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INTRODUCTION 

For as long as it has been available to radiologists, MRI has always represented a 

mainstay in diagnostic imaging, not only for its non-invasiveness, but also for its 

extraordinary flexibility and versatility. From imaging pathology, it has moved 

steadily towards imaging pathophysiology, opening therefore new frontiers in the 

monitoring and prediction of treatment response in various diseases such as 

cancer, and inflammatory disease. Here MRI does not rely on rather coarse 

measures such as tumour diameter but on changes in tumour architecture such as 

tumour blood supply. 

In order to grow beyond a few hundreds micrometres, tumours require adequate 

oxygen and nutrient supply, as well as the removal of waste product. To achieve 

these requirements, tumours create their blood supply by developing a system of 

newly formed, functionally abnormal vascular networks in a process called 

angiogenesis (or neoangiogenesis) [1-3].  

Targeting angiogenesis represents a recent strategy in the development of anti 

cancer therapies, and in the last decade two new major classes of anti cancer 

drugs have been introduced: antivascular or vascular disrupting agents (acting on 

the vascular endothelium, resulting in the collapse of the tumour vasculature, e.g 

combretastatin) [4], and anti-angiogenic agents (preventing the process of 

angiogenesis, e.g. vatalanib and bevacizumab) [5].  

These two classes of drugs target the signal pathways responsible for the growth 

of the new blood vessels or the factors required for the survival and structural 

integrity of the immature endothelium.  More than a dozen endogenous proteins 

have been identified that act as positive regulators or activators of angiogenesis. 

These include, among others, the cytokine (signal protein) VEGF (vascular 

endothelial growth factor) and TNF (Tumour Necrosis Factor) -α.  

Angiogenesis is a critical process not only in cancer, but also in inflammatory 

disorders. It is also present in rheumatoid arthritis where VEGF is released in 

response to TNF-α, increasing endothelial permeability and swelling, and 

stimulating angiogenesis. Angiogenesis, increased leakiness and cytokine 

expression is known to occur also in Crohn’s disease [6, 7]. The enhancement in 

angiogenesis in Crohn’s disease highlights neovascularisation as a major 

contributor to the initiation and perpetuation of chronic intestinal inflammation [8]. 

Antivascular and antiangiogenic agents reduce tumour growth (or prevent 

metastases) [1] through primarily cytostatic modes of action, such as selectively 
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inhibiting membrane receptors, cell cycle regulators or other signalling pathways. 

Since these agents affect the tissue physiology long before they result in a 

morphological change (volume, shape) of the targeted lesion, conventional imaging 

endpoints based on reduction of tumour size are inadequate for evaluating clinical 

response.  

The ability of an imaging technique to highlight physiological changes when no 

anatomical changes have occurred has therefore become more and more 

important since the introduction of these new drugs, and in this framework Dynamic 

Contrast Enhanced (DCE) MRI has assumed an important role. 

 

DCE-MRI 

Dynamic Contrast Enhanced magnetic resonance imaging (DCE-MRI) is an 

important imaging technique that can be used in radiology as an additional tool in 

the diagnosis and staging of cancer. It is repeatable, does not involve ionising 

radiation, has an excellent spatial resolution and can be performed on clinical MR 

scanners with standard specifications. DCE-MRI consists of a series of fast MRI 

scans that are acquired for a time typically varying between 3 to 10 minutes while a 

contrast agent is injected intravenously. The time-dependent signal intensity or 

Time Intensity Curve (TIC) in the tissues changes due to the inflow of the contrast 

agent, and this change is recorded and further analysed to provide several 

parameters useful for the diagnosis. Because of its relatively simple 

implementation, DCE-MRI can be applied both in the daily clinical routine and in 

research settings. The additional value of this technique with respect to 

conventional static MR imaging sequences lies in its ability to identify changes in 

the tissue physiology. 

The idea of measuring physiological tissue properties by measuring the temporal 

change of the concentration of an injected exogenous contrast agent is not recent. 

In 1948 Kety proposed a pharmacokinetic model [9], the first of its kind, in which he 

showed that it was possible to understand the exchange process of a contrast 

agent between blood and tissue by repetitively measuring the contrast agent 

concentration (in that context, an inert gas) in blood samples. In the 70s and 80s 

the advent of imaging techniques such as computed tomography (CT) and MRI has 

allowed the localised measurement of contrast agent concentration, therefore 

broadening the scope of the technique, as well as its accuracy. This has prompted 

the development of new dynamic contrast enhanced techniques, adapted to the 
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particular imaging modality, such as CT, PET (Positron Emission Tomography) and 

MRI. With the introduction of MRI, and especially since fast MRI based imaging 

strategies became available in the late 80s, dynamic contrast enhanced MR 

imaging has gained wider application in radiology.  

The value of DCE-MRI in the diagnosis of cancer and inflammatory diseases 

derives from its sensitivity to changes in vessel permeability.  

A characteristic of the newly formed vessels in angiogenesis is their abnormally 

high wall permeability, which results in the easier access of macromolecules to the 

extravascular space (extravasation). In regions where angiogenesis occurs, the 

increased leakage rate of medium-sized molecules outside the capillary walls can 

be seen with imaging techniques that make use of contrast media of the 

appropriate size, such as those  used  in DCE-MRI (Gd  chelates, i.e. Gd
3+

 

“encapsulated” in a cage, size < 1 KDalton). In the case of increased permeability, 

the contrast medium exits the vascular space at an increased rate, quickly filling 

the extravascular space and resulting in fast signal enhancement. It also reaches 

saturation of the extra vascular space earlier than in normal tissue, resulting in the 

contrast agent quickly leaving this compartment. The presence of abnormal 

permeability is therefore indicated by fast enhancing, quickly washing out TICs.  

 

DCE-MRI analysis 

In contrast to other MRI sequences, images generated by DCE-MRI are not 

immediately processed and displayed. The 4-dimensional data (3D image repeated 

in time) need to be post-processed to produce parametric images.  

Another way of looking at data generated by DCE-MRI is to select a region of 

interest (ROI) in the lesion and observe how the average signal intensity of the ROI 

varies in time. Radiologists search for “abnormal” TICs, i.e. TICs that present a 

quick rise in signal, followed by an early signal decrease. This approach, though 

operator dependent, is widely used in routine clinical practice and it is today an 

established method in breast cancer diagnosis (three point measurement) [10].   

Radiologists have observed and classified a number of enhancement types in 

various pathologies (Figure 1), and this classification is often used nowadays in 

clinical research studies. This straightforward approach, sometimes described as 

heuristic (i.e. obtained by exploration of possibilities, rather then by following set 

rules) lacks precision and is not a quantitative measure of physiological properties.  



CHAPTER 1                                                                      Introduction 

 15

Figure 1: TIC enhancement types, from van Rijswijk et al. [11] 

 

In the early 90s, three researchers [12, 13, 14] independently developed a 

modification of Kety’s pharmacokinetic model, adapted to the small low-molecular 

weight paramagnetic Gd-chelate based contrast agents used in MRI, to produce 

the first DCE-MRI based pharmacokinetic models. These models were later shown 

to fall under the same umbrella known as “Tofts generalised model”. 

Briefly, the model is a mathematical simplification of the structure of the tissue, 

which is divided into two main interfaced spaces: the plasma volume, through 

which the contrast agent is carried, and the extravascular extracellular space, 

where the contrast agent diffuses into (MRI contrast media cannot penetrate the 

cell). The rate at which the contrast agent crosses the capillary membrane, the 

plasma volume and the volume in the extravascular extracellular space determines 

the signal pattern of the DCE-MRI measured data. The application of the 

theoretical pharmacokinetic model to the DCE-MRI data (through parameter fitting) 

permits the extraction of physiologically relevant quantities that reflect intrinsic 

properties of the tissue, such as vascular permeability, blood flow, extracellular 

extravascular and vascular volume. The main difference with the original Kety 

model lies in the fact that MR contrast agents are not freely diffusible (Kety used 

gaseous tracers), and that MRI does not measure the contrast medium itself, but 

the indirect effect of the contrast medium on the magnetic state of the many 

hydrogen atoms in the direct neighbourhood, hereby amplifying the effect of each 

molecule of contrast agent [15]. This approach, known in the literature with different 

names such as model-based approach, quantitative or pharmacokinetic model 

analysis, is acknowledged to produce the best DCE-MRI endpoint for measuring 

changes of intrinsic tissue properties in disease [15].  

DCE-MRI is therefore considered a suitable candidate to become a biomarker of 

drug efficacy, and has gained in popularity. It is now used as a marker of the 

expression of VEGF, but also the effect of anti-TNF agents, currently used in the 

therapy of rheumatoid arthritis [16] and Crohn’s disease [17].  
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However, despite the proven advantages, pharmacokinetic modelling, even 20 

years after its introduction, is still only applied in research settings, and is not yet 

used in the broader clinical routine. The accuracy and rigour of the method come at 

a price, and a number of unsolved issues limit its application in daily practice: 

among others these include the difficulty of correctly obtaining all the data needed 

for the modelling. For a correct implementation of the model, the absolute contrast 

agent concentrations must first be calculated from the MR signal, requiring the – 

non-straightforward – calculation of the native tissue relaxation time T1 (an intrinsic 

property of the nuclear spins). The choice of the arterial input function or AIF, (i.e. 

the function describing the time-dependent concentration of the contrast agent in 

the capillaries feeding the tissue described by the model) is pivotal along with a 

number of other parameters used in the model. These are however very difficult to 

accurately measure, and sometimes they are not measurable at all. Furthermore, 

several pharmacokinetic models exist, and in different flavours; the model which 

should be applied to a certain patient or patient population can be more or less 

complex, depending on the pathology, way of delivery of the contrast agent and 

dosage, and there is no agreement yet on which model is the most suited in the 

various pathologies. Some models pose some quite stringent requirements on the 

quality of the data, in terms of sampling rate and Signal to Noise Ratio (SNR), 

which can severely limit the robustness of the (non linear) fitting process. Most 

importantly, though Tofts’ model has been largely used, its ability to correctly 

describe low molecular weight contrast kinetics in most tumours has been 

questioned [18, 19]. In addition to being technically too demanding, the 

pharmacokinetic model was shown to be not as robust as the semi-quantitative 

methods [20]. 

Alternative ways are therefore still being sought. Whereas a lot of effort is put into 

improving the pharmacokinetic models, or the way the data are acquired and 

analysed, others focus on semi-quantitative models. Some authors have taken a 

step back and re-evaluated the simple, heuristic, straightforward, by-eye analysis 

of the TICs. The simple approach of looking at the shape of the original TIC has 

some obvious advantages, which make this method of analysis worth further 

investigation. It is easily understood, it is robust, and it can be applied in the daily 

clinical routine. The cumbersome pharmacokinetic modelling has not reached this 

level yet. 
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AIM 

The main line of this thesis is about a new approach to the simple look-at-the-TIC 

method: instead of individually looking at averaged TICs, these are analysed in a 

pixel-by-pixel fashion, i.e. in every single voxel acquired by the DCE-MRI scan 

sequence. This method is proposed to overcome the intrinsic insensitivity to spatial 

heterogeneity of the ROI-based analysis: because large lesions, whether 

cancerous or inflammatory, are not homogeneous, sampling and averaging signal 

from the ROIs to look at the dynamic course of the TIC misses important 

characteristics of the lesion. One of the aims of this thesis was to determine if 

introducing this spatial dimension would effectively improve the robustness of the 

heuristic analysis. 

A second aim was to introduce the method in the daily clinical routine, to see how 

radiologists received the new method. This was achieved by rendering the TIC 

shapes, automatically calculated in each voxel in the field of view, in colour coded 

maps which can be easily read by a radiologist and by creating a Graphical User 

Interface (GUI) where the classification algorithm was implementd, so that it was 

made available to radiologists and researchers. 

The third aim was to apply the pixel-by-pixel TIC analysis in clinical research 

studies. We investigated wether the TIC was able to differentiate diseased from 

healthy tissue, and if it was sensitive to the effect of antiangiogenic or anti-TNF 

drugs. 

The last, not less important aim was to investigate the relation between the 

parameters created by the pixel-by-pixel TIC shape analysis and the parameters of 

other methods such as the semi-quantitative analysis and the traditional reference 

standard, i.e. the Tofts pharmacokinetic model based analysis. 

 

OUTLINE OF THE THESIS: 

In chapter 2, a novel approach to the analysis of DCE-MRI data is presented 

where the classification of lesions in terms of shape of the Time Intensity Curve is 

performed in a pixel-by-pixel fashion. For this purpose an algorithm was developed 

that automatically detects the shape of the TIC and renders them in colour coded 

images, giving the radiologist a bird’s eye view of the behaviour of the TIC in the 

lesion. This algorithm is initially applied to a range of patients with arthritis, soft 

tissue sarcomas, osteosarcomas, and chondrosarcomas. 
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In chapter 3, an overview is given of the application of the pixel-by-pixel TIC shape 

analysis method in patients with chondrosarcoma. We investigate how the different 

shape types are distributed in this pathology, and look for the heterogeneity of the 

pathology in terms of TIC shape. Furthermore, the relationship between the TIC 

shape analysis and the semi-quantitative parameters ME (Maximum 

Enhancement) and ISI (Initial Slope of Increase) is investigated. 

In chapter 4, an application of the TIC shape analysis is presented in a study 

investigating fistulising Crohn’s disease. In this work we looked at how the relative 

amounts of each shape type can be related to disease activity. 

In chapter 5, the pixel-by-pixel TIC shape analysis is applied to rheumatoid arthritis 

in a feasibility study. A small cohort of patients with active disease is compared 

with matched healthy controls, and the capability of the TIC-shape analysis is 

tested for its ability to discriminate disease activity. 

As we were interested in the correlation between the TIC Shape analysis technique 

and Tofts’ pharmacokinetic model, a preliminary study was performed to make sure 

that we could provide the best quality pharmacokinetic modelling from our data.  In 

particular, we focussed on the Arterial Input Function, a key element of Tofts’ 

model and today still an object of investigation, and on how to improve its 

calculation in the data obtained in our study.  

In chapter 6, a reproducibility study is described, where the suitability of the signal 

arising from the sagittal sinus as input for the AIF was investigated. A correction 

algorithm was introduced which was developed to improve the calculation of the 

AIF in case of low temporal resolution of the DCE-MRI scan. This study was 

preliminary to the study presented in chapter 7, where we performed DCE-MRI in a 

brain cancer study. 

In chapter 7, we present a phase I-II clinical trial investigating the effect of the 

combination of the antiangiogenic treatment (bevacizumab, an antibody against 

VEGF) and chemotherapy (continuous dose-intense temozolomide) in patients with 

a recurrent high grade glioma after first- or second-line treatment. We applied 

DCE-MRI to evaluate the effect of the treatment and to investigate the possible 

prognostic value of the parameters extracted by Tofts’ pharmacokinetic model. 

In chapter 8, the relationship between the TIC shape analysis and the extended 

(Tofts) pharmacokinetic model is investigated, by applying both methods to the 

DCE-MRI data acquired for the glioma study in chapter 7. Furthermore the 
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predictive value of the TIC shape analysis for the effect of the antiangiogenic drug 

is investigated. 

In chapter 9, we investigate the usefulness of DCE-MRI in fistulising Crohn’s 

disease on a 3.0 Tesla scanner, in a pixel-by-pixel TIC analysis fashion as well as 

using extended pharmacokinetic modelling.  

In the Summary and Discussion, we summarise the results and present future 

applications and challenges.  

In Appendix 1, new software is presented, which was developed to make the TIC-

classification algorithm as well as the pharmacokinetic model available to 

researchers and radiologist. The software consists of a graphical user interface 

(GUI), in which the algorithms developed in Chapter 2 and 3 are implemented, as 

well as the analysis according to Tofts’ pharmacokinetic model.  

In Appendix 2, a detailed description is given of the Tofts Pharmacokinetic model. 

This was used in this thesis as a “reference standard” against which to compare 

the newly developed pixel-by-pixel TIC shape analysis. The limitations and 

problems of the model are described here in detail.  
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ABSTRACT 

Dynamic contrast enhanced (DCE) MRI is a widespread method that has found 

broad application in the imaging of the musculoskeletal (MSK) system. A common 

way of analyzing DCE-MRI images is to look at the shape of the time–intensity 

curve (TIC) in pixels selected after drawing an ROI in a highly enhanced area. 

Although often applied to a number of MSK affections, shape analysis has so far 

not led to a unanimous correlation between these TIC patterns and pathology. We 

hypothesize that this might be a result of the subjective ROI approach. 

To overcome the shortcomings of the ROI approach (sampling error and inter-user 

variability, among others), we created a method for a fast and simple classification 

of DCE- MRI where time-curve enhancement shapes are classified pixel-by-pixel 

according to their shape. The result of the analysis is rendered in multislice, 2D 

color-coded images. With this approach, we show not only that differences on a 

short distance range of the TIC patterns are significant and cannot be appreciated 

with a conventional ROI analysis but also that the information that shape maps and 

conventional standard DCE-MRI parameter maps convey are substantially 

different. 
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INTRODUCTION 

The use of dynamic contrast enhanced (DCE) MRI has been advocated by an 

increasing number of investigators studying physiological processes that involve 

neoangiogenesis, such as cancer and inflammatory processes. It has been 

proposed as a mirror of capillary permeability and membrane viability and as a 

marker for tissue response to antiangiogenic drugs [1–3]. Clinical DCE-MRI studies 

that address pathologies of the musculoskeletal (MSK) system have increased 

considerably in recent years, emphasizing the potential of this technique in the 

differential diagnosis of many soft tissue tumours [4–6]. 

