achieved, this may facilitate the translation of USMI in clinical practice by providing a 
more time-efficient solution which may improve hospital work-flow. Moreover, here we have 
shown that conventional USMI provides sufficient sensitivity without the need for the applica-
tion of ARF pulses, typically used to enhance targeted bubble adhesion. The proposed model, 
however, should also hold in case ARF is used, since the assumption of negligible unbind-
ing would still be valid, and the increased bubble binding due to ARF would be reflected in 
higher values of Kb. In future work, the performance of the proposed method with and without 
the application of ARF could be compared to provide more insight on the model’s range of 
applicability.

Finally, although the proposed model was tested for imaging of cancer angiogenesis, its 
validity is general and it could be applied to other processes where microbubble retention 
occurs, provided that the adiabatic approximation is still applicable and the assumption of 
negligible unbinding still holds. Therefore, extension of the proposed method for detection 
of inflammation, atherosclerotic plaque formation, and thrombi could be envisaged in the 
future.

5. Conclusions

This study presented a novel method for quantitative USMI of cancer angiogenesis based on 
mathematical modeling of the first-pass binding kinetics of targeted contrast agent. The pro-
posed method was tested in 11 prostate-tumor bearing rats injected with BR55, showing good 
agreement with current USMI methods, with advantages of reduced acquisition time, quanti-
tative analysis, and no need for the application of high pressure ultrasound destructive burst.
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Further optimization, and more extensive pre-clinical and clinical validation against immu-
nohistolocical quantification of biomarker expression are needed to confirm the promising 
role of the binding parameter Kb and dispersion parameter κ in the context of angiogenesis 
imaging and anti-angiogenic therapy monitoring, and possibly pave the way towards clinical 
translation of quantitative USMI.
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Appendix

A linear, time-invariant, dynamical system can be described by the input–output state 
equation as

( ) ( ) ( )
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with ( )tx  the state vector, ( )tu  the input vector, ( )ty  the output (measurement) vector, and A, B, 
and C, matrices of suitable dimension. The trasnfer function H(s) of the system in (A.1) can 
be calculated in the Laplace-domain as

( ) ( )
( )

[ ]= = − −H s
Y s

X s
sC I A B.1 (A.2)

where s is the complex Laplace variable, Y(s) and X(s) are the Laplace transforms of y(t) and 
x(t), respectively, and I is the identity matrix. Given H(s), the system output for any input u(t) 
is given by

( ) ( ) ( ) ⟺ ( ) ( ) ( )= = ∗Y s H s U s y t h t u t , (A.3)

where h(t) is the impulse response of the system in (A.1), given by the Laplace inverse trans-
form of H(s), and ∗ represents the convolution integral.

The kinetics of a targeted contrast agent can be described in the input–output state equa-
tion form by a generalized 2-compartment binding model (figure 1) as
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where Ct(t), Cf (t), and Cb(t) are the total, free, and bound microbubble concentrations, respec-
tively; vf and vb are the fractional volumes of free and bound microbubbles, respectively; F is 
the blood flow; Ci(t) is the input concentration of microbubbles entering the system; Kb and 
Kub are the rates of binding and unbinding, respectively.

Based on the different time scales of free and bound microbubble kinetics, the adiabatic 
approximation can be made, which allows for separate analysis of the two compartments in 
(A.4). By this approximation, and using (A.2), the transfer function Hf (s) of the free micro-
bubble compartment can be calculated from its input–output state equation as
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which, by assuming high flow ( →∞F ), can be simplified to

( ) ⟺ ( ) ( )δ= =H s v h t v t .f f f f (A.6)

where ( )δ t  is the Dirac delta function. The output of the free microbubble compartment is thus 
given by

( ) ( ) ( ) ( ) ( ) ( ) ( )δ= = ∗ = ∗ =y t v C t h t C t v t C t v C t .f f f f i f i f i (A.7)

from which we obtain ( ) ( )=C t C ti f .
By the assumption of negligible unbinding (Kub  =  0), and taking Cf(t) as the input concen-

tration, the transfer function Hb(s) of the bound microbubble compartment can be calculated 
from its input–output state equation as
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from which the impulse response hb(t) of the bound microbubble compartment can be calcu-
lated as

( ) ⟺ ( ) ( )= = ΘH s
K

s
h t K t ,b

b
b b (A.9)

with ( )Θ t  representing the Heaviside unit step function. The output of the free microbubble 
compartment is thus given by

( ) ( ) ( ) ( ) ( ) ( )= = ∗ = Θ ∗y t v C t h t C t K t C t .b b b b f b f (A.10)

The total output can finally be calculated as

( ) ( ) ( ) ( ) ( ) ( )= + = + = + Θ ∗C t y y v C t v C t v C t K t C t .t f b f f b b f f b f (A.11)
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