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ABSTRACT 

Dynamic contrast enhanced MRI combined with 

Pharmacokinetic (PK) modeling of prostate tissue provides 

information about its microenvironment and vascular 

permeability. A fundamental step in PK analysis is 

measuring the intravascular contrast agent concentration or 

the arterial input function (AIF).  

In this study a method is introduced to calculate the 

intravascular concentration in the prostate tissue using an 

adaptive complex independent components analysis 

(ACICA) method and to correct this curve for the early 

phases of the passage of the contrast agent through tumor 

vasculature. The results are applied to DCE-MR images of 

the prostate of a 70 year old prostate cancer patient and the 

calculated        map is examined using tumor location 

defined by multi-parametric MRI. The results show that 

there is a high        value in the region in the peripheral 

zone of the prostate that was hypo-intense in both apparent 

diffusion coefficient map and T2-weighted MRI. Moreover 

the results are compared with the parameters derived using a 

large artery and also corrected artery as the intravascular 

concentration curve.  
 

Index Terms— Prostate cancer, Pharmacokinetic 

modeling, intravascular concentration, independent 

component analysis (ICA), Adaptive complex ICA.  
 

1. INTRODUCTION 

Prostate cancer accounts for 14% of the total new cancer 

cases worldwide. It is the sixth cause of cancer death 

leading to 6% of total cancer deaths in males [1]. Prostate 

cancer diagnosis process begins with prostate-specific 

antigen (PSA) testing followed by digital rectal 

examination. There is no reliable non-invasive method to 

differentiate benign and malignant tumors and thus most 

patients are treated with radical treatment methods [2]. 

Dynamic contrast enhanced MRI (DCE-MRI) is a non-

invasive imaging technique that has the potential to provide 

information about tumor microenvironment and 

angiogenesis. DCE-MRI combined with pharmacokinetic 

models which were developed in the early 1990s enable the 

estimation of blood perfusion and capillary permeability.  

Accurate measurement of the pharmacokinetic (PK) model 

parameters, however, is currently limited to the research 

environment as it requires DCE-MRI data with high 

temporal resolution which is not yet clinically practical [3]. 

A fundamental step in PK modeling is measuring the 

intravascular contrast agent concentration or arterial input 

function (AIF) which describes the passage of a bolus of 

contrast agent through the vasculature and is used as an 

input to the PK model. Measuring such a signal in the 

prostate area is extremely difficult and thus it is usually 

approximated from a major artery adjacent to the tumor [4], 

a standard AIF [5], population averaged AIF [6], etc.  

In a previous study we proposed a method based on an 

adaptive complex independent components analysis 

(ACICA) method to calculate the intravascular 

concentration in the tissue of interest [7-9]. This method 

provided a good estimate to the intravascular signal both 

temporally and spatially. However due to the partial volume 

effect, high contrast concentration and the low temporal 

resolution of the images it was unable to recover the true 

amplitude of the concentration curve in the early phases of 

the bolus passage which affects the PK parameters. 

Fan et al. [10] proposed a reference region based method to 

correct AIF for its underestimation of the early phases. 

However his method required knowledge of the contrast 

agent in an artery, which is not usually available in PK 

analysis. It also required optimizing for the time lag between 

the arrival of bolus in the region that the correction was 

performed and the tissue of interest. In this study we correct 

the intravascular concentration curve calculated with the 

ACICA using the reference region-based method [10] and 

apply it to DCE-MR images of the prostate tissue. Our 

procedure does not require knowledge of the contrast uptake 

in an artery outside the tumor, and since it is being 

performed in the prostate tissue, does not require 

optimization for the time lag of intravascular curve and the 

tumor tissue. The PK parameters will be studied in 3 

different cases: using the a) concentration in an artery b) 

corrected artery curve and c) corrected ACICA-based curve. 
 

2. METHODS 

2.1. Adaptive Complex Independent component analysis 

Independent component analysis (ICA) is a statistical signal 

processing method that tries to identify the underlying 

features,  , of an observed time series signal,   such that 

    , where columns of   are assumed to be independent 
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and   is the mixing matrix. ICA algorithms try to find an 

unmixing matrix   such that      where columns of   

and   are different only in scaling and permutation [11].  