Data from these DCE-MRI studies have been analyzed and presented in either a 

qualitative [5,7–9] or a quantitative way [10,11]. In qualitative analysis, measures 

such as maximum (relative) enhancement (ME) [5], rate of early enhancement 

(REE) [7,8], area under the curve (AUC) [9], time to peak (TTP) [12] or initial slope 

of increase [13] are directly derived from the measured signal intensity. They are, 

therefore, sensitive to variations between acquisition protocols and dependent on 

other factors such as the sequence parameters (e.g., TR and flip angle), hardware 

settings, the amount of administered contrast agent and scan duration [14]. 

Quantification of DCE-MRI data by means of pharmacokinetic models, proposed 

initially by Tofts, Brix and Larsson independently [15], aims at calculating absolute 

measures that are directly related to the tissue physiology such as vessel 

permeability. Because of this, these absolute measures lend well to longitudinal 

studies as well as to comparison between studies. Nevertheless, compartmental 

analysis also suffers from large output variability, which is a consequence of the 

large variety of models used [16,17]. An alternative “halfway” analysis method has 

been targeted by some authors who have investigated uptake curve shape (or 

pattern) and who tried to relate them to pathological findings. This approach is 

based on the observation “by eye” of the time–intensity curve (TIC) generated from 

an ROI chosen in the lesion by the radiologist [18–21]. Although not quantitative, 

this approach is less sensitive to variations in the MRI protocol (although still 

dependent on the duration of the scan and on the injection procedure), making it 

more suitable for a comparative (meta-) analysis. Furthermore, as shown in the 

simulations in Tofts et al. [22], curve shapes represent a mirror of those 

physiological parameters (e.g., the capillary permeability) that can be extracted by 

means of the abovementioned analysis using compartmental models (K
trans

 or 

permeability surface area product [15]). In fact, increased tumor angiogenesis has 
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often been associated with a specific TIC pattern with rapid wash-in and washout 

[23], which is described by a large K
trans

 in these compartmental models. TIC 

analysis has, therefore, been often used as a surrogate for quantitative analysis 

[24]. Hawighorst et al. [18] and Verstraete and Lang [21] have presented a broad 

overview of the TIC findings in various benign and malignant MSK tumors where 

there appears to be a significant overlap between curve types in benign and 

malignant tumors [18]. This classification uncertainty can have physiological origins 

and can also be influenced by the heterogeneity of the DCE protocol. Another 

important cause could be the location of the selected ROI, which, in general, is 

selected based on the (postcontrast) anatomical scan. The radiologist’s decision 

making is based on the area of largest enhancement, an area that can, in principle, 

contain pixels with different enhancement patterns. For this reason, as variation 

can occur between neighboring pixels/voxels, the radiologist might benefit from a 

2D pixel-by-pixel overview of the TIC behaviour. Whereas 2D or 3D pixel-by-pixel 

rendering has already been proposed for qualitative (enhancement or slope) [6,25–

27] and quantitative (K
trans

) analysis [23,28], to our knowledge, shape analysis has 

been so far only presented in an ROI fashion. In this study, we present a method 

where the shape of the TIC is calculated on a pixel-by-pixel basis. Each curve 

shape is assigned a unique color (Fig. 1), which is then displayed in the “shape 

maps”. In this way, we create multislice, 2D color-coded maps that provide a high 

resolution description of the TIC shape in the whole imaged area. We investigate 

the reliability of the classification scheme by checking the output of the automatic 

classification against the classification by eye. We then explore the variability of the 

TIC shape behaviour within the imaged area of interest and see how the shape 

maps compare to ME maps. Furthermore, we provide some examples of this 

method as applied to some MSK affections to illustrate the advantage of using 

curve shape analysis. 

 

MATERIALS AND METHODS 

2.1. MRI protocol 

We investigated peripheral joints (ankle, knee, wrist) and feet of adult patients with 

various MSK diseases. All patients underwent a DCE-MRI scan as part of a 

standard clinical protocol. The DCE-MRI dynamic protocol (3D T1-w fast spoiled 

gradient echo) was performed on a 1.5-T clinical scanner (Signa Horizon 
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Echospeed, LX 9.0, General Electric Medical Systems, Milwaukee, WI) using a 

dedicated quadrature detection knee coil. 

The 3D volume covered the whole affected joint and included the feeding artery. 

The MRI protocol parameters were as follows: FOV=18×16.4×8 cm, 

matrix=256×232×24, TR/TE/α =8.1ms/3.4ms/30. Based on the observation in Ref. 

[29], we have decided to deliver the contrast agent as a quick bolus. The contrast 

agent (Magnevist, Shering) was injected at a speed of 5 ml/s using an injection 

pump (Spectris, Medrad) in the antecubital vein through a 20-gauge needle. The 

dynamic scan consisted of 20 consecutive scans acquired with a temporal delay of 

∆t =21 s, for a total scan duration of 7 min 20 s. The contrast agent was injected 1 

min after the start of the scan. 

Artery

(type 6)

Type 5

Type 3

Type 2

Type 7 

(undefined)

Type 4

Type 1

time-points

Artery

(type 6)

Type 5

Type 3

Type 2

Type 7 

(undefined)

Type 4

Type 1

time-points
 

Figure 1. Classification of TICs. type 1 (grey): no enhancement; type 2 (green): slow 
enhancement, maximum of the curve is reached after half scan; type 3 (blue): quick 
enhancement, followed by a signal plateau; type 4 (magenta): fast enhancement and quick 
wash-out; type 5 (yellow): quick enhancement followed by a slow constant enhancement); 
type 6 (red): artery; type 7 (white/light grey): all others.  

 

2.2. Analysis of time curves (curve classification) 

From the dynamic series, TICs are generated per pixel. We plot the signal 

intensities S against the index tp (time points of the dynamic scan). 

The characteristic patterns of the TICs encountered are described in Fig. 1. They 

include the five types described in Refs. [19,24] and two other curve types: artery 

or Type 6 (characterized by a quick uptake and a very quick decay, followed by a 
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slowly decaying plateau) and undefined or Type 7 (all others, see Fig. 2). The 

definition of Curve 4 as proposed in Ref. [20] can be ambiguous as the presence of 

a visible washout within the observed temporal window is dependent on the length 

of the scan and can comprise, in fact, two types of curves: curves with a quick 

uptake (same as in Type 3 or Type 5) followed by a quick washout and curves with 

a slower uptake followed by washout that is still visible within the imaging window 

(Fig. 1, striped green line). We have decided to classify the former as Type 4 and 

include the latter within the Type 2 class. This is to underline the fact that Type 4 

curves are associated with a high vascularization. 

h
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b c d

e
f

g
h
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b c d
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Figure 2. Examples of curve shapes encountered and classified as type 7. Although all the 
types described above were observed experimentally, these curves only occur rarely, so 
that none of them deserved to become a class in itself. 

 
2.3. Preprocessing 

A signal threshold is applied to a postcontrast image to exclude from the analysis 

all pixels outside the imaged joint or those pixels whose signal is too low to provide 

significant statistics. Furthermore, all pixels that presented a noisy TIC (i.e., with 

significant intensity oscillations in time) through a white noise filter were excluded. 

In this way, we make sure that noise does not affect the quality of the classification. 

Noisier images result, therefore, in less pixels being classified. 

Images were not smoothed, TICs were not interpolated and the actual resolution of 

the acquisition was retained for the classification procedure. No assumptions were 

made regarding a relation between signal (or signal enhancement) and contrast 

agent concentration, and only the values of signal intensities were used for this 

analysis. 

An artery was first identified in the FOV automatically by looking at the pixels with 

the highest ME. Based on the arterial TIC, the time point (tp=0) of the injection was 

determined from the last point before the positive slope of the arterial 

enhancement. Then, the signal baseline (SB) was calculated per pixel, as the 
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average signal intensity for all time points (tp<0). The tail of the curves (by tail, it 

was arbitrarily chosen to take the second half of the TIC after tp=0) was fitted to a 

line and the intercept (a) and the tangent (b) of this line with the axis crossing the 

time axis at the injection time tp=0 (Fig. 3). 

tp=0

MSD

SB TTP

MSI ββββ

αααα

SM

tptp=0

MSD

SB TTP

MSI ββββ

αααα

SM

tp
 

Figure 3: Parameters used for the features definitions: SB,signal Baseline, MSD, Maximum 
Signal Difference, TTP, Time to Peak, MSI, Maximum Slope of Increase, SM,signal 

maximum; αααα and ββββ  are the intercept and tangent of the line fitting the tail of the curve, 
respectively. 

 

2.4. Classification features 

In order to classify the pixels, a number of features were identified, which, 

combined with appropriate thresholds, determine the classification univocally. For 

the present implementation, we make use of five features. Three of these are 

derived from the parameters often used in DCE analysis: ME (sometimes referred 

to as relative enhancement) [7], TTP and maximum slope of increase (MSI) [5,13]. 

Furthermore, we identified two more derived features: relative final slope (RelFS) 

and initial signal excess (ISE). These features are described below and in Table 1. 

1. ME is defined as maximum signal difference (MSD)/SB, where MSD is the 

difference between the signal intensity at its maximum S(max) and SB. 

2. TTP: TTP=tp(S(max))x∆t, where ∆t is the time interval between two consecutive 

scans. It is the time difference (in minutes) between the moment where the ME 

occurs and the moment of the beginning of the arterial enhancement (tp=0) as 

obtained from the artery TIC. For increase-only TICs, the TTP is the last time point 

in the scan. 

3. MSI or steepest slope. This is the largest positive signal difference between two 

successive scans. As the interval between the time points is 1, MSI represents the 

maximum positive tangent of each TIC. 
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4. ISE is the ratio between the MSD and the distance α-SB. This classifier is 

introduced to detect whether the TIC changes in its curvature (steady decrease vs. 

initial fast decrease and late slow decrease). This is needed in order to distinguish 

Type 4 from Type 6 curves (see also Fig. 4A and B). 

5. RelFS. It is defined as RelFS=β/MSD. This parameter is introduced to describe 

the behaviour of the curves in the last part of the scan: whether it is flat (RelFS=0), 

declining (RelFS<0) or increasing (RelFS>0). The scaling factor MSD is used to 

take into account the fact that the tangent of the curve is not significant in itself but 

relative to the MSD taking place after contrast injection (see Fig. 4). 

 

 Definition 

Parameters  

Signal Maximum (SM) Maximum signal intensity of the TIC 

Signal Baseline (SB) Average signal intensity at tp<0 

Maximum Signal Difference(MSD) SM-SB 

α Intercept of the line fitting the TIC’s tail with the 

axis tp=0 

β Tangent of the line fitting the TIC’s tail 

aT α-SB 

Classifiers  

Maximum Enhancement (ME) MSD /SB 

Time to Peak (TTP) t(Smax) where t=tpx∆t 

Maximum Slope of Increase (MSI) max(S(i)-S(i-1)) 

Initial Signal Excess (ISE) MSD/(α-SB) 

Relative Final Slope (RelFS) RelFS =βxMSD 

 
Table 1. Definition of the parameters and classifiers used. 

 
2.5. Pixel classification 

The classification of the different curve types is obtained by placing each pixel in 

one category based on the decision making as described in Table 2. The different 

classes are defined by a combination of these features and threshold values. 

As the ME values can, in principle, be protocol dependent, the ME threshold is not 

a fixed value but is inferred from the distribution of ME values in the image. A 

histogram of all positive ME values reveals a characteristic pattern with an initial 

peak followed by a shoulder. The ME threshold is chosen to be a value that cuts off 

the initial peak and the shoulder of the histogram (Fig. 5). Applying this threshold to 
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the ME creates an image mask where fat, bone and other little enhancing 

structures are left out. 

 

Figure 4: Graphical explanation of the parameters ISE and relFS. (a and b),ISE, defined as 

MSD/aT where aT=(α-SB) highlights a change in the curve slope. In type 6 curves (artery) 
SM is larger than a, thus ISE > 1. In type 4 curves aT is larger than MSD, leading to a ISE < 
1. (c): relFS is defined as β/MSD to take into account that it is the relative, not the absolute 

slope that is significant. Curves 1 (- .. -), 2(-⋅⋅-) and 3(--) have all the same β values. Curves 
1 and 3 have also the same relFS values, whereas curve 2 has a lower relFS. 

 

2.6. On the thresholds used for classification (Table 2) 

Type 1: no or low enhancement: all pixels whose enhancement is lower than the 

ME threshold obtained as described above. Type 1 also includes curves that do 

enhance but which present noisy TICs. 

Type 2: low initial slope (MSI<MSD/2), RelFS positive or only slightly negative and 

large TTP. 

Type 3: defined by a very quick enhancement (it is required that the signal increase 

in the beginning (MSI) be at least one-half of the ME of that curve) and final slope 

within a restricted window about 0. Here, the choice of -0.015<relFS<0.015 is 

somehow arbitrary, but back testing revealed that this threshold matched well the 

operator’s as well as the independent reader’s “by-eye” interpretation.  

Type 4: characterized by a medium to fast uptake and a signal decay that is visible 

within the dynamic imaging time window, which is determined by a RelFS lower 
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than 0.015. The initial slope can either be quick or have intermediate value 

(MSI>MSD/3.0). 

Type 5: characterized by a quick uptake (same as Shape 3) but with markedly 

positive final slope. A large TTP is a condition that is set to exclude shapes of the 

type as in Fig. 2a. 

After the classification, a filter (2D median filtering with a 3x3 neighbourhood matrix 

filter) was applied to the shape maps for rendering purposes in order to eliminate 

isolated pixels. 

 

type ME TTP MSI RelFS ISE 

1 < ME threshold     

2 > ME threshold >3 min <MSD/2.0 > -0.15  

3 > ME threshold  >MSD/2.0 -0.015<FS<0.015 <1.3 

4 > ME threshold <3 min >MSD/3.0 <-0.015 <1.3 

5 > ME threshold >3 min >MSD/2.0 >0.015  

6 > ME threshold <40 sec >MSD/2.0  <-0.015 >1.3 

 

Table 2: Classification chart. Threshold used for each feature to classify TICs of type 1 to 6. 

The ME threshold is calculated as explained in figure 5. Not all features are needed to 

discriminate each curve type. There is no overlap between these 7 categories, so that the 

order in which the thresholds are applied is irrelevant. 

 
2.7. Testing of the classification algorithm 

To test how well the classification scheme matches the operator’s eye, samples of 

image pixels were randomly chosen by the computer from the images, with each 

class having the same number of pixels. Sixty pixels (10 per shape type) were 

chosen randomly by the computer, 10 from each type of TIC from 10 different 

patients, and presented to a reader blind to the computer’s classification. Matches 

and mismatches were then computed. 

 

RESULTS 

3.1. Clinical applications 

We investigated several patients with arthritis and patients with bone and soft 

tissue tumors. From this population, we have chosen four patients to illustrate the 

new analysis technique: (a) a patient with arthritis of the knee, (b) a patient with a 

pathologically proven osteoblastoma of the fifth metatarsal, (c) a patient with a 

suspected chondrosarcoma of the ankle and (d) a patient with a pathologically 

proven Grade 1 chondrosarcoma. 



CHAPTER 2            Pixel by pixel TIC shape analysis of DCE-MRI 

 33

 

Figure 5: Example of distribution of ME values in a knee. The ME threshold is set after the 
histogram shoulder 

 

In Fig. 6, ME images, shape map images and histograms of the distribution of the 

shape types for these patients are shown. The diffuse inflammation of the synovial 

tissue in the patient with arthritis (Fig. 6A) appears to be inhomogeneous in its 

response to the inflow of gadolinium (Types 2, 3 and 4), often presenting isolated 

spots of rapid washout (Type 4), which are not highlighted by an ME map. In a 

patient with osteoblastoma (Fig. 6B), the shape map reveals a striking behavior, 

where the core of the lesion presents an artery-like curve shape. This seems to be 

in accordance with the highly vascularized nature of this benign tumor. In a patient 

with a suspected chondrosarcoma (Fig. 6C), shape maps help identify the part of 

highly enhanced areas that behaves as Type 2 or Type 5 and a few spots 

presenting the rapid washout typical of Type 4 curves. In a patient with Grade 1 

chondrosarcoma (Fig. 6D), the shape map reveals the heterogeneity of this tumor, 

which may be of help in identifying the malignant degeneration of the cartilage cap. 

This could be seen as a supplementary diagnostic aid, in addition to the thickness 

of the cartilage, which is, presently, the only parameter used for this differentiation. 

It should be noted that, in all the analyzed patients, the homogenous areas within 

the ME are not homogeneous in the corresponding shape images and vice versa. 

The analysis through ME and shape maps reveals, in fact, that the information the 

two convey is substantially different. This can be better elucidated by looking at the 

distributions of the ME values separately for each shape type. In Fig. 7, the 

distributions of ME values are reported from a patient with osteoblastoma.  
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Figure 6: ME, TIC shape maps and histograms of shape distributions in four patients with:  
(a) arthritis, (b) osteoblastoma, (c) suspected chondrosarcoma and (d) grade 1 
chondrosarcoma. To each shape type a unique colour is assigned as shown in the picture. 

 

In these histograms, it is seen that for each shape type, the ME values are 

distributed over a wide range. TICs of Types 2 and 3 are both mainly seen in low 

enhancing areas. Type 4 curves are more spread around higher ME values, and 

Shape 5 is only seen in pixels with low enhancement. In general, we observed that 

Type 5 curves are rarely seen in most of the analyzed patients, usually in isolated 

unclustered voxels; only in the patient with osteoblastoma was this type present in 

small clusters. The artery type (Shape 6) is, as expected, only observed in pixels 

with a very high enhancement. The “undefined” TICs (Type 7) are predominantly 

seen in low-enhancing pixels that are not clustered together. 

3.2. Results of the classification test. 

The classification test was performed by a blind reader, and judgement matches 

(averaged over all the readers) per image type are reported in Table 3. The test 

showed that the largest agreement between the computer and the reader is with 

the Type 4 curve (match=90.0%) and the Type 6 curve (match=82.8%). Types 2 

(match=78.6%) and 5 (match=67.1%) are more easily confused, as they only differ 
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by a slope threshold, which cannot be easily appreciated by the reader’s eyes. 

Types 3 and 5 are also only distinguished by a threshold, namely, the final slope, 

which, again, makes it more prone to a classification mismatch between user and 

computer. 

Type matches (%)  
2 78.6 % 

3 78.6  % 

4 90.0  % 

5 67.1  % 

6 82.8  % 

7 28.0 % 

all types  70.5 % 

            

Table 3: Results of the classification test. Matches between computer-estimated curve 
shape and “by eye” reading, divided per shape type 

 
 

The computer is more “cautious” in classifying pixels than the reader, resulting in a 

low match score for Type 7. Because we observed that the total amount of pixels 

classified as Type 7 is very low (see histograms in Fig. 6), the effect of the 

mismatch between user and computer is not substantial. 

 

  

Figure 7. Distribution of ME displayed for each shape type in a patient with osteoblastoma. 

The x-axes represents the ME values, the y-axes the pixel counts. 
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Figure 8. Shape type distribution in selected ME ranges. Large ME (ME larger than 1.4), 

medium ME (ME comprised between 1.0 and 1.4), and low ME (ME < 1.0). Type 2, 5 and 7 

(undefined) appear predominantly in low-enhanced regions, whereas pixels with a high 

signal enhancement are populated with all shape types. 

 

DISCUSSION 

In the technique described in this article, the dynamics of the enhancement are 

analyzed and presented in the whole lesion volume, and the color coding of the 

different enhancement curve shapes enables the radiologist to perform a fast and 

visual determination of the enhancement characteristics of the whole lesion. This 

overcomes the operator dependency of ROI-based TIC analysis and may also be 

advantageous in follow-up studies (e.g., to determine tumour response to 

chemotherapy or radiotherapy). 

We have applied this method to a number of soft tissue pathologies, including 

arthritis and bone tumours. The shape maps obtained revealed that the method 

helps appreciate the variability of the tissue response in different pathologies. It has 

shown that each shape encompasses a large range of ME values (Fig. 7) and that 

a large shape variability is seen even in areas where ME is uniform (Fig. 8). This 

observation has confirmed the fact that ROI selection based on highly enhanced 

areas is not equivalent to choosing the area with the most interesting TIC shapes. 

Although analysis through TIC shape is not strictly quantitative (it simply represents 

the response of tissues to a particular input), it poses some advantages over 

quantitative (model based) methods. Quantification is a complex and 

computationally demanding task where the signal analysis relies on the assumption 
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that a certain model is able to describe the physiology of the phenomenon 

observed [30,31]. The result of the analysis is, thus, model dependent [17]. 

Moreover, the image processing required (involving nonlinear fitting) puts rather 

high requirements on the quality of the MRI data, such as a high SNR. Besides, the 

knowledge of intrinsic T1 of the tissue and of the arterial input function (AIF) is 

required, conditions often not met in many clinical settings. TIC analysis is, 

conversely, computationally not demanding: there is no fitting involved (except 

linear fitting), and it does not rely on any model-based assumption. This makes 

shape analysis feasible also in areas or pixels where these conditions are not met. 

The output of DCE data through TIC analysis is a pure description of the tissue 

response to a certain input (the contrast agent delivery) and, thus, provides simple 

“facts” that can be easily read, compared and used by others. At the same time, 

this type of analysis is not as sensitive to changes in MR sequence parameters and 

scanner calibrations, as are the enhancement values. Nevertheless, it should be 

stressed that results of the TIC classification can only be compared between 

patients if the same total scan length and the same injection technique 

(bolus/infusion) are chosen. For instance, if TICs are acquired only for a very short 

time, only the early curve enhancement will appear, leaving the washout part 

outside the imaging time window and leading to the absurd conclusion that all 

curves are of Type 2 (i.e., increase-only curves). Furthermore, the classification is 

dependent on the contrast injection technique (bolus or infusion) as tissues 

responding as “Type 4” curves on a bolus injection method may appear as “Type 3” 

when a bolus infusion is used [14]. 

As the analysis is done pixel-by-pixel, it should be emphasized that an appropriate 

noise threshold should be applied before running the classification to avoid 

incurring low SNR. The classification is not particularly sensitive to small changes 

in MR parameters (data not shown), as we were able to show by changing the flip 

angle in the MR protocol. A large change in MR protocol, injection protocol and 

analyzed tissue pathology may require an adjustment of the classification 

thresholds used in the classification step. Although the main target of this study 

was to overcome the dependency of shape classification on the user’s choice of 

the ROI, the scope of the pixel-by-pixel analysis goes beyond overcoming sampling 

errors. By providing an overview of the tissue behaviour in the whole imaged area, 

it is possible to gather information on the appropriateness of the MRI protocol. If 

increase-only curves are observed in a particular disease, it should be suspected 
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that data are not sampled long enough. By providing volumetric shape maps, we 

can define in what time range the interesting part (the time range with the largest 

range of shapes) of the contrast uptake is observable, what sort of shapes are 

encountered, with what frequency (as seen in the shape histograms) and how 

these shapes compare with the ME maps. 

Furthermore, coexistence of more types of tissue response within the affected 

area, as highlighted with this approach, can help make an appropriate choice of the 

compartmental model a priori. The presence of TIC shapes of Types 3 and 5 

(which were always present in the patients we analyzed), where a quick initial 

uptake is followed by a plateau or signal increase, points toward the necessity of 

including a vascular compartment in the generalized model [15] as well as the 

necessity of modelling the short time scale rise up and decay of the AIF [11]. 

 

CONCLUSIONS 

Our results draw attention to the fact that analyses through ME and shape maps 

are substantially different, that a large variability in TIC shapes takes place in areas 

of constant signal enhancement and that an ROI analysis is therefore often not 

sufficient to correctly identify areas of abnormal enhancement. Although TIC 

analysis cannot replace quantification, it helps decision making in choosing 

appropriate models for quantification. In addition, 2D color-coded rendering of TIC 

shape analysis is not computationally demanding, is insensitive to model-related 

artefacts and allows, therefore, a quick overview of the tissue behavior where 

quantification by means of a compartmental model is not feasible. 
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ABSTRACT 

Dynamic contrast enhanced (DCE) MRI is widely acknowledged to be a helpful tool 

in the diagnosis and differentiation of tumours. In common clinical settings, the 

dynamic changes described by the time–intensity curves (TICs) are evaluated to 

find patterns of atypical tissue behaviour, i.e., areas characterized by rapid contrast 

wash-in and wash-out. Despite the ease of this approach, there is no consensus 

about the specificity of the TIC shapes in discriminating tumour grades. We explore 

a new way of looking at TICs, where these are not averaged over a selected region 

of interest (ROI), but rendered pixel-by-pixel. In this way, the characteristic of the 

tissue is not given as a single TIC classification but as a distribution of the different 

TIC patterns. We applied this method in a group of patients with chondroid tumours 

and compared its outcome with the outcome of the standard ROI-based averaged 

TIC analysis. Furthermore, we focused on the problem of ROI selection in these 

tumours and how this affects the outcome of the TIC analysis. Finally, we 

investigated what relationship exists between the “standard” DCE-MRI parameter 

maximum enhancement (ME) and the TIC shape. 

Conclusions: We demonstrate that, where the ROI approach fails to show the 

presence of areas of rapid contrast wash-in and wash-out, the pixel-by-pixel 

approach reveals the coexistence of a heterogeneous pattern of TIC shapes. 

Secondly, we point out the differences in the DCE-MRI parameters and tumour 

volume that can result when selecting the tumor based on DCE parameter maps or 

post-contrast T1-weighted images. Finally, we show that ME maps and TIC shape 

maps highlight different tissue areas and, therefore, the use of the ME maps is not 

appropriate for the correct identification of areas of atypical TICs. 
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INTRODUCTION 

DCE-MRI has taken an important role in many imaging protocols and is nowadays 

often used in routine clinical settings [1,2]. In DCE-MRI, images are acquired 

during the delivery of the contrast agent in the tissue of interest, highlighting the 

dynamic response of the tissue   to the inflow of the agent. This feature can be 

missed with a conventional contrast enhanced (CE) MR image, which is acquired 

after most of the distribution has been accomplished and some of the contrast has 

already been washed out. Modern MRI consoles or satellite workstations allow for 

easy and accessible viewing and analysis packages for DCE-MRI data, making this 

tool available in the routine clinical practice. Analysis of DCE-MRI data can take 

place at different levels of complexity, ranging from a simple subtraction image to a 

complex pharmacokinetic analysis [3]. In a routine clinical setting, either dynamic 

scan parameters (qualitative analysis) such as maximum (or relative) enhancement 

(ME) are obtained, or a visual investigation is made of the shape of the dynamic 

time–intensity curve (TIC)—henceforth defined as “shape analysis”—after a region 

of interest (ROI) in a lesion is selected. This selection is usually based on a post-

contrast T1-weighted or a subtraction image [4–6]. TIC shapes reflect the status of 

the tissue and capillary integrity, and have often been used as indicators of a 

suspected malignancy in breast lesions [2,7,8]: a large initial slope of the TIC is a 

reflection of a highly vascularized tissue and a rapid washout is associated with 

increased permeability, both signs pointing toward neoangiogenesis. Also with 

respect to soft tissue tumors there is a growing interest in using these shapes as 

possible tools to distinguish benign from malignant lesions. Unfortunately, despite 

the ease and promise of this approach, there is as yet no general consensus on 

the real ability of this analysis to correctly grade tumors or exclude malignancy 

[9,10]. A number of reviews illustrate this dilemma [1,11]. The nature of the overlap 

of TIC shapes in different tumor grades can be manifold, ranging from 

inhomogeneity of imaging protocols, to a real physiological coexistence of different 

tissue-contrast response behavior in different grades/stages of the disease. In this 

paper, we want to address three specific problems that might be a major source of 

uncertainty in analyzing TIC shapes. The first is the intrinsic heterogeneity of the 

tumor. The classical approach, as presented in many papers, is to select one 

(seldom more) ROI in the lesion and derive (visually) a TIC classification [4,6,12]. 

This approach suffers from a strong operator's bias and, especially in highly 

heterogeneous tumors, this bias can lead to the identification of the wrong TIC. We 
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have recently developed a new method to classify the TIC shapes on a pixel-by-

pixel basis [13]. This approach overcomes sampling errors and offers the scorer a 

3D overview of all the TIC shape types in the whole imaged area. Because this 

analysis retains the heterogeneity information (TICs are not averaged before being 

looked at), it offers, in theory, an advantage with respect to the standard ROI-

based TIC analysis. In order to appreciate the suitability of this technique, we 

applied it to a patient population with tumors of very heterogeneous nature, such as 

chondrosarcomas. In these tumours, different tumor gradation can exist within the 

usually large cartilaginous tumour components [14–17] and a definitive (non 

invasive) diagnostic tool is still being awaited. The second problem we wanted to 

address is the fact that ROIs are traditionally drawn on a post-contrast T1-weighted 

or a subtraction image. This can be a possible source of uncertainty in the TIC 

classification. Because of the low signal in the dynamic gradient echo T1-weighted 

(non-fat suppressed) images in chondrosarcomas, even after contrast 

enhancement (Fig. 1), the signal from enhancing areas in the chondrosarcomas is 

hypo-intense with respect to surrounding non enhancing areas outside the bone on 

CE MRI, making the lesion often partly enhanced on these images. ME and shape 

maps might give a new perspective on the behaviour of the lesions providing new 

possibilities to better define the contour of the tumour and, maybe, also better 

delineate the tumour volume. Drawing the lesion contours on ME images might 

also overcome the low-signal problem. We therefore plan to make a comparison 

between these two ways of drawing ROIs.  

The third source of uncertainty is that the most enhancing area on either a post-

contrast T1-weighted or a ME image is not necessarily the most interesting in 

terms of curve shapes. ROIs are usually drawn on the most enhancing area of the 

tumour, but characterization is later based on the shape. The operator's blindness 

for the TIC shape can shift the final result. The relationship between ME and TIC 

shape needs therefore to be addressed. 

1.1. Objectives 

Our first objective was to present a new way of describing tumor characteristics, 

based on a statistical analysis of a pixel-by-pixel TIC shape analysis of DCE-MRI 

data in chondroid lesions and then compare the pixel-by-pixel analysis performed 

on the whole tumour with the traditional visual analysis of the averaged TIC shape 

in a sampled area within the lesion.  

The second objective was to compare the outcome of the pixel-by-pixel and 
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sampled ROI analysis when volumes of interest (VOIs) or ROIs are drawn on a 

post- contrast T1-weighted image and on an ME image, and evaluate the 

differences.  

Our third objective was to investigate how ME maps and shape maps compare in 

this patient population.  

 

 

Figure 1:  Example of post contrast dynamic T1-w, ME and Shape map with explanation of 
the shape colour coding. On the T1-w image the drawn ROI is displayed. 

 

 

Figure 2: Occurrence of the different shape types in the pixel-by-pixel analysis. 13 
histograms are displayed in the picture, each representing one patient. In each individual 
patient, the relative occurrence of each shape type is shown in individual histograms 
(represented by the coloured bins showing types 2 to 5, where the colours are chosen to 
match the  classification convention in figure 1, and where the last bin (purple) represents 
the three types 3, 4 and 5 grouped ). Above each histogram the results of the “visual” shape 
analysis of the averaged TIC in a selected ROI is given. The first three histograms are from 
the patients classified as “grade 0” (Enchondroma). One patient (patient 4) was classified as 
“borderline”, the remaining 9 as Grade 1 chondrosarcoma. 
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MATERIALS AND METHODS 

2.1. Patients 

We analyzed DCE-MRI data originating from 13 patients [4 male, (average age 48; 

range 47–51 years); 9 female (average age 52; range 22–72 years)] with a 

chondroid lesion in the knee area. From these 13 patients, 10 biopsies were taken, 

nine of which were diagnosed as a Grade 1 chondrosarcoma and one as a 

borderline chondrosarcoma. In the three remaining patients, it was concluded 

that—given the clinical presentation and the visualization on conventional and MR 

imaging — histological verification was not considered necessary and a 

conservative strategy was chosen, i.e., a follow-up with MR imaging to evaluate 

behavior in time. They were therefore classified as having a benign lesion 

(enchondroma) from clinical follow-up. 

 

Figure 3 (a) Volume of the T1- and ME-  based contours of the whole tumour.  
(b) Mean value of the ME in each individual patient as averaged on a ME-drawn volume and 
on a T1-drawn volume. 

 

2.2. MR Imaging 

Patients underwent a MRI protocol, comprising precontrast sagittal T2-weighted 

FLAIR, sagittal T1-weighted scan, and sagittal T1-weighted and axial fat-saturated 

T1- weighted scans after delivery of 0.2 ml/kg Gd-DTPA (Magnevist, Schering). 

During contrast injection, a dynamic MRI scan consisting of twenty 3D fast spoiled 

GRE (TE/TR/alpha=3.4/8.1/30, FOV=18×18 cm) was performed in succession for 7 

min and 20s. The image resolution was 1.4×1.4×4.0 mm. Contrast injection was 

performed using an injection pump using a (20-gauge) needle and an injection 

speed of 5 ml/s, followed by a chase of saline water. All scans were performed on 
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a 1.5-T clinical scanner (Signa Horizon Echospeed, LX 9.0, General Electric 

Medical Systems, Milwaukee, WI, USA) using a dedicated knee send–receive coil. 

The dynamic MRI data were analyzed using in-house written software. For each 

slice, we calculated maximum enhancement (ME), maximum slope of increase, 

time to peak and TIC shapes on a pixel-by-pixel basis. The shape of the curve, 

classified according to the classification scheme described in Ref. [13], was 

rendered in multi-slice color-coded maps, as also illustrated in Fig. 1. In short, 

seven types of TIC shapes are defined, and each is associated with a unique color: 

1 (grey), no enhancement; 2 (green), slow steady enhancement; 3 (blue), fast 

enhancement followed by a plateau; 4 (magenta), fast enhancement followed by a 

quick wash-out; 5 (yellow), fast enhancement followed by a slower raise; 6 (red), 

arterial enhancement; 7 (white), unclassified. A noise filter was applied to exclude 

pixels with a low signal-to-noise ratio (SNR) or an excessive variation in time of the 

signal intensity, as described in Ref. [13]. The SNR and the signal oscillation in 

time in all individual pixels within the tumor were of sufficient quality so that all 

pixels could be easily classified. No pixel clustering was needed to improve SNR. 

We used a pixel-by-pixel analysis of the whole lesion to avoid sampling and 

averaging errors, then, based on these pixel-by-pixel maps, we calculated image 

statistics as described below.  

 

 

Figure 4. Distribution of the shape types as calculated on a volume drawn on ME maps and 
on post contrast T1-weighted images(each dot represents one patient). 
 

To avoid spurious signal, we excluded enhanced (such as muscle or healthy 

cartilage) and non enhanced areas (such as healthy bone) other than the tumor by 

excluding these areas from the statistical analysis. To achieve this, one investigator 

(B.P.) drew VOIs that encompassed the whole tumor area (by selecting one area of 

interest on each slice), and not just a sample of it as in ROI analysis, defining in 
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this way the whole tumour in a 3D volume (henceforth we define VOI as being the 

3D volume of the tumour, as opposed to ROI defined as a sample within the 

tumour). This procedure was done twice, once using as reference image the 

postcontrast T1-weighted images, and once using the ME images. We therefore 

created two 3D datasets of the tumor. In these two sets of selected volumes, we 

calculated the relative amount of each shape type, as well as the total amount of 

enhanced pixels and the average ME per shape type, and the selected volume in 

cubic centimetres. Because early enhancement is thought to correlate to a high 

vascularization and with the grade of malignancy, we also assessed all the pixels 

with a steep initial slope, i.e., Types 3, 4 and 5 together. At the same time, in order 

to reproduce the standard ROI analysis approach, we calculated an averaged TIC 

from the middle slice in the tumor and visually classified as one of the five types 

(1–5). This was also done on both T1-weighted– drawn dataset and ME-drawn 

dataset. 

 

RESULTS 

3.1. Pixel-by-pixel TIC analysis vs. ROI-based analysis of averaged TIC 

The results of the comparison between visual shape inspection of the averaged 

TIC and the pixel-by-pixel analysis are presented in Fig. 2. The distribution of the 

individual pattern types (2–5) together with the combined large-slope types (3+4+5) 

is presented per patient in separate histograms, whereas the outcome of the visual 

classification of the averaged TIC in one ROI is given above each histogram. It 

appears that, although the most represented TIC type often coincides with the 

results of the “visual” shape analysis, all other shape types are also represented in 

different proportions. 

3.2. Drawing VOIs on T1-weighted images vs. drawing on ME maps  

This study further presents a comparison of two datasets: one where VOI selection 

was based on a ME map and one where selection was based on a post-contrast 

T1-weighted image. The parameters we compared are the following: drawn tumour 

volume, relative amounts of shape types and the relative amount of the sum of all 

shape types with a steep slope (i.e., 3–5). In Fig. 3A, we show the comparison of 

the volume of the whole lesion as identified on the post-contrast T1-weighted 

images and on the ME images. It is evident that selection of tumour volume based 

on post-contrast T1-weighted images leads to a systematic difference (toward 

larger volumes) of the tumour volume when compared to the VOIs selected on ME 
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maps. How the two different tumour selection methods influence the outcome in 

terms of the pixel-by-pixel TIC classification can be appreciated in Fig. 4, which 

illustrates the fraction of each shape type according to the two methods. The use of 

post-contrast T1-weighted images for basing VOI selection affects the outcome of 

the shape-type statistics by counting less TIC shapes of Type 2. The consequence 

on the averaged ME can be appreciated, per individual patient, in Fig. 3B, this time 

pointing to an underestimation of ME values when using T1-weighted images to 

draw tumor contours.  

3.3. ME Maps vs. TIC shape maps. Finally, Fig. 5 shows that the average ME 

values in the different shape types are differently distributed among TIC shape 

types. This indicates that all shape types share almost equally enhanced TICs, with 

Types 4 and 5 presenting a slightly lower enhancement than Types 2 and 3.  

 

DISCUSSION 

4.1. Use of statistical analysis of shape maps vs. ROI analysis. In this study, 

we propose a different way of presenting DCE-MRI generated TIC shapes, namely, 

as a distribution of different shape types encountered in a tumor lesion. This 

approach differs substantially from the classical ROI approach as it retains and 

highlights the heterogeneity information, and has already proven useful in the 

analysis of model-derived permeability values in breast lesions [18]. The results 

presented in Fig. 2 demonstrate this. Although the most occurring shape type often 

— but not always — coincides with the visually classified TIC shape type, it is clear 

that all other shape types are represented in a smaller or larger extent. The 

differences between patients are not found thus in the dominant type TIC (namely, 

Type 2), but in the TICs that occur in smaller amounts below a surface of a “Type 2 

basin.” Although the small patient population does not allow for a power analysis, it 

is still possible to appreciate the different occurrence of the high slope curves in 

Grade 0 and Grade 1 tumours and shows trends that might point out the direction 

for further investigation. 

Previous studies had reported that slowly enhancing TICs (Type 2) are 

characteristic of both benign and malignant soft tissue tumours [9,11] and are 

therefore not predictive for malignancy. Our present study suggests that this result 

could be produced by averaging: the heterogeneity of the tissue response to the 

gadolinium inflow (i.e., the presence of different TIC types) is a point of concern, 

and the occurrence of the different TICs should therefore be used for a more 
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thorough analysis. The possibility of improving the correlation of TIC shapes with 

pathology by means of this analysis needs confirmation. 

 

 

 

 

 

 

 

 

 

 
Figure 5:  Average  ME values (averaged throughout all patients) calculated per individual 
shape type.  
 

4.2. Comparison between T1-weighted and ME-drawn ROIs. Another point 

addressed in this study is the VOI/ROI selection. Tumour volume has been 

reported as a good predictor of survival [19] and is therefore important to identify a 

method to correctly measure it. We show that the determined tumour volume not 

only substantially changes when tumor contours are drawn on either ME or 

postcontrast T1-weighted images, but as a consequence of that the statistics 

derived from the TIC analysis (averaged ME values as well as the relative excess 

of the different TIC shape types) can also be affected. This problem might be 

particularly relevant in bone tumours, due to the low SNR in the tumor in the 

dynamic gradient echo scan. Tumor size appears to be systematically 

overestimated when using postcontrast T1-weighted images for the tumour 

identification. As explained earlier, a possible cause of this overestimation is the 

fact that the tissue surrounding the tumor is often hyperintense on the dynamic T1-

weighted images even after contrast delivery, leading the scorer to include this 

area in the lesion. The use of ME images instead of T1-weighted or subtraction 

images to draw tumour contour overcomes this problem. Yet, whether the volume 

measured in this way better approximates the real tumour volume should be 

investigated and demonstrated. 

4.3. On the relation between ME and shape maps. This study draws attention to 

a fundamental bias in the “sample the ROI, analyze the TIC” approach: when 

enhancement maps are used to identify ROIs (areas of larger enhancements are 
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more easily chosen as suspected ROIs), a whole range of TICs (namely, Types 4 

and 5) will automatically be excluded. This is elucidated in Fig. 5, where it is clear 

that all shape types do present a similar enhancement, and where the quickly 

washing-out shape (Type 4) does in general present a lower ME. 

An enhancement map does not thus help the radiologist in selecting the most 

interesting parts of the tumor: conversely, it appears that Type 4, the most “sought 

after” shape (early washout allegedly pointing to malignancy), tends to show a 

lower enhancement than Type 2. This should stress the importance of showing the 

shape types on a map, in such a way that the radiologist can independently identify 

the most suspected area. 

Although the measured maximum enhancement values can greatly vary between 

protocols (the result of the ME– shape type correlation could vary when using other 

dynamic MRI parameters such as T1 or flip angle), this analysis indicates that great 

care must be taken in using the signal enhancement as the only source of contrast 

to identify areas of interest. 

In this study, we underline the fact that shape classification of an averaged TIC is 

not appropriate in patients with chondroid tumours, as it neglects the occurrence of 

different types of shapes, e.g., the ones that are most often associated with 

malignancy (high slope). Furthermore, it highlights the fact that maximum 

enhancement is not a good indicator for ROI selection in the lesion. There are 

some open issues to be addressed when applying this method: the pixel-by-pixel 

classification of TIC shapes depends on some arbitrary choices such as noise 

thresholds and other parameters used for the classification [13]. 

The quality of the images in terms of SNR determines the noise threshold, which 

determines the amount of analyzed pixels and at the same time the amount of 

pixels that cannot be appropriately classified (“Type 7” in our classification 

scheme). The final results are thus very sensitive to the original quality of the MR 

acquisition. 

Despite this limitation, we believe the pixel-by-pixel analysis offers a viable 

alternative that could be considered in the future to improve differentiation between 

malignant and benign bone tumours, and that could be of value in a daily clinical 

setting because of its ease of implementation [13]. With respect to the quantitative 

pharmacokinetic analysis, which relies on quantification of contrast agent 

concentration in the tissue, knowledge of the arterial input function and nonlinear 

fitting to an appropriately chosen model [20], this type of analysis is only based on 
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linear fitting of the pure DCE-MRI data, which offers the additional advantage of 

being computationally nondemanding. It can be therefore implemented in a clinical 

setting where most often a quantitative measurement of tissue permeability is not 

essential. 

 

CONCLUSIONS 

In this study, we have shown that pixel-by-pixel analysis of DCE-MRI TIC shapes is 

a promising tool to investigate tumors such as chondrosarcomas, where a univocal 

TIC classification is hampered by the tumor heterogeneity. This opens new 

possibilities in the radiological categorization of tumors in a clinical setting. 

Compared to the standard analysis of averaged TIC, it retains the heterogeneity 

information and highlights the “second most occurring” patterns that might 

represent a new way of classifying the DCE-MRI. We have also drawn attention to 

the fact that the images chosen for identifying tumor border (e.g., T1-weighted or 

ME) can sensibly determine the final results, and that the use of these maps is 

inappropriate when trying to identify areas with fast enhancement and quick 

washout. Because of the small patient group, it was not possible to investigate a 

correlation with pathology, but we believe these findings do warrant further 

investigation. The clinical value of this approach should be explored more 

thoroughly in a larger prospective study. 
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ABSTRACT 

Purpose: To prospectively determine clinical value of dynamic contrast enhanced 

magnetic resonance (MR) imaging in the evaluation of disease activity in perianal 

Crohn disease (CD). 

Materials and Methods: Patients provided written informed consent. Study 

approval was waived by an institutional review board. Thirty-three patients with 

perianal CD underwent pelvic MR imaging; 17 were male (mean age, 37.4 years ± 

10.8 [standard deviation]; age range, 18–54 years) and 16 were female (mean age, 

32.0 years ± 8.3; age range, 16–43 years). Dynamic contrast enhanced MR 

imaging was performed; time-intensity curves (TICs) were obtained. Each pixel 

was classified as one of six predefined TIC shape types. For each MR imaging 

examination, a region of interest (ROI) was drawn around the fistula on the single 

section corresponding to the most extensive and most hyperintense lesion; 

maximum enhancement (ME), slope of enhancement, and TIC shapes were 

calculated. Absolute and relative numbers of pixels for each curve type were 

calculated in a two-dimensional ROI. These results were compared with Perianal 

Disease Activity Index (PDAI), C-reactive protein (CRP) level, an MR imaging–

based severity score , and clinical outcome. A Spearman rank correlation test was 

used to calculate correlation coefficients between dynamic contrast enhanced MR 

imaging parameters and reference parameters. A Mann-Whitney U test was used 

to calculate differences in dynamic contrast enhanced MR imaging parameters 

between predefined groups of patients. 

Results: Significant correlations were found between the absolute amounts of the 

TIC shape types and PDAI and between ROI volume and PDAI. The ratio of 

quickly enhancing versus slowly enhancing pixels correlated with higher MR 

imaging scores as did the ROI volume. The absolute amounts of pixels displaying 

TIC types 2, 3, 4, and 5 correlated significantly with MR imaging score. CRP level 

showed a significant correlation with mean ME. Larger numbers of quickly 

enhancing pixels were observed in patients who needed medication changes or 

developed new abscesses during follow-up. 

Conclusion: Dynamic contrast enhanced MR imaging can help determine disease 

activity in perianal CD and might be helpful in selecting a subpopulation of patients 

who should be monitored more closely for development of more extensive disease. 
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INTRODUCTION  

Crohn disease (CD) is a chronic inflammatory bowel disease that frequently results 

in perianal complications such as abscesses and perianal and/or ano- or 

rectovaginal fistulas (1). Adequate assessment of perianal CD, including 

information on anatomic extent and degree of inflammation, is important to 

determine the optimal treatment strategy and response to treatment. 

Magnetic resonance (MR) imaging has become the reference standard for 

anatomic evaluation of perianal and ano- or rectovaginal fistulas (2,3). Increased 

enhancement on T1-weighted MR images after intravenous administration of 

gadolinium-based contrast material is generally considered indicative of active 

inflammation (4,5). The observed T1 hyperenhancement is due to increased tissue 

perfusion and vascular permeability (6–8). However, conventional postcontrast 

imaging provides a limited amount of information about tissue behavior because it 

is performed after most of the contrast material distribution has been accomplished 

and some of the contrast material has already washed out. 

            

Artery

(type 6)

Type 5

Type 3

Type 2

Type 7 

(undefined)

Type 4

Type 1

time-points

Artery

(type 6)

Type 5

Type 3

Type 2

Type 7 

(undefined)

Type 4

Type 1

time-points
 

Figure 1: Classification of TICs. Type 1: no enhancement. Type 2: slow enhancement, 
maximum of the curve is reached after half of the imaging. Type 3: quick enhancement, 
followed by a signal plateau. Type 4: fast enhancement and quick washout. Type 5: quick 
enhancement followed by a slow constant enhancement. Type 6: arterial enhancement 
characterized by a quick uptake and a quick decay, followed by a slowly decaying plateau. 
Type 7 (dashed line): unclassified enhancement including all the curves that could not be 
classified as any of the above. SI=signal intensity. 
 

In contrast, with dynamic contrast material enhanced MR imaging, images are 

acquired during the delivery of the contrast material in the tissue of interest, thus 

highlighting the dynamic response of the tissue to the inflow of blood and the 
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subsequent distribution in the extracellular fluid space. Analysis of the time-

dependent changes of signal intensity on dynamic contrast enhanced MR images 

might provide valuable information about disease activity. The purpose of our study 

was to prospectively determine the clinical value of dynamic contrast enhanced MR 

imaging in the evaluation of disease activity in patients with perianal CD. 
Table 1 

Severity Indexes of the Study Population 

Index  Mean _ Standard Deviation Median* 

PDAI (n = 27)  6.0 ± 3.8 6.0 (0–14) 

MR imaging–based score of disease severity (n = 33)  11.1 ± 4.0 10.0 (4–20) 

CRP level (n =31)  15.8 ± 37.9 4.8 (1.0–203.4) 

Note.—PDAI was not scored in six of 33 patients because of absence of perianal lesions (n =3) or failure to examine patient 
on the day of MR imaging (n = 3). CRP values were not available in two patients. 
* Data in parentheses are ranges. 

 
Table 1. 

 

MATERIALS AND METHODS 

A research grant was received from the Nuts Ohra Foundation (Amsterdam, the 

Netherlands). The Nuts Ohra Foundation was not involved in designing and 

conducting the study and did not have access to the data. The Nuts Ohra 

Foundation was not involved in data analysis or preparation of the manuscript. 

Study Population.  

From September 2005 through March 2007, 45 consecutive patients known to 

have CD who underwent pelvic MR imaging at the radiology department of a 

tertiary referral center (Academic Medical Center, Amsterdam, the Netherlands) 

were included in this prospective study. The indication for MR imaging was 

evaluation of known or suspected perianal, anovaginal, and/or rectovaginal fistulas. 

The general exclusion criteria to MR imaging (eg, claustrophobia, pregnancy) were 

applicable. No other explicit inclusion or exclusion criteria were used. All patients 

provided written informed consent for use of their data for study purposes. Study 

approval was waived by the institutional review board. Data from 12 patients had to 

be excluded because of absence of perianal, anovaginal, or rectovaginal fistulas (n 

= 8) or for technical reasons (n = 4; insertion of a 20-gauge needle was impossible, 

necessitating insertion of a catheter with a needle of smaller diameter in three 

patients, whereas in one patient six sections were imaged dynamically instead of 

five). Thus, 33 patients were finally included, of whom 17 were male (mean age, 
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37.4 years ± 10.8 [standard deviation]; age range, 18–54 years) and 16 were 

female (mean age, 32.0 years ± 8.3; age range, 16–43 years). 

MR Imaging Technique 

MR imaging was performed with a 1.5-T imager (Signa Horizon Echospeed, LX 

9.0; GE Medical Systems, Milwaukee, Wis) with a torso phased-array surface coil. 

Sagittal, coronal, and transverse T2-weighted fast spin-echo sequences were 

performed (repetition time msec/echo time (msec), 2500/70 [effective]; field of view, 

30 × 30 cm; matrix, 512 × 256; section thickness, 4 mm; intersection gap, 0.4 mm; 

echo train length, 16; total bandwidth, ± 20.83 kHz; number of signals acquired, 

two; sections, 32) with the coronal sequence angled parallel and the transverse 

sequence angled perpendicular to the anal canal. In addition, a fat-suppressed T2-

weighted fast spin-echo sequence (4000/85 [effective]; field of view, 30 × 30 cm; 

matrix, 256 × 256, section thickness, 4 mm; intersection gap, 0.4 mm; total 

bandwidth, ±20.83 kHz; number of signals acquired, two; sections, 28–32) was 

performed in the transverse plane before administration of contrast material. After 

completion of these series, a dynamic transverse two-dimensional T1-weighted fast 

spoiled gradient-echo sequence was performed (7.4/2.4; flip angle, 30°; field of 

view, 28 × 28 cm; section thickness, 4 mm; intersection gap, 1.0 mm; matrix, 256 × 

160; total bandwidth, ±31.25 kHz; number of signals acquired, three; imaging 

duration, 5 minutes 59 seconds). The dynamic sequence consisted of a five-

section volume that was imaged 20 consecutive times with a temporal resolution of 

5 seconds (thus resulting in 20 time points per section). The high time resolution 

was chosen after our earlier observation that most fistulas tend to show early 

enhancement, probably as a result of their high vascularization. This situation 

limited the number of sections acquired to five. The location of the volume on the 

dynamic image was chosen at the presumed site of maximum inflammatory activity 

as determined by means of the fat suppressed T2-weighted series. Great care was 

taken to ensure that the dynamic studies were obtained in the same way (eg, we 

carefully checked the dose of contrast agent and the speed of injection, and we 

used the same intravenous catheter diameter and MR imaging protocol parameters 

in all patients). One minute after the start of imaging, 0.2 mL of contrast agent 

(gadodiamide, 0.5 mmol/mL gadolinium, Omniscan; GE Healthcare, Chalfont St 

Giles, United Kingdom) per kilogram of body weight was injected through a 20-

gauge intravenous catheter in the antecubital vein by means of bolus injection (5 

mL/sec) by using an automated injection pump (Spectris; Medrad, Warrendale, 
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Pa). Injection of contrast medium was immediately followed by a flush of 10 mL of 

saline (5 mL/sec). After completion of the dynamic sequence, a transverse T1-

weighted fast spin-echo sequence with fat saturation was performed (600/10 

[effective]; field of view, 45 × 45 cm; matrix, 256 × 256; echo train length, three; 

bandwidth, ±20.83 kHz; section thickness, 4.0 mm; intersection gap, 0.4 mm; 

number of signals acquired, two; concatenations, four; sections, 32). The 

orientation of all transverse series was identical. 

 

TIC Shape Type Analysis 

Parameter  PDAI  CRP Level MR  
Imaging–based Score 
of Disease Severity 

Relative pixel count 5 NS*  NS*  
r = 0.353† (P = .044) for 
TIC type 5 

Absolute pixel count TIC type 2  r = 0.434† (P =.024)  r = 0.153 (P =.411)  r =0.522† (P = .002) 

Absolute pixel count TIC type 3  r = 0.435† (P = .023)  r = 0.050 (P = .788)  r =0.564† (P = .001) 

Absolute pixel count TIC type 4  r = 0.313 (P = .112) r=0.014 (P =.942) r = 0.531† (P = .001) 

Absolute pixel count TIC type 5  r = 0.410† (P = .034) r = 0.051 (P = .784) r = 0.643† (P < .001) 

Ratio TIC‡  R=-0.075 (P= .712) r = 0.036 (P = .846) r = 0.380† (P = .029) 

ROI volume r =0.507† (P=  .007) R=-0.039 (P _ .836) r = 0.570† (P = .001) 

* NS _ not significant for any of the individual TIC types. 

† Indicates statistically significant difference. 

‡ Ratio between TIC types 3, 4, and 5 versus type 2. 

 
Table 2 

 

Analysis of Conventional MR Imaging Data 

All MR images were evaluated by an experienced abdominal radiologist (J.S.) with 

extensive prior experience in evaluation of pelvic MR images (approximately 1000 

examinations for perianal fistulas). To preserve homogeneity of the analyzed 

group, we excluded patients from further analysis if no fistulas were observed. The 

MR imaging–based score of disease severity, as developed by Van Assche et al 

(9), was used to determine disease activity. This score consists of both anatomic 

parameters and parameters indicative of active inflammation. Scores range from 0 

to 22, with higher scores indicating more severe disease. 

Analysis of Dynamic Contrast enhanced MR Images 

Of the five sections that were acquired during the dynamic sequence, the single 

section corresponding to the most extensive and most hyperintense lesion on the 
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fat-saturated T2-weighted images was used for analysis. In this section, a research 

fellow (K.H.) manually drew a single free-form region of interest (ROI) around the 

fistula on the fourth dynamic T1-weighted image after the beginning of 

enhancement, corresponding to 20 seconds after injection, to exclude all non-

pathologically enhancing areas such as the gluteal muscles. 

In each ROI, we calculated maximum enhancement (ME), defined as  

ME=(Smax-Sb)/Sb, where Smax is maximum signal intensity and b is baseline, and the 

slope of enhancement (SOE), defined as { })()(max 1 ii tStSSOE −= + , where t is 

time. We calculated time intensity curve (TIC) shapes on a pixel-by-pixel basis. 

Six curve shapes, classified according to the scheme described by Lavini et al (10), 

were each assigned a colour (Fig 1): type 1 indicated no enhancement; type 2, 

slow enhancement, maximum of the curve is reached after half of the imaging; type 

3, quick enhancement, followed by a signal plateau; type 4, fast enhancement and 

quick washout; type 5, quick enhancement followed by a slow constant 

enhancement; type 6, arterial enhancement characterized by a quick uptake and a 

quick decay, followed by a slowly decaying plateau. A large initial slope (as in 

slopes 3, 4, and 5) reflects high vascularisation. As described in some 

pharmacokinetic models, a large initial slope followed by quick washout reflects 

large capillary permeability. The extracellular extravascular space is reflected in the 

curve amplitude (11–13). 

A seventh curve shape was used to group all unclassified pixels. The pixel-by-pixel 

TIC classification was then rendered in a color-coded map, providing a high spatial- 

resolution description of the curve shapes in the whole area of interest. Dynamic 

contrast enhanced MR imaging data were analyzed off-line by using software we 

developed. 

Clinical Evaluation 

The Perianal Disease Activity Index (PDAI) was scored prospectively by one of two 

research fellows (K.H.) by interviewing the patient and visual inspection of the 

perianal region at the time of the visit to the radiology department. 

Both research fellows were experienced in scoring the PDAI because they had 

participated in an earlier study by our group on perianal CD (n = 30 patients). 

For patients with an ano- or rectovaginal fistula and no perianal manifestations, the 

PDAI was not calculated. The PDAI incorporates five elements: the presence or 

absence of discharge, pain or restriction of activities of daily living, restriction of 
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sexual activity, type of perianal disease, and degree of induration. Scores ranged 

from 0 to 20, with higher scores indicating more severe disease (14). 

Peripheral venipuncture was used to determine C-reactive protein (CRP) (in 

milligrams per litre) level as a biological marker of disease activity. In most patients, 

peripheral venipuncture was performed at the outpatient laboratory before or after 

MR imaging (mean, 3.6 days ± 6.3 from MR imaging; range, 0–26 days). In some 

patients, blood was drawn from the intravenous catheter inserted for contrast 

material administration before MR imaging. 

 

ME and Slope versus Reference Parameters 

Parameter  PDAI CRP Level 
MR Imaging–based 
Score of Disease 

Mean ME R=-0.093 (P = .646) r = 0.506* (P = .004) r = 0.020 (P = .914) 

Mean SOE R=-0.169 (P = .401) r = 0.192 (P = .301) R=-0.134 (P = .458) 

SOE of the individual TICs averaged 
for TIC type 2 

NS†  NS† R=-0.388* (P = .026) 

ME of the individual TICs averaged  NS†  NS†  NS† 

* Indicates statistically significant difference. 

† NS = not significant for any of the individual TIC types. 

 
Table 3 

 
Clinically Active versus Inactive Disease 

We placed the patients into one of two groups on the basis of CRP and PDAI 

values. We defined clinically inactive disease as a CRP value of 5.0 mg/L or less 

because a cutoff value of 5 mg/L is used at our institution’s laboratory to distinguish 

between normal and elevated CRP values. For the PDAI, no cut-off value between 

active perianal disease and remission has been established yet. Thus, we chose a 

cut-off value of 5 on the basis of findings by Present et al (15) in a large cohort of 

patients with perianal fistulising CD; in their study, median PDAI values before 

infliximab treatment were 8 or higher, whereas after infliximab treatment, remission 

induction therapy median values were 5 or lower. 

Follow-up 

Follow-up data were collected by a research fellow (K.H.) by means of medical 

record review for all patients for a minimum of 6 months. Three separate events 

were recorded: if surgery had been performed for treatment of the fistula, if new 

abscess formation had taken place, and if a change in medication was necessary 
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because of inadequate response to treatment (addition of antibiotics, 

immunosuppressive medication, and/or biologicals). 

Statistical Analysis 

For each ROI, we calculated the mean ME and the mean SOE, as well as the 

volume of all enhancing pixels within the ROI. Calculation was also performed of 

the ME and SOE averaged over all pixels of the same TIC shape type within the 

ROI. 

We calculated the absolute and relative amount of each TIC shape type within the 

ROI and the ratio of quickly enhancing versus slowly enhancing types of TIC (ratio 

between TIC types 3, 4, and 5 vs 2). A Spearman rank correlation test was used to 

calculate correlation coefficients between dynamic contrast enhanced MR imaging 

parameters and reference parameters (PDAI, CRP level, and MR imaging– based 

score). 

Correlation coefficient values were interpreted as follows: 0.0 indicated not 

correlated; 0.2, weakly correlated; 0.5, moderately correlated; 0.8, strongly 

correlated; and 1.0, perfectly correlated (16). A Mann-Whitney U test was used to 

calculate differences in dynamic contrast enhanced MR imaging parameters 

between the predefined groups of patients. P values less than .05 were considered 

to indicate statistical significant differences. 

 

RESULTS 

Disease severity indexes of the 33 included patients at the time of MR imaging are 

displayed in Table 1. Image quality was adequate in all examinations (Figs 2, 3, 4). 

Relationship of Dynamic Contrast enhanced MR Imaging Parameters with 

Clinical Findings 

PDAI. Fourteen patients had clinically active disease, as defined according to a 

PDAI value of more than 5. No significant differences were observed in dynamic 

contrast enhanced MR imaging parameters between patients with clinically active 

disease versus patients with clinically inactive disease. Weak to moderate 

correlations were found between PDAI and absolute pixel counts of TIC types 2, 3, 

and 5. The ROI volume also showed a weak to moderate correlation with PDAI 

(Table 2). ME and SOE calculated for the individual TIC types did not show 

significant correlations with the PDAI (Table 3). 
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Figure 2: Dynamic contrast enhanced MR imaging findings in 44-year-old man with 
transsphincteric fistula. A, Axial oblique fat-saturated T2-weighted fast spinecho image 
shows perianal fistulising disease. B, TIC shape type map with ROI drawn around the 
disease as identified on A. In the ROI, many pixels with TIC type 2 are present, but pixels 
with TIC types 3 and 4 are also observed. C, ME map of the same section. ME of the 
perianal fistula is higher than that of the surrounding tissue. 

 

 
 
Figure 3: Dynamic contrast enhanced MR imaging findings in 48-year-old man with 
transsphincteric fistula with seton drainage. A, Axial oblique fat-saturated T2-weighted fast 
spin-echo image shows the perianal fistula track with seton drainage. B, TIC shape type 
map of the same section. In the perianal fistula, a relatively large number of quickly 
enhancing pixels (types 3, 4, and 5) are present. C, ME map of the same section. ME of the 
perianal fistula is higher than that of the surrounding tissue. 

 

 
  
Figure 4: Dynamic contrast enhanced MR imaging findings in 53-year-old man with complex 
infralevatoric transsphincteric fistula. A, Axial oblique fat-saturated T2-weighted fast spin-
echo image shows the complex perianal fistula with infiltration of the surrounding fat. B, TIC 
shape type map of the same section. In the perianal fistula, a relatively large number of 
quickly enhancing pixels of TIC types 4 and 5 are present, but not many pixels of TIC type 3 
are. C, ME map of the same section. ME of the perianal fistula tracks is higher than that of 
the surrounding tissue. 
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CRP level. Thirteen patients had active disease, as indicated by elevated CRP 

values. In patients with active disease, the mean ME was significantly higher than 

that in patients with inactive disease (P = .001). CRP values did not show 

significant correlations with any of the TIC type counts (Table 2) or with the 

averaged ME or SOE for any of the TIC types. A weak to moderate correlation was 

seen with the mean ME (Table 3). 

Correlation with Conventional MR Imaging Findings  

Absolute pixel counts of TIC types 2, 3, 4, and 5 showed weak to moderate 

correlations with the MR imaging score. The ratio of quickly enhancing pixels 

versus slowly enhancing pixels was significantly higher in patients with higher MR 

imaging scores, as was the case with the ROI volume (Table 2). ME and SOE 

calculated for the individual TIC types did not show significant correlations with the 

MR imaging–based score (Table 3), with the exception of the SOE of TIC type 2, 

which showed a negative correlation with the MR imaging–based score of severity. 

Follow-up 

Clinical follow-up data were available for 29 of 33 patients. For four of 33 patients, 

no follow-up data were available. Mean follow-up was 58 weeks ± 23 (range, 27–

97 weeks). 

There were no significant differences for any of the dynamic contrast enhanced MR 

imaging findings between patients who underwent surgery for fistulas (n = 8) and 

patients who did not (n=21). Dynamic contrast enhanced MR imaging findings 

differed significantly between patients who subsequently had a change in 

medication during follow-up (n=17) and patients who did not (n=12). The ROI 

volume was significantly higher in patients with medication changes (P = .034). The 

total pixel counts of TIC types 3 (P = .001), 4 (P = .043), and 5 (P = .001) were 

higher in patients for whom medication regimens had to be altered, as was the ratio 

of quickly enhancing versus slowly enhancing pixels (P = .021). In six patients, new 

abscesses developed during follow-up. Significantly higher counts of TIC types 2 

(P = .026), 3 (P = .014), 4 (P = .001), and 5 (P = .014) were seen in these six 

patients, and ROI volumes were significantly higher (P = .019). 

When the dynamic contrast enhanced MR imaging data are approached in a 

dichotomous manner (i.e., by defining whether an event had occurred), significant 

differences were seen between the group of patients in which no event was 

observed (n = 8) and the group in which one or more events were observed (n = 

21); in the latter group, the total pixel count of TIC types 2, 3, and 5 were 
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significantly higher (P = .041, .011, and .047, respectively). The relative pixel count 

of TIC type 3 was significantly higher (P = .010). 

 

DISCUSSION 

With this study, we found that in patients with elevated CRP values, ME values 

were higher than in patients with normal CRP values. In more severe disease, as 

indicated by the PDAI, more quickly enhancing pixels were seen. 

Quick uptake of gadolinium suggests highly vascularised tissue. The fact that a 

larger number of pixels with quick enhancement was observed in more severe 

disease indicates greater vascularity of the inflamed perianal tissue. Because 

increased vascularity is present only in tissues with active inflammation (17), pixel 

counts of TIC shape types demonstrating rapid enhancement might be used to 

identify more severe disease. 

This hypothesis is supported by the fact that the absolute counts of pixels with 

quick enhancement were increased in patients in whom a new abscess developed 

or in whom medication changes were necessary. 

In our study, we analyzed dynamic contrast enhanced MR imaging data in a 

quantitative manner (ME and SOE) and by looking at the TIC shape type counts on 

a pixel-by-pixel basis. An advantage of this approach is that the inhomogeneity of 

the tissue response to contrast medium inflow within the imaged area can be 

appreciated, since the individual TICs are separately classified. This approach is 

novel with respect to the standard way of looking at TIC shapes, in which the TICs 

are first averaged and then classified. 

In rheumatoid arthritis, a chronic inflammatory disease of the joints, dynamic 

contrast enhanced MR imaging findings correlated with histologic and clinical 

parameters of inflammation (18,19). In the study by Østergaard et al (19), the rate 

of early enhancement (ie, SOE) correlated with disease activity, whereas in our 

study the SOE did not significantly correlate with the PDAI, CRP level, or MR 

imaging–based score of disease severity. In a study by Florie et al (20) in which 

dynamic MR imaging in luminal CD was investigated, the SOE did not show 

significant correlations with clinical indexes, which is consistent with our results. 

One of the limitations of our study was the fact that we could image only five 

sections dynamically owing to the high demands on the time resolution. 

Ideally, dynamic imaging should encompass the entire lesion because perianal CD 

disease can be extensive. The fact that we could image only a limited number of 
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sections means that we were not able to analyze the entire diseased area in all 

patients. Although an observer bias was introduced by this limitation, we tried to 

compensate for it by using only one section from the original five section data set 

for our dynamic analysis. To do this, we tried to identify the section with the most 

extensive and most active inflammation as judged by means of the fat-saturated 

T2-weighted images. Improvements in MR imaging hardware and software now 

make it possible to perform dynamic imaging even faster, making dynamic imaging 

of larger volumes possible. Implementation of a dynamic contrast enhanced MR 

imaging protocol on a state-of-the art machine would prevent observer bias by 

including the entire lesion. Using state-of-the art hardware and software would also 

make it possible to include an internal iliac vessel in the dynamically imaged 

volume to serve as an internal control. This internal control would be beneficial 

because enhancement curves may be altered by patient dependent variables, such 

as atherosclerotic disease in the iliac vessels or cardiac output. Use of the arterial 

input function would obviate any confusion caused by confounding variables, 

probably making dynamic contrast enhanced MR imaging more accurate. The 

pixel-by-pixel classification of TIC shapes depends on some arbitrary choices such 

as noise thresholds and other parameters used for classification 

(10). The quality of the images in terms of signal-to-noise ratio determines the 

noise threshold, which determines the amount of analyzed pixels and at the same 

time the amount of pixels that cannot be appropriately classified (type 7 in our 

classification). The final results are thus sensitive to the original quality of the MR 

imaging acquisition. 

Although we tried to keep our study population homogeneous by excluding patients 

without fistulas (eg, with infiltrate), we included patients with only recto- or 

anovaginal fistulas. Although these fistulas can often be seen in perianal CD, they 

are usually smaller and less easy to demarcate than are perianal fistulas. In the 

area around recto- or anovaginal fistulas, strong enhancement of anovaginal 

septum tissue can be seen because of the high vascularisation of this area. The 

combination of more difficult demarcation of disease and the strong enhancement 

of pixels around the disease might have caused some distortion of the data. 

However, in most patients (n = 29), perianal fistulas and not ano- or rectovaginal 

fistulas were present, making the effect of the signal enhancement coming from the 

recto- or anovaginal fistulas less substantial. The fact that there is no ideal 

reference standard available to determine disease activity in perianal CD was 
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another limitation of our study. Although the PDAI has been mentioned as the 

perianal equivalent of the Crohn’s Disease Activity Index (21), it is an index that 

partly depends on clinical rather than anatomic or inflammatory parameters and 

thus is partly subject to patients’ perception of disease rather than the anatomic 

and inflammatory substrate. CRP level is a good indicator of inflammation, but is 

not specific; high CRP values could indicate active luminal CD and not necessarily 

perianal activity. By using conventional MR imaging in combination with a dynamic 

sequence, both anatomic and inflammatory information is provided, making MR 

imaging a possible single technique for comprehensive evaluation of perianal CD. 

In conclusion, dynamic contrast enhanced MR imaging can be used to help 

determine disease activity in perianal CD. Dynamic contrast enhanced MR imaging 

findings might be helpful in selecting a subpopulation of patients with perianal CD 

who should be monitored more closely for development of more extensive disease. 

Further studies with more patients are needed to clarify the clinical usefulness of 

dynamic contrast enhanced MR imaging as guidance for the treatment strategy 

and as a marker of therapeutic response. 
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ABSTRACT 

Purpose: To analyze the distribution of different shapes of time intensity curves 

(TICs) in synovial tissue of patients with rheumatoid arthritis (RA) and to compare 

relative numbers of TIC shapes between patients with RA and healthy control 

subjects. 

Materials and Methods: This prospective study was approved by the institutional 

review board; patients and control subjects gave written informed consent. 

Dynamic contrast magnetic resonance (MR) imaging of the knee joint in five 

patients with early RA and in five control subjects was performed. Parametric maps 

showing seven TIC shape types were created. Spatial information of the synovial 

TIC shape distribution pattern and relative number of TIC shapes were calculated 

on a three-dimensional region of interest. Relative TIC shape numbers were 

compared by using a nonparametric Mann-Whitney U test. 

Results: Synovial enhancement in patients with RA consisted of type 2 TIC 

shapes (slow enhancement) with heterogeneous zones of types 3 (fast 

enhancement followed by plateau phase), 4 (fast enhancement followed by early 

washout phase), and 5 (fast enhancement followed by slow enhancement 

increase) TIC shapes, compared with almost only type 2 TIC shapes in control 

subjects. The heterogeneous zones were seen in the lateral and medial knee 

compartments and around the cruciate ligaments. A significantly higher relative 

number of type 4 TIC shapes was observed in the patient group compared with the 

control group (16.5% vs. 6.9%, P = .008). 

Conclusion: The pixel-by-pixel dynamic contrast enhanced MR imaging TIC 

shape analysis may help distinguish patients with RA from control subjects on the 

basis of the relative number of type 4 TIC shapes. This study provides the rationale 

for future research to evaluate the utility of this approach in clinical practice. 
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INTRODUCTION 

Magnetic resonance (MR) imaging has been increasingly used in the evaluation 

and follow-up of patients with rheumatoid arthritis (RA). It allows detailed evaluation 

of effusions and involved soft tissues, such as inflamed synovium, tendons, and 

tendon sheets. Furthermore, by using MR imaging, erosions are detected earlier 

and with a higher sensitivity than with conventional radiography (1,2). To visualize 

inflamed synovial tissue on MR images, the use of intravenous contrast agent 

(gadopentetate dimeglumine) is recommended (3). It increases the synovial signal 

intensity on T1-weighted acquisitions and synovial conspicuity from surrounding 

tissues and joint effusions. Dynamic contrast enhanced MRimaging is the time-

dependent registration of changes in MR signal intensity during and after 

intravenous injection of a contrast agent. Results are rendered as time intensity 

curves (TICs) that can be postprocessed either by using descriptive parameters 

(eg, rate of early enhancement, maximal enhancement) or pharmacokinetic 

modelling (eg, Tofts’ model [4]). In RA, descriptive dynamic contrast enhanced MR 

imaging parameters have been shown to correlate with clinical disease activity 

parameters like erythrocyte sedimentation rate and C-reactive protein level (5–7), 

histologic signs of inflammation (6,8,9), and vascularity scores (6,8,10). Therefore, 

these dynamic contrast enhanced MR imaging parameters have been suggested 

as objective markers of synovial inflammation. Both postprocessing methods have 

some disadvantages. Descriptive parameters are directly derived from the 

measured signal intensity, which makes them sensitive to variations in acquisition 

protocols and dependent on other factors such as imager type and coil used (11). 

Therefore, data cannot be directly compared between different MR imaging 

settings, which limits their use in research and clinical settings. Pharmacokinetic 

parameters represent absolute physiologic values (eg, permeability) and are, 

therefore, relatively insensitive to variable MR imager settings (4,12). However, 

outcomes depend on the model used. Moreover, additional MR imaging sequences 

other than the clinically relevant dynamic contrast enhanced MR imaging 

acquisition are required, which prolongs the acquisition time. In addition, because 

of the greater complexity of pharmacokinetic modelling compared with the relatively 

simple descriptive post-processing method, these are more computationally 

demanding and more prone to errors (13). To overcome the aforementioned 

disadvantages of the different dynamic contrast enhanced MR imaging (post-

processing) techniques, a new dynamic contrast- enhanced MR imaging analysis 
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and imaging method was developed by using a three-dimensional pixel-by-pixel 

method to help visualize differently shaped TICs within a volume of interest (13). 

The purpose of this study was to analyze the distribution of different shapes of 

TICs in synovial tissue of patients with RA and to compare relative 

numbers of TIC shapes between patients with RA and healthy control subjects. 

 

MATERIALS AND METHODS 

Patients  

This prospective study was approved by the institutional review board; patients and 

healthy control subjects gave written informed consent. No conflicts of interest 

were noted. Five consecutive patients who fulfilled the 1987 American College of 

Rheumatology classification criteria for RA (14) at the time of inclusion and who 

had active arthritis of a knee joint were selected from an early arthritis cohort 

between February and November 2004. The inclusion criteria of this early arthritis 

cohort consisted of active arthritis, based on clinical findings, of at least a knee, 

wrist, or ankle joint, with disease duration of less than 1 year. Patients were 

excluded if they were taking or had previously taken disease-modifying 

antirheumatic drugs or corticosteroids. Five healthy control subjects were asked to 

voluntarily enrol in this study between January and April 2008. Exclusion criteria 

consisted of having knee complaints, knee trauma, or knee surgery in the medical 

history. Both patients and healthy control subjects were excluded if there were 

contraindications for contrast enhanced MR imaging (claustrophobia, metal 

implants, or elevated serum creatinine level). No patients were excluded because 

of clinical or technical reasons. In both the patient and the healthy control subject 

groups, an equal number of men and women was analyzed. Age and weight were 

also comparable between the two groups (Table 1). The mean age was 39 years 

(range, 22–70 years) for the total group, 47 years (range, 26–70 years) for the 

male group, and 31 years (range, 22–52 years) for the female group. 

MR Imaging Acquisition 

Images were acquired with a 1.5-T MR imager (GE Signa Horizon Echospeed, 

LX9.0; GE Medical Systems, Milwaukee, Wis) by using a three-dimensional T1-

weighted gradient-echo dynamic sequence that resulted in 20 consecutive images 

of 20 sections with a temporal resolution of 22 seconds (repetition time, 8.1 msec; 

echo time, 3.5 msec; flip angle, 30°; section thickness, 4 mm; field of view, 18 cm; 
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256 × 256 matrix; axial orientation). The total imaging time was 7 minutes 19 

seconds. 
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Figure 1: Graph of seven TIC shape types. Type 1 shows no enhancement; type 2, slow 
enhancement; type 3, fast enhancement followed by plateau phase; type 4, fast 
enhancement followed by washout phase; type 5, fast enhancement followed by gradual 
enhancement increase; type 6, arterial enhancement; type 7, unclassified enhancement 
(other). 

 

 

 
Figure 2: Parametric TIC shape map of one patient with RA and one healthy control subject 
(HC), with legend of TIC shapes. The synovial layer of the patient is markedly thickened 
compared with that of the control subject and shows enhancement heterogeneity in lateral 
compartment, medial compartment, and intercondylar region. 

 

Patients and healthy control subjects were placed in the supine position with the 

knee joint centrally in the magnetic field in a dedicated extremity coil (quadrature 
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detection). The inflamed knee of the patients with RA and an arbitrarily chosen 

knee of the healthy control subjects were imaged. A 20- gauge needle infusion line 

was inserted in the right antecubital vein. Sixty seconds after the initiation of the 

dynamic protocol, a bolus of a contrast agent (0.1 mg per kilogram of body weight, 

gadopentetate dimeglumine, Magnevist; Schering, Berlin, Germany) followed by a 

15-mL saline chase was delivered at an injection rate of 5 mL/sec by using an 

automatic injection device (Spectris; Medrad, Warrendale, Pa). 

 
 Healthy Controls  Patients p-value 

Patient Characteristics 

Female/male (n) 2/3 3/2 >.99 

Age (years) 37.0 (20.3-53.7) 41.2 (15.1-67.3) 1 

Weight (kg)  75.6 (45.4-105.8) 85.2 (57.4-113.0) .548 

Right to left knee ratio 3/2 3/2 >.99 

Enhancing volume and descriptive parameters 

Enhancing Volume (mL) 19.3 (2.1-36.4) 53.0 (12.1-93.9) .151 

Mean Maximum Enhancement 0.58 (0.44-0.73) 1.10 (0.51-1.68) .056 

Mean Initial Slope 10.6 (8.8-12.5) 14.9 (9.4-20.4) .222 

Relative number of TIC-shapes (%) 

Type 2 74.2 (61.5-86.9) 61.1% (51.0-71.3) .056 

Type 3 2.8 (1.0-4.6) 6.6% (1.1-12.1) .056 

Type 4 6.9 (3.5-10.2) 16.5% (8.6-24.4) .008 

Type 5 8.4 (2.7-13.9) 7.4 (4.3-10.4) >.99 

 

Table 1. Patient characteristics and Dynamic Contrast enhanced MR imaging Parameters 

 
MR Imaging Data Analysis 

Images were transferred to a standard personal computer workstation and were 

processed by using a program developed in-house with software (Matlab; 

Mathworks, Natick, Mass). This program analyzes the time dependent signal 

intensity changes of every voxel in an imaged volume. Every voxel with its TIC is 

classified into one of seven predefined TIC shape categories, which is associated 

with a color (Fig 1). This results in a colour coded shape map for each image 

section (Fig 2) and three-dimensional parametric TIC shape volumes when 

analyzing contiguous sections (13).  

In a similar way, the image analysis program calculates the maximal enhancement 

(defined as the difference between maximal signal intensity and baseline, divided 

by signal baseline), time to peak (defined as the time between the start of 
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enhancement and maximal signal intensity), and maximal slope of increase 

(defined as the largest positive signal difference between two successive 

acquisitions) for each voxel in the imaged volume. The total number of generated 

maps for every participant was 80 (four parameters, 20 image sections).  

We compared the maximum number of sections in every joint to make sure the 

largest possible volume of synovium was analyzed. We also compared the same 

number of sections in every patient and healthy control subject. No synovium was 

expected distal to the tibial plateau, so this was chosen as the most distal border. 

While the joint coverage differed slightly between the individual knee joints, the 

maximal number of contiguous images was 12, so this volume was analyzed in 

every individual. 

Regions of interest (ROIs) were manually delineated on the 12 selected image 

sections in every participant. This was done on the maximal enhancement maps, 

because of the increased conspicuity of synovial tissue on these images. The ROI 

was drawn to exclude enhancing skin and muscle tissue. The nonenhancing tissue 

(eg, bone and cartilage) within the ROIs is ignored by the analysis software, which 

leaves the enhancing synovial tissue and vascular structures within the ROI for 

analysis. The selection of the image sections and ROI delineation was performed 

by one investigator (C.v.d.L., with 1 year of experience in musculoskeletal dynamic 

contrast enhanced MR imaging) who was supervised by a radiologist (M.M., with 

15 years of experience in musculoskeletal radiology) to maintain consistency of the 

results. 

TIC Shape Analysis  

Visual analysis of color-coded TIC shape maps.—The synovium was analyzed 

visually and semi-automatically. The thickness and TIC shape enhancement 

pattern of synovial tissue were compared between the patient and healthy control 

subject groups on all parametric TIC shape maps. The thickness was semi-

quantitatively scored (0 = no or minimal enhancing volume, 1 = medium enhancing 

volume, 2 = large enhancing volume). The distribution of the different TIC shapes 

throughout the synovium was described. The occurrence of zones with type 3, 4, 

and 5 TIC shapes (instead of type 2) was visually scored as present (score of 1) or 

absent (score of 0) in the lateral compartment, medial compartment, suprapatellar 

bursa, intercondylar region, and patellofemoral region. 

Semiautomatic analysis. To correct for different sizes of knee joints, we used the 

relative number of enhancing voxels per TIC shape type. This was defined as the 
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absolute number of voxels of a TIC shape type divided by the absolute numbers of 

TIC shape types 2–7 added together and multiplied by 100%. For statistical 

analysis, only type 2, 3, 4, and 5 TIC shapes were of interest. The other enhancing 

TIC shape types (types 6 and 7) were used only for the calculation of the relative 

number per TIC shape type.  

The other parameters used were mean maximum enhancement (defined as the 

maximal enhancement of all voxels with TIC shape type 2–7 enhancement divided 

by the number of voxels), mean initial slope (defined as the maximal slope of 

interest of all TIC shape type 2–7 enhancing voxels divided by the number of 

voxels), and the enhancing volume (defined as the total number of all TIC shape 

type 2–7 enhancing voxels within the volume of interest multiplied by the voxel 

volume in milliliters).  

After 3 months, the ROI delineation process and postprocessing were performed a 

second time in all subjects in random order by the same investigator (C.v.d.L.), 

who was blinded to results, to test for intra-observer reliability.  

 

 

 

Figure 3: Graphs of relative number of type 2–5 TIC shapes in healthy control subjects and 
patients. Relative number of type 4 TIC shapes differed significantly between the two groups 
(P=.008). 

 
Statistical Analysis 

Standard software (SPSS, version 12; SPSS, Chicago, Ill) was used for statistical 

analysis. The Fisher exact test was used to test for differences in sex and knee 

side between the patients and healthy control subjects. Because we assumed the 

relative number of TIC shapes to be continuous data, which can vary between 0 

and 1, we used a nonparametric Mann-Whitney U test. A Mann-Whitney U test was 

also used to test for differences in age and weight, ROI size, descriptive dynamic 

contrast enhanced MR imaging parameters, and enhancing volume. Intraclass 

correlation coefficients were calculated to determine intra-observer reliability (15). 
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A P value less than .05 was considered to indicate a statistically significant 

difference. 

 

RESULTS 

Synovial Thickness  

On the parametric TIC shape maps (Fig 2), the enhancing synovial layer scores 

were as follows: Three patients showed large enhancing volume (score of 2), and 

one patient showed medium enhancing volume (score of 1). One patient showed 

minimal enhancing volume (score of 0). Two healthy control subjects showed 

medium enhancing volume (score of 1), and three showed minimal enhancing 

volume (score of 0). 

Synovial Enhancement Pattern 

The synovial tissue of the healthy control subjects consisted predominantly of type 

2 TIC shapes with sporadic small zones of the type 3, 4, and 5 TIC shapes, while 

the synovial tissue of the patients with RA consisted mainly of type 2 TIC shapes 

with multiple zones of type 3, 4, and 5 TIC shapes. This was also seen in the 

patient with minimal enhancing synovial volume. 

Zones with heterogeneous enhancement (type 3, 4, and 5 TIC shapes) were seen 

in the lateral compartment in four patients and in two healthy control subjects, in 

the medial compartment in five patients and in none of the healthy control subjects, 

in the suprapatellar bursa in two patients and in none of the healthy control 

subjects, in the intercondylar region in four patients and in two healthy control 

subjects, and in the patellofemoral region in two patients and in none of the healthy 

control subjects. 

Semiautomatic Analysis  

A significantly higher relative number of type 4 TIC shapes was observed in 

patients compared with healthy control subjects (6.9% vs 16.5%, P = .008) (Table, 

Fig 3). The relative number of the type 2, 3, and 5 TIC shapes did not significantly 

differ between the two groups. 

No significant differences were observed in the descriptive parameters mean 

maximal enhancement and mean initial slope and enhancing volume (Fig 4). ROI 

size did not significantly differ (mean volume of interest of 12 ROIs) between the 

patient group (281 mL; range, 207–392 mL) and the healthy control subject group 

(229 mL; range, 177–260 mL) (P = .548).  
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The intraobserver reliability in the total group was high for the TIC shape 

parameters (type 2: intraclass correlation coefficient [ICC], 1.00 [95% confidence 

interval: 0.97, 1.00]; P = .001; type 3: ICC, 1.00 [95% confidence interval: 0.98, 

1.00]; P = .001; type 4: ICC, 1.00 [95% confidence interval: 0.98, 1.00]; P = .001; 

type 5: ICC, 0.99 [95% confidence interval: 0.96, 1.00]; P = .001), the descriptive 

parameters (mean maximum enhancement: ICC, 1.00 [95% confidence interval: 

1.00, 1.00]; P = .001; mean initial slope: ICC, 0.99 [95% confidence interval: 0.97, 

1.00]; P = .001), enhancing volume (ICC, 0.99 [95% confidence interval: 0.96, 

1.00]; P = .001), and ROI size (ICC, 0.95 [95% confidence interval: 0.79, 0.99]; P = 

.001). 

 

Figure 4: Graphs of enhancing volume in milliliters, mean maximal enhancement (MME), 
and maximal initial slope (MIS) in healthy control subjects and patients. 

 

DISCUSSION 

The purpose of our study was to investigate if TIC shape analysis may assist in the 

detection of synovial inflammation. These preliminary results suggest that, by using 

TIC shape analysis, it may be possible to demonstrate a significant difference 

between patients with early RA and healthy control subjects and that this approach 

allows the evaluation of enhancement heterogeneity. Our results also suggest that 

synovial thickness within patients with early RA was generally increased compared 

with that in healthy control subjects, and enhancement heterogeneity in patients 

differed from that in healthy control subjects. Enhancement heterogeneity, 

however, not only occurred within the synovium of patients with RA, but, to a lesser 

degree, also in healthy control subjects.  

The relative number of type 4 TIC shapes differed significantly between patients 

and healthy control subjects. In general, TICs reflect the uptake of contrast agent in 

tissue, which represents tissue physiology. The type 4 TIC shape consists of a 

rapid enhancement phase followed by an early washout. The rate of initial 
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enhancement has been correlated to histologic vascularity scores, which means 

that a higher initial rate reflects increased tissue vascularisation (6,8,10). The early 

washout phase is most likely explained by the back flux of contrast agent due to 

increased vascular permeability. Both increased tissue vascularisation and 

permeability are characteristics of inflamed synovial tissue. 

This explains why type 4 TIC shape especially showed a clear difference between 

healthy control subjects and patients with RA with an inflamed knee joint. Another, 

perhaps additional, explanation for the early washout phase could be the passive 

diffusion of contrast agent into effusion fluid. However, first signs of contrast agent 

diffusion into joint effusions have been described 6–8 minutes after intravenous 

contrast agent injection (16). Therefore, it appears unlikely that this would be an 

important contributing factor, when the imaging length of 7 minutes 19 seconds is 

considered. 

The association of TIC shapes and disease is quite new in arthritis research but 

has proved its value in the differentiation of malignant from benign tumors. In 

breast lesions, for example, a sensitivity and specificity of 91% and 83%, 

respectively, has been reported in relating malignancy to differently shaped TICs 

(17). In this study, TIC shapes with initial rapid enhancement followed by a plateau 

phase or washout (ie, types 3 and 4) were associated with malignancy. For 

synovial sarcomas, van Rijswijk et al (18) reviewed dynamic contrast enhanced MR 

imaging enhancement of 10 synovial sarcomas and reported a type 4 TIC shape in 

five patients, a type 5 shape in three patients, a type 3 shape in one patient, and a 

type 2 shape in one patient. Because the inflammatory process of RA shares some 

features with malignant lesions, such as enhanced vascularization, increased 

vessel permeability, and invasive growth of the synovial tissue into bone and 

cartilage, we believed that this method might be of use in the diagnostic and/or 

prognostic classification of patients with arthritis as well. Demonstrating differences 

between inflamed and non-inflamed joints is a first step in evaluating the potential 

of this approach. 

Our study results show that this approach helps visualize enhancement 

heterogeneity within the synovium of patients with RA. This synovial heterogeneity 

consisted of zones with initial fast enhancing TIC shape types (types 3–5) that 

were seen in the lateral and medial compartments and the intercondylar region. 

Heterogeneity of enhancement within synovial tissue of patients with RA by using 

dynamic contrast enhanced MR imaging has been described in previous studies, 
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and locations described were consistent with our results (6,7,16,19,20). These 

results were consistent with previous observations that showed heterogeneity on 

the cellular and molecular level (21,22). 

In most studies on the analysis of synovium by using dynamic contrast enhanced 

MR imaging, small ROIs were analyzed on a limited number of sections. This can 

be disadvantageous because small-volume analysis of heterogeneous tissue may 

result in the under- or overestimation of inflammatory activity. Besides, 

enhancement data within the ROI are usually averaged to one parameter or TIC. 

Spatial information regarding the heterogeneous enhancement within the ROI is 

lost, and small focal areas of inflammation in larger ROIs might be averaged out. 

Because our technique provides analysis of the entire synovium, a better 

estimation of actual disease activity compared with small-volume analysis is 

expected. 

Another feature of this pixel-by-pixel based whole synovium analysis is the 

possibility to allocate zones with specific types of TIC shapes. It can be 

hypothesized that the appearance of TIC shape types that show a high initial slope 

(ie, types 3, 4, and 5) represent a more aggressive inflammation, which may 

precede nearby erosion formation. 

Hermann et al. (23) described a higher rate of enhancement in patients with 

erosive RA than in those with nonerosive disease of the shoulder, and Huang et al 

(24) found higher enhancement rates predictive for development of erosions in the 

wrists. Spatial information about the location of the erosions and synovial 

enhancement heterogeneity was, however, not obtained. The technique used in 

our study helps visualize enhancement distribution throughout the synovial volume. 

Comparing the location of zones with fast enhancing TIC shapes with the location 

of erosion formation in longitudinal prospective studies might reveal a prognostic 

feature of pixel-by-pixel TIC shape analysis. 

Our study was limited by the small numbers of patients and healthy control 

subjects included. However, because we observed a significant difference in type 4 

TIC shape between patients and control subjects, we believe TIC shape analysis 

may help distinguish inflamed from noninflamed joints, and our present study 

provides the rationale to test this in larger cohorts of patients. Another limitation of 

this study was the lack of data about the reproducibility of this technique within 

patients imaged at two different time points within one imager and imaged with 
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different imagers. Assessing the reproducibility fell beyond the scope of our pilot 

study, but before applying dynamic contrast enhanced 

MR imaging TIC shape measurements to larger patient groups, this issue needs to 

be addressed. The TIC classification scheme we used in this study produces 

results that can be dependent on the signal-to-noise ratio of the images. Therefore, 

we used thresholds to exclude pixels with excessively low signal-to-noise ratio (13). 

The choice of the thresholds for this study was on the basis of experimental 

observations; the thresholds needed to be low enough to include all of the 

synovium in the classification, while preventing misclassification (type 7 as in Lavini 

et al [13]). Because the same threshold was applied to all patients and healthy 

control subjects, we can expect that possible misclassifications would have 

affected all acquisitions in the same degree. Therefore, we believe the signal-to-

noise ratio threshold settings have not influenced the outcomes presented here. 

In summary, these preliminary results suggest that, by using TIC shape analysis, it 

may be possible to demonstrate a significant difference between patients with early 

RA and healthy control subjects and that this approach allows the evaluation of 

enhancement heterogeneity. 
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ABSTRACT 

It is widely recognised that the measurement of the Arterial Input Function (AIF) is 

a key issue and a major source of errors in the pharmacokinetic modelling of 

Dynamic Contrast Enhanced (DCE)-MRI data, and the modality of the AIF 

determination is still a matter of debate. 

In this study we addressed the problem of the intrinsic variability of the AIF within 

the imaged volume of a DCE-MRI scan by systematically investigating the change 

in the concentration of contrast agent over time and the fit parameters of the 

derived Vascular Input Function (VIF) obtained from the Superior Sagittal Sinus 

(SSS) of a patient population that was scanned longitudinally during treatment for 

high grade glioma.  

From a total of 82 scanning sessions we compared the results obtained with three 

different DCE-MRI protocols and between two different fitting functions. We applied 

a correction algorithm to the measured concentration-time curves (CTC) to 

minimize the effect of the low temporal resolution on the VIF, and investigated the 

effect of this algorithm on the reproducibility. Finally, where possible, we compared 

the signal obtained in the SSS to the signal obtained in the Middle Cerebral Artery 

(MCA). 

We found a good intra-patient reproducibility of both the measured Gd 

concentrations and VIF parameters, and that the variation of the parameters due to 

slice location within a patient was significantly lower than the intra patient variation. 

Intra-patient, Inter-scan differences were significantly less marked than inter-patient 

differences showing a good Intraclass Correlation Coefficient. We did encounter a 

MRI-protocol dependence of the VIF fitting parameters. The correction algorithm 

significantly improved the reproducibility of the fitting parameters. 

These results support the idea that the use of a patient specific measured AIF, not 

necessarily averaged over a large volume, offers a significant benefit with respect 

to an external AIF or a measured cohort average AIF. 
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INTRODUCTION 

The use of pharmacokinetic models for quantifying tissue permeability from DCE-

MRI data is widespread and of high clinical relevance [1, 2, 3].  

A requirement of the most used models (e.g. Tofts [4]) is that the Arterial Input 

Function (AIF) be known. The issue of selecting the correct AIF is not yet settled 

and represents one of the major obstacles to a correct determination of the 

pharmacokinetic parameters of the above-mentioned models [5]. The most 

common way of obtaining an AIF is through sampling in a vessel close or distal to 

the to-be-analysed tissue. Uncertainty remains in the clinical practice as to which 

vessel should be sampled and how.  

Ideally the AIF should be measured (possibly with a high temporal resolution) in a 

feeding vessel close (physiologically, not just anatomically) to the tissue to be 

analysed.   

This is very often, if not always, unrealistic since not always a feeding vessel is 

visible in the field of view and, if so, not always is the SNR or the temporal 

resolution of the scan sufficient to map the quickly varying behaviour of signal in 

the vessel. Sometimes saturation problems intervene to prevent the correct 

determination of contrast agent concentration.  

In practice, often a vessel is chosen in the same slice where the quantification is 

performed, or in a slice in the middle of the scan [6]; sometimes it is averaged from 

different vessels from different slices [7,8]. Other strategies are also used such as 

sampling in a large close [9] or distal vessel [10], or the use of a “standard” AIF, 

such as, for example, the Weinmann function [11,12,13] or a measured cohort-

averaged AIF as for example one obtained by a study population [14, 15]. 

Automatic extraction techniques have been developed [16-18] to automatically 

recognise vessels. Where the temporal resolution allows it, more sophisticated 

methods are used to infer the AIF directly from tissue data, such as the reference 

tissue/region based methods [19]. The latter is though not suited for use in brain 

scans, as in healthy brain (reference tissue) there is no signal uptake after 

Gadolinium (Gd) injection. In clinical brain studies it is still common to extract the 

AIF from the signal in the sagittal sinus [6, 20], in which case the signal is not 

arterial but venous, or from an averaged signal arising from different locations in 

the brain obtained via a segmentation process [7, 8].  

It is known that the AIF can vary significantly between different patients and within 

patients between different sessions, due to differences in cardiac output, kidney 
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function, body fat etc., making an ad-hoc measurement of the AIF preferable over a 

patient averaged AIF. Also when an AIF is truly measured during the same scan, 

the choice of the vessel, as well as the level where the AIF should be measured 

can be a large source of uncertainty. 

In order to address the reproducibility of the AIF, we have systematically 

investigated the behaviour of the Concentration Time Curves (CTC) measured in 

the Superior Sagittal Sinus (SSS), a large and easily visible vessel that spans 

across a large FOV in the cranio-caudal direction. Though the SSS lends well to 

serve as AIF (it is always apparent on an axial scan, independent of which level in 

the brain the scan is acquired), it contains venous blood and therefore data 

extracted from the sinus cannot be properly classified as “arterial” input. From now 

on we will therefore describe the fitting function of the CTC as Vascular Input 

Function (VIF). For this reason we also compared the difference between the 

signal in the SSS and the Middle Cerebral Artery (MCA), when this was possible.  

We assessed the variability of the CTCs within a single scan (differences across 

slices – also referred to as “intra-scan” variability), and we compared it with the 

CTCs variability longitudinally across scans (“intra-patient” variability) and across 

the study (“inter-scan”, “inter-patient” variability). For this purpose, in this work we 

have analysed the data extracted from the SSS of 23 different patients who were 

included in the protocol of a brain study on recurrent glioma and who underwent 

repeated MRI scans, for a total of 82 scans, and then tested the stability of the 

CTC fitting parameters. We have used and compared three different MR protocols 

and two different fitting functions, the first fitting only the CTC decay, and the other 

comprising also the wash-in part of the CTC.  

We have developed an algorithm to try and compensate for the loss of information 

arising from the relatively low temporal resolution of the dynamic scan. We have 

compared the effect of this correction method on the reproducibility of the VIF. 

 

MATERIALS AND METHODS 

2.1 Patients. 

Twenty-two patients were recruited in the frame of a study aimed at investigating 

the effect of metronomic temozolomide (daily, 50mg/m2 orally) combined with 

bevacizumab infusions (10 mg/kg every 3 weeks) on recurrent glioma [21]. Another 

patient (patient 23) with the same pathology was included in this work with the 

purpose of comparing MRI protocols, though this patient did not undergo the above 
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mentioned bevacizumab/temozolomide treatment. A total of 82 scans were 

acquired. 

This study was approved by the local medical ethical committee, and all patients 

gave informed consent for the participation in this study. 

In the scatter plots the results from the 23 patients are given individually and shown 

in the x axis. Patient 23 and 24 are the same individual, but the results refer to data 

obtained from two different vessels, as it will be specified further on. Patients 

underwent the first scan one day before the start of the treatment, and a 2
nd

, 3
rd

 

and 4
th
 scan respectively after 3, 21 and, when possible, 80 days after start of 

treatment. Details of the patient population and treatment are given elsewhere [21] 

2.2 MRI: 

DCE-MRI was performed on a 1.5 Tesla Siemens Avanto clinical system while a 

bolus of  0.1 mmol/Kg Gd (Gadovist® 1.0 M) was injected at a speed of 5 ml/sec 

through a 20G needle in the antecubital vein followed by a 12 ml saline chase.   

Three DCE protocols were run using a phased array 4-channel coil, and the MRI 

parameters were set as follows: 

Protocol 1: 2D T1w GRE, TE/TR = 3.31/140 ms flip angle = 70 deg, spatial 

resolution = 0.89 × 1 × 4 mm, Time resolution 15.74 s, 28 acquisitions. Matrix size 

= 256x 256, No Partial Fourier and no asymmetric echo. BW= 260 Hz/Pix, Parallel 

acquisition with acceleration factor 2 (GRAPPA). 

Protocol 2: 2D T1w GRE, same parameters as above, but spatial resolution = 0.89 

×1.18 × 3 mm, Time resolution 13.49s. 

Protocol 3: 3D T1-w GRE (TE/TR= 4.76/7.65 flip angle = 30, spatial resolution = 

0.45 × 0.61 × 3 mm), Time resolution = 20 sec, 20 acquisitions. Matrix Size 

256x256x24, partial Fourier imaging in slice direction 6/8, no partial Fourier in 

phase direction, no asymmetric echo, BW=300 Hz/pix.  

Protocol 1 and 2 only differed in spatial/ time resolution, and therefore, most 

importantly, in SNR (protocol 2 had a lower SNR). Protocol 3 differed substantially 

as it used a 3D acquisition with a very short TR. 

Patients 1 to 9 underwent protocol 1.  Patient 10 to 22 underwent protocol 2. 

Patient 23  underwent protocol 3.  

The choice of the 2D dynamic protocols was made in order to match the IR 

images. These were chosen in order to acquire good quality T1 maps which were 

later used for the measurement of Gd concentration for pharmacokinetic modelling 

of the tumour [21]. 
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Figure 1. Scheme of the generation of TIC1 and TIC2 from TIC. 

 

2.3 TIC analysis.  

An automated vessel segmentation procedure was applied to the whole scan 

according to the classification algorithm described in [18]. This resulted in a 

number of vessels being identified, such as the SSS, the sinus rectus and 

transverse sinus. The MCA showed enhancement during contrast agent injection 

on the 3D Dynamic GRE MRI scan, whereas it did not in the 2D FGRE scan, 

possibly because of the more pronounced inflow effects in the 2D scan, for which 

the MCA signal was hyper-intense also before contrast injection.  

From all the resulting segmented vessels, the SSS and MCA were manually 

selected by drawing ROIs around the area of the sinus in 6 to 9 slices (we avoided 

slices at the edge of the scan) in the Head-Foot direction.  

For all the patients the results are presented for the SSS. Patient 23 and 24 are the 

same individual, but patient 23 represents the results from the SSS and patient 24 

represents the results from the MCA. 

2.4 Analysis of the Gd concentration-time curves. 

Concentration-Time Curves (CTC) were obtained from all the TICs according to 

Equation 1  

( ) ( )
( ) ( )( )








⋅−−−⋅⋅⋅

⋅−−⋅−⋅

ℜ⋅
−=

EaEatSE

EaEtS

TR
tGd

11)(10

11)(10
ln

1
)]([   (1) 

where S10(t)=S(t)/S(0) and S(0) is the average baseline signal S(T10) (T10 being the 

native T1, before contrast enhancement),  E=exp(-TR*R0) a=cos(α) with α the flip 

angle, and ℜ is the relaxivity (ℜ=4.5 s
-1

mM
-1

) [15],  R0=1/T10blood where T10 is the T1 

of blood before contrast injection. 

As the measured blood T1 was underestimated on the T1 maps (which we obtained 

from multiple IR images) due to inflow effect [22] we used a fixed value of T1 =1540 

ms [23]. 

Original CTC CTC 1 CTC 2 



CHAPTER 6                                                  Reproducibility of the AIF 

 95

Eq. (1) is the exact solution of S10(t) =ƒ(α,T10,TR, T1(t)) (see appendix) with 
 

)/exp(
))(/exp(cos1

))(/exp(1
sin)( *

2

1

1
0 tTTE

tTTR

tTTR
NtS ⋅−⋅

−⋅−

−−
=

α
α  [24],  

where N0 is the spin density, and with the assumption of negligible T2* effects and 

of a linear relationship between 1/T1 and [Gd] :  (1/T1=1/T10+ℜ[Gd])    (for the 

derivation of [Eq. (1)] see Appendix A1). 

Eqiation 1 does not require the approximation TR/T1<<1 to be valid [25], nor a 

normalization factor [26]. 

As concentrations in capillaries differ from concentration in venous blood due to the 

different hematocrit, we rescaled the measured venous Gadolinium Concentration 

[Gd] by a factor {1-Hc(cap)/(1-Hc(ven))} with Hc(Cap)=0.25 being the hematocrit 

in the capillaries, and Hc(ven)=0.45 in venous blood [27,28]. In this way the 

presented concentration values reflect the AIF as it would be used for 

pharmacokinetic modelling. 

All the individual TICs (or TICslice) were converted to a set of CTCs (which will be 

denoted CTCslice). Then we averaged the individual TICs generated in all slices, 

transformed the averaged TIC (TICvolume) into a CTC (CTCvolume).  

2.4.1 fitting of the CTCs 

From each of these original CTCs we generated two new datasets in the following 

way.  