We developed and validated an adaptive complex ICA 

(ACICA) technique to calculate the intravascular contrast 

agent concentration in the tissue of interest [7-9]. The major 

assumption in this method was the spatial independence of 

the intravascular and extravascular MR signals. It also 

assumed that the distribution of the real and imaginary parts 

of the MRI signal can be approximated with a linear 

combination of a number of (usually 3 to 5) generalized 

Gaussian distributions [8-9] which is given as follows: 
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where  ( ) is the Gamma function. The ACICA method 

first calculates the two model parameters (   ) of the 

intravascular signal through an expectation maximization 

framework at each iteration of the ICA process. It then uses 

this probability density function to derive the non-linearity 

in ICA algorithm. Finally the non-linearity is used in the 

fixed point update rule of complex ICA given as [8, 9, 12]:  
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where  ( ) is the nonlinearity function and is derived as: 
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,   is the expectation operator,           are 

the first and second derivatives and the complex conjugate 

of   respectively,    is a column of unmixing matrix   at 

iteration  , and   
  is Hermitian transform of   . 

 

2.2. Pharmacokinetic modeling 

The two compartmental extended Tofts model [13] which is 

comprised of the blood plasma and extravascular 

extracellular space (EES) compartments was used to analyze 

the DCE-MRI data and calculate the       ,    and    

parameters for every voxel in the prostate. The equations 

describing the contrast concentration in compartments are: 
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where    is the concentration of the contrast agent in the 

tumor tissue,    is the concentration in the EES,    is the 

intravascular contrast concentration also called AIF,        

is the volume transfer coefficient,    is the EES per unit 

volume of tissue,    is the plasma volume fraction and   is 

the time lag between blood arriving in the tumor tissue and 

where the intravascular concentration is being measured or 

approximated. The time lag is zero for the ACICA-based 

intravascular concentration but is non-zero for the curve 

approximated from an artery and has to be optimized. 
 

2.3. Reference region-based AIF correction 

The intravascular concentration curve was corrected by 

adapting the reference region (RR)-based method introduced 

by Fan et al. [10] to our problem. An area of the prostate 

that showed very little perfusion was selected using the 

complex ICA results. This region was selected using the 

independent component (IC) image that corresponds to the 

intravascular signal. Then, contrast concentration over time 

was obtained in this region (  ). The slope of    was close 

to zero at times greater than 5min. Thus, it was assumed that 

after this time, the EES and intravascular concentrations 

were close to equilibrium. The    of this region was 

calculated as follows [10]:    
  ( )

  ( )
              where 

   is the intravascular concentration calculated by ACICA 

(without correction). The value of        for the reference 

region was then calculated by fitting equation 3 to the    

and    for times greater than the peak of   . Once        

and    were calculated, the corrected intravascular 

concentration curve was calculated using equation 4 [10]: 
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2.4. Clinical Study 

A 70 year old patient with high PSA and biopsy proven 

prostate cancer (Gleason score 6), underwent multi-

parametric MR imaging including T2-weighted imaging, 

diffusion weighted imaging (DWI, b-value 100/400/1000 

s/mm
2
) and DCE-MRI with a 3T MRI Philips unit. The 

contrast agent, Magnevist (Gd-DTPA) was injected 

intravenously with a rate of 4mMol/Kg.  

Dynamic contrast-enhanced MR imaging was performed 

using 3D spoiled gradient echo (SPGR) acquisition with 

TR/TE=3.9/1.8ms, Flip Angle=8
o
, Nx/Ny/NEX=128/128/2, 

FOV=20cm, Slice Thickness=3.5mm, where 75 images with 

a temporal resolution of 4.85s were acquired over 6 minutes. 

A sample frame of the DCE-MRI of prostate (the slice 

where the tumor is located) is shown in figure 1 along with 

its T2-weighted image and apparent diffusion coefficient 

(ADC) map generated using the diffusion weighted images. 

 

Figure 1. a) Full field of view of the DCE-MR images. This image 

shows the prostate region (yellow box) and an artery that is used 

in the analysis (arrow). b) The prostate in the DCE-MR image. c) 

The T2-weighted image, and d) the ADC map of the prostate.    
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3. RESULTS 

3.1. AIF measurement 

The complex DCE-MRI data was fed to the ACICA 

algorithm and the intravascular component was calculated 

(figure 2). This intravascular signal is then converted to 

contrast concentration to obtain the AIF for PK analysis.  

The intravascular concentration curve that was calculated 

using ACICA method was then corrected for early phases of 

the passage of the bolus using the introduced RR-based 

correction method (shown in figure 2a). The ROI that was 

used for correction is shown in figure 2b. As can be seen 

from the intravascular image (figure 2c) this ROI has little 

perfusion and thus is suitable for correction. For comparison 

AIF in a major artery (arrow in figure 1) was also measured 

and was corrected using the RR-based method (figure 2a). 
 

 
Figure 2. a) The intravascular concentration curve calculated using 

ACICA before and after correction as well as the curves measured 

in the artery shown in figure 1 before and after correction. The 

time lag between the bolus arrival in the artery and prostate is 

corrected for in the artery curves to enable comparison. b) A 

sample DCE-MR image where the low perfusion ROI used for 

correction is shown (ellipse) and c) the intravascular IC image 

overlaid on the T2-weighted image of the prostate, corresponding 

to the intravascular curve of ACICA. 