CTC1: The first data-point was set to start at time 0, defined as the time point when 

the curve reaches the top point. Only the decay is visible. 

CTC2: The CTCs were stripped of the baseline except the last baseline point 

(intensity =0), for which the initial raise of the concentration remains visible [see 

Figure1].  

Type CTC1 datasets were fitted to a bi-exponential as in Eq. (2):  
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−
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⋅=∑
2

1

)(  (2) 

where, in this paper, a1 and m1 will refer to the fast decay component, and a2 and 

m2 will refer to the slow decay component. 

Type CTC2 datasets were fitted to Eq. (3), a convolution as in Model 2 in [28].  

Cp(t)=Cb(t)+Cb(t)⊗B(t)  (3), 

where ⊗ represents convolution. 
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Eq. (3) can be solved in closed form to obtain  
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(see Appendix A2 for derivation).  

The parameters ma, mb as in Eq. (4) describe respectively the slow exponential 

decay and “sharpness” of the initial peak. All CTCs generated in each individual 

slice (CTCslice) as well as in each volume CTC (CTCvolume), were converted to both 

CTC1 and CTC2 and fitted individually with the above functions, in an 

unconstrained fashion. In total we calculated 8 fitting parameters for each CTC, 

both for the individual slices, 
 

Slice_Par [1..8]= (a1, a2, m1, m2, a,b, ma, mb)slice  
 

and for the averaged CTCs (CTCvolume) (average over all the slices)  
 

Vol_Par[1..8] = (a1, a2, m1, m2, a,b, ma, mb)volume.  
 

Note that the averaged parameter over the individual (slice based) CTCslices need 

not coincide with the parameters calculated form the averaged CTCvolume. As the 

latter is originated from averaging all the individual TICs and only then transformed 

into a CTC, it results in a better SNR, and therefore in, possibly, different fit results.  

2.4.2 CTC Correction algorithm. 

We corrected the native CTCs with an algorithm which we developed based on the 

following observations.  

The typical arterial CTC presents itself with an initial spike, followed by a slow 

decay [29]. Sometimes, at high temporal resolutions, a second spike (recirculation) 

can be visible [15]. In our scans the “real” maximum concentration in the vessel 

after injection is missed most of the time, because of the low temporal resolution (= 

13 to 20 ms, according to protocol) of the dynamic scan, and therefore the fact that 
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the scanning grid can be misaligned with respect to the top concentration point. 

However we assumed that, because of the different moment of the dynamic 

timepoint at which each slice of the 2D scan is acquired, there will be at least one 

slice whose maximum intensity of the CTC will best approach the maximum vessel 

Gd concentration. From each slice, we therefore calculated the ratio “iRTS” (Ratio 

Top Slow of the i
th
 slice) between the Gd concentration at the top point and that at 

the beginning of the slow decay. We assumed that the largest value among all the 

iRTS within one scan was the most probable ratio between the maximum 

achievable (top) concentration and the concentration at the beginning of the slow 

decay. We multiplied this by 1.2 (arbitrary number) to compensate for a possible 

under-estimation of the measured peak due to other causes such as saturation 

effects, and we named this value RTS. 

For each individual CTC, we performed multiple non linear regressions of the CTC 

to model Equation 3, while continuously shifting the time axis, thus “moving” the 

CTC with respect to the zero time-point. Of all the fitted curves we kept the one 

which showed a peak value whose ratio with respect to the baseline was the one 

calculated before (RTS). We added then an “artificial” point to the native CTC, 

corresponding to this new top of the CTC, in the position determined by the best fit. 

The “corrected” CTC consists therefore of the original CTC to which a top point, of 

an intensity equal to the slow decay of the CTC times RTS, has been added in the 

location chosen by the above fitting –selecting algorithm. 

The corrected CTCs (corrCTC) were then analysed again according to the same 

algorithm in 2.4.1, and therefore fitted to both Eq 2 and 3. 

2.5 Calculation of the relative Standard Deviations 

We aimed at understanding the variability of the CTC fit parameters within the 

imaged volume (across slices within a scan session) and compare this to the 

variability within a patient and across the study. To do this we first calculated the 

mean, the standard deviation and the relative standard deviations (RSD) of the 

parameters over all the CTCslices in the measured volume (mean and STD over M 

slices of the same scan) 

( )
Mslicei

Mslicei

jiscan
SliceParmean

SliceParSTD
SliceParRSD

..1

..1

)(

)(
=   

for each individual scan session j. This provides a measure of the variance of the 

measured parameter within each scan (variability due to slice position).  
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Then for each patient we calculated the mean, the standard deviation and the 

relative standard deviation of the mean volume-originated parameters Vol_Par, 

calculated over all CTCvolumes from the different scan sessions of the same patient. 

This provides a measure of the variance of the parameters within each k
th
 patient.  
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where N is the total number of scans the k
th
 patient underwent. 

Of the relative standard deviations (RSDscan(SlicePari)) and (RSDpat(VolPari)) we 

calculated an average value respectively  over all the scan sessions and all the 

patients as described below. We calculated the results separately for patients 

undergoing the three different protocols. 
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where j is the counter over all individual scans (J=34 for protocol 1 J=46 for protocol 

2 and J=4 for protocol 3). 

The average RSD over all patients is given by 
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where K is the number of patients undergoing each protocol (K=9 in protocol 1, 

K=13 in protocol 2, K= 1 in Protocol 3). As protocol 3 was only used for one 

patient, we have omitted the statistical calculation (RSD) for patient 23.  

Finally we calculated the RSD over the whole study as 
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J is the total number of scans with each protocol (J= 34 for protocol 1, J = 44 for 

Protocol 2, J= 4 for protocol 3). 

In short, Av_RSDscan represents the intrinsic RSD of the slice parameters within an 

individual scan, averaged over all the scans, Av_RSDpatient represents the RSD of 

the volume parameters across each individual patient, averaged over all the 
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patients and RDSstudy represent the RSD of the parameters of all the scans pooled 

together. 

We calculated a patient Intraclass Correlation Coefficient ICCpatCTC, calculated 

according to 

( )
( ) ( )22

2

)(_)(
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)(

patstudy

study

VolParSTDAvVolParSTD

VolParSTD
VolParICC

+
=  

The ICC is commonly used to assess consistency or reproducibility of quantitative 

measurements that are organized into groups. It describes how strongly measures 

obtained in the same group resemble each other, with respect to the measurement 

of all the groups together. Value 0 reflects a low resemblance, whereas 1 

represents a high reproducibility. 
 

 

Figure 2 Intensity in mMol/l of the Sagittal sinus CTC at peak value and at the beginning of 
the slow decay, shown per patient. Vertical lines separate patients undergoing different 
protocols. Patient 1 to 9 were scanned with protocol 1, patient 10 to 22 with protocol 2 and 
patient 23 with protocol 3. Patient 24 refers to the CTC in the MCA 

 

RESULTS 

We first present the fit parameters of the volume-averaged CTCs and their STDs to 

address the protocol dependence of the VIF determination. We then compare the 

individual study results, and at the same time observe the difference in parameters 

obtained in another vessel (the MCA). 

We compare the variability (measured with the RSDs) of the CTCs fit parameters 

within each individual scan, across scans within the same patient, and throughout 

the study to infer a measure of reproducibility of the VIF. We also investigate its 

protocol dependence. Finally, we address the problem of the uncertainty on the 
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temporal jitter and how the correction method affected the results. In all cases we 

compare results obtained using an uncorrected and a corrected CTC. 

3.1 CTC characteristics and fit parameters.  

The characteristics of the CTCs, namely the highest value and the amplitude at the 

beginning of the slow decay, are shown in Figure 2 for both corrected and 

uncorrected data. The plot shows that the amplitude of the slow decay, which is the 

parameter least affected by the low temporal resolution of the scan, is well 

reproducible within the same patient. The maximum amplitude of the CTC is, 

conversely, highly variable. The correction method, which results in larger top CTC 

values, does not significantly change the intra-patient variability of the top values. 

3.1.1 Protocol dependence of the fit parameters 

To analyse the protocol dependency of the fit parameters we calculated average 

values of the fit parameters of the CTCvolume (a1,m1,a2,m2 and a,ma,b,mb)  across 

the whole study (independent of patient grouping). These, together with their STDs 

are shown in Table 1.  

We found the slow decay component values (ma) to lie around the value of 0.07-

0.11 min
-1

, according to protocol, in accordance with the literature. Both the 

uncorrected and corrected averaged CTC fit parameters are shown separately for 

comparison in Table 1. We could observe a difference in the results obtained with 

the different protocols. By looking at the relative STD (in brackets, expressed in 

percentage) it can be seen that the correction algorithm significantly stabilises the 

fit parameters, resulting in lower rSTD in the parameters of the corrected data, 

especially those of the fast decay m1 and mb, resulting in lower RSD in each of the 

three protocols.  

The details of the individual results of the decay per patient are given in Figure (3), 

where we compare the parameters m1 and m2 (the fast and slow bi-exponential 

decay rates of the corrected and uncorrected CTC in a scatter-plot). 

In this plot it is possible to appreciate the difference between the fit parameters in 

the SSS and in the MCA by looking at patient 23 and 24, showing that the decay 

parameters m1 and m2 in the SSS and in the MCA were comparable. 

3.2 Variance of the CTC fit parameters within each scan and across the study. 

In order to assess the reproducibility of the VIFs, we have investigated the 

distribution of the CTCslice fit parameters across the individual slices, and compared 

it with the distribution of the fit parameters of the CTC generated by a slice-

averaged signal (CTCvolume) across the patients and with the study RSD. The 
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results of these (averaged) relative STDs (Av_RSDscan, Av_RSDpatient and RSDstudy) 

are presented in Table 2 and are expressed in percentages. 

For each parameter, we have reported the results referring to the two 2D protocols 

(1 (first line) and 2 (second line)). 
  

 

Figure 3. Fitting parameters of parameters m1 and m2 of the bi-exponential fit. Fits of both 
corrected and uncorrected CTC results are displayed. Bars separate data acquired with 
different protocols (1,2, and 3).  

 

Comparison between “scan” , “patient” and “study” columns in Table 2 show that 

the parameters RSD calculated across slices within one scanning session is, on 

average, smaller than the average RSD of the parameter across different scans of 

the same patient, which in turn is smaller than the study RSD. This confirms the 

fact that VIF are well reproducible within the same scan, and within the same 

patient. The small spread in the parameters value across the slices (“RSDscan”) 

suggests that the parameters do indeed vary much less within the imaged volume 

than within the same patient across different scans. This suggests that selecting a 

VIF in a single slice instead of a whole volume could be an acceptable 

approximation. The values of the ICC also indicate a good correlation. The fit 

parameters describing the slow component of the decay are relatively insensitive to 

the random, unknown delay in the alignment of the data sampling grid with respect 

to the start of the signal enhancement (or temporal jitter [30]), and are therefore 

more stable.   Conversely the fast decay component m1, is highly unstable 

(RSDstudy varying up to 102%, using protocol 2) because of the random temporal 

jitter combined with the low temporal resolution. 

The fit parameters of the convolved function (b,mb,a,ma) (Eq. (3)) appear to be 

slightly more stable than the fit parameters of the bi-exponential function 
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(a1,m1,a2,m2), showing on average lower STDs. In the left column the results are 

presented of the corrected CTCs, showing that the correction effectively works 

towards the stabilisation of the fit parameters describing the fast decay (m1, mb), 

whereas results referring to the slow decay are only very slightly affected. 

 3.3 Uncertainty in the temporal jitter. 

Due to the relatively low temporal resolution of the Dynamic MR protocol (13, 15 

and 20 seconds in each protocol respectively) the maximum amplitude of the CTC 

(peak value) was expected to vary significantly between scans because of the 

random delay in the start of the sampling grid with respect to the injection 

(“temporal jitter” [30]). The ratio RTS between the CTC maximum intensity and the 

initial value at the beginning of the slow decay (see 2.4.2), plotted in Figure 4, 

remained stable. For comparison, in Figure 4 we also show the average ratio 

between the maximum of the averaged CTC (without correction) and the beginning 

of the slow decay. 
 

 

Figure 4. RTS (see 2.4.2) and the ratio between max and the beginning of the smooth 
decay of the averaged CTC (cross). 
 

In published data [29] this value approximates 4 -5, while in our study it did not vary 

sensibly between the scans, almost never reaching values larger than twice the tail 

onset, except in the 3D scan in the sagittal sinus (patient 23). This underestimation 

was most probably not a reflection of the true Gd concentration, but a saturation 

effect, which was difficult to estimate theoretically. Although the correction 

algorithm could not stabilise the max value, it did improve the estimation of the 
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position of the maximum, significantly improving the fitting of the fast decay 

components. 

3.4 Correlation of the parameters with patient characteristics and treatment. 

In this study contrast medium dose was adjusted according to patient weight. We 

checked if any parameters showed any relation with the patient weight, but no 

significant relation was found. 

Despite the fact that the patients underwent anti-angiogenic treatment, affecting the 

micro and macro vascularity, no trend in any of the AIF parameters was observed 

during treatment, and no significant difference was observed between pre- and 

after- treatment. Conversely, the K
trans

 measured in the tumour was significantly 

affected by the treatment [21]. 
 

 Corrected CTC 

 Average ± STD (RSD%) 

 Protocol 1 Protocol 2 Protocol 3a 

a1 0.26 ± 0.15 (57) 0.153 ± 0.12 (78) 0.89 ± 0.39 (44) 

m1 (min
-1

) 7.19 ± 2.55 (35) 7.83 ± 2.4 (30) 6.77 ± 1.31 (19) 

a2 0.27 ± 0.11 (40) 0.15 ± 0.08 (53) 0.43 ± 0.105 (24) 

m2 (min
-1

) 0.078 ±0.028 (36) 0.093 ±0.032  (34) 0.11 ± 0.038 (34) 

b 0.086 ± 0.048 (56 ) 0.043 ± 0.025 (58) 0.26 ± 0.093 (35) 

mb (min
-1

) 15.49 ± 3.84 (24) 16.4 ± 2.63 (16) 12.86 ± 1.8 (14) 

a 3.627  ±1.048 (28) 3.84 ± 0.70 (18) 1.8 ± 0.21 (11) 

ma (min
-1

) 0.082 ± 0.027 (33) 0.09 ± 0.032 (36) 0.11 ± 0.041 (37) 

 Uncorrected CTC 
 Average ± STD (RSD%) 

 Protocol 1 Protocol 2 Protocol 3a 

a1 0.14 ± 0.094 (67) 0.076 ± 0.05 (65) 0.44 ± 0.16 (36) 

m1 (min
-1

) 6.72 ± 6.56 (97) 5.97 ± 6.13 (102) 6.53 ± 3.63 (55) 

a2 0.27 ± 0.11 (40) 0.15 ± 0.078 (52) 0.42  ± 0.10 (24) 

m2 (min
-1

) 0.072 ± 0.026 (36) 0.087 ±0.031 (35) 0.11 ± 0.04 (36) 

b 0.117 ± 0.065 (55) 0.05 ± 0.039 (78) 0.42 ± 0.15 (35) 

mb (min
-1

) 20.45 ± 15.59 (76) 35.07 ± 21.37 (60) 7.87 ± 1.9 (24) 

a 2.85 ± 1.1 (38) 3.66 ± 1.05 (28) 1.12 ± 0.28 (25) 

ma (min
-1

) 0.083 ± 0.026 (31) 0.09 ± 0.037(41) 0.11 ± 0.038 (35) 

 
Table 1: average values and STD of the CTCvoulme fit parameters. The average and standard 
deviations (RSD in % is given in brackets) are calculated over all the 34 scans in Protocol 1 
(all patients grouped together), 44 scans in Protocol 2, and 4 scans in Protocol 3. Results 
are presented for corrected and uncorrected data. 
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DISCUSSION 

The choice of the arterial input function for use in PK modelling is still an unsettled 

issue. The use of a measured AIF is generally considered to be the first choice, but 

which vessel should be used is difficult to assess. Not always vessels feeding the 

ROI in which PK modelling is performed are visible, and often the visible vessels 

are (physiologically) quite distant from the feeding vessels. Often, as suitable AIF, 

a vessel is chosen in the same slice where the quantification is performed. This 

raises the question whether this arbitrary choice can introduce further bias. 

In this work we have investigated the sensitivity of the AIF to the spatial location of 

the vessel sampling. Namely, we investigated how the TICs and CTCs obtained 

from an easily identifiable vessel, the superior sagittal sinus, which spans over a 

large cranio-caudal distance and whose dynamic behaviour should be independent 

of the sampling location, can vary within a patient depending on the slice location. 

We compared these variations with the variations through a series of longitudinal 

scans and across a study.  We found that the differences we observed in the 

calculated VIF parameters across the imaged volume were less pronounced than 

the differences that occurred between volume averaged parameters over different 

scans, yielding a good Intraclass Correlation Coefficient. Moreover, volume 

averaged parameters tended to be relatively stable within each patient across 

different sessions (compared to the overall STD of the study), suggesting that an 

ad-hoc measured VIF is a sensible choice, and that a CTC averaged over the 

volume is to be preferred. The correction algorithm we proposed effectively 

improved the reproducibility. 

However, we did find differences in the results produced by fitting the CTCs from 

data obtained by the two 2D different, though similar, protocols which only differed 

in time and spatial resolution. Most probably the different slice thickness of the two 

protocols led to different flow effects [31]. The lower SNR of protocol 2 could have 

made the determination of the baseline and top point more uncertain, therefore 

indirectly affecting the values of the CTC. 

In this study we used a 2D dynamic MR protocol whose use was justified by the 

necessity of matching the 2D scans which we performed in order to calculate good 

quality (IR-generated) T1 maps for the main study [21]. The choice of