 

3.2. Pharmacokinetic Analysis 

The modified Tofts model was used to perform PK analysis 

where the PK parameters,       ,   and   , were calculated 

for every voxel. The PK analysis was performed in three 

cases: using the a) corrected intravascular curve from 

ACICA, b) AIF from the artery, and c) corrected artery AIF. 

Figure 3 shows       ,    and    maps calculated for the 

first case. These maps are overlaid on the T2-wieghted 

image. The ADC map and the T2-weighted image of the 

prostate are also shown in this figure. These images show 

that there is a hypo-intense area in the peripheral zone (PZ) 

of the prostate in both T2-weighted image and ADC map. 

Such a region is suspicious and could correspond to tumor 

in the prostate. The        map of the prostate also shows 

high        values in the same region. Further examinations 

such as biopsy were required to verify whether this region 

corresponded to a tumor. Follow up studies confirmed 

prostate cancer with Gleason score 6. A similar process was 

performed using the AIF curves measured in the artery both 

with and without correction and their        maps are 

shown in figure 4. 
 

 

Figure 3. a) The T2-weighted image of the prostate showing the 

hypo-intense region in the peripheral zone of the prostate (arrow). 

b) The ADC map of the prostate showing hypo-intense voxels in 

the same region as T2-weighted image (arrow). c) A sample DCE-

MRI image of the prostate. d) The       map calculated for the 

prostate overlaid on the T2-weighted image. The map was 

calculated using the corrected intravascular concentration curve 

derived from ACICA. The map shows high        values in the 

same anatomical region as the hypo-intense region in a and b 

(arrow). e) The    and f) the    map overlaid on the T2-weighted 

image, calculated using the corrected ACICA concentration curve. 

 

4. DISCUSSIONS 

Pharmacokinetic modeling of tumors provides information 

about the tumor permeability and blood volume. Such 

parameters have been shown to be related to prognostic 

factors. A novel technique was introduced to calculate and 

correct the intravascular contrast concentration in the 

prostate area with no requirement for prior information 

about the PK parameters of the normal tissue or information 

about contrast uptake in a blood vessel. 

As can be seen in figure 2, the concentration curve 

calculated by ACICA underestimated the uptake in the early 

phases of the bolus passage through the prostate vasculature. 

This could be due to high partial volume effect and also 
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saturation of the signal that is being measured. Moreover the 

contrast uptake in an artery is unable to measure the contrast 

concentration in the early phases (it underestimates the 

peak) and fails to capture the profile of the intravascular 

curve (its shape is different from that of the prostate). Thus 

correction is necessary to calculate accurate PK parameters.  
 

 
Figure 4. The        map overlaid on a sample DCE-MR image of 

the prostate calculated using a) the AIF measured from the artery 

and b) the corrected AIF of the artery. 
 

Figure 2a shows that the correction, results in similar curves 

for both ACICA results and the concentration measured in 

an artery. However in many other tumors a large artery to be 

used in the correction method does not exist and thus some 

approximations have to be made. Moreover, using contrast 

uptake in an artery requires finding the time lag between the 

contrast agent arrival in the artery and its arrival in the tissue 

of interest. This additional parameter makes the system of 

equations more complex, difficult to solve and prone to 

error. Our proposed method has the potential to overcome 

these shortcomings by calculating the contrast concentration 

in the tissue of interest using the ACICA algorithm. 

Multi-parametric MR imaging can be used to define the 

prostate tumor location. The performance of our method 

was also examined using multi-parametric MR images. 

Figure 3 shows the ADC map and T2-weighted image of the 

prostate. In both of these images there exists a hypo-intense 

area in the peripheral zone of the prostate which could 

correspond to a tumor. Follow up studies confirmed 

presence of a tumor. The        map of the corrected 

intravascular concentration, measured using ACICA (figure-

3d), shows high values in the same region confirming the 

results of Multi-parametric MRI analysis. 

Figure 4 shows the        maps that resulted from applying 

the PK analysis using the corrected and uncorrected AIF 

curves measured in an artery. The results of corrected curve 

are very similar to the ones obtained by our method. 

However the results of applying the artery AIF without 

correction resulted in high        values in several regions 

of the prostate and thus had a large number of false 

positives. These results show that correction is required for 

PK analysis and that calculating intravascular concentration 

using ACICA can provide good PK parameters. It also 

simplifies the analysis by removing the parameter associated 

with the time lag in bolus arrival. 
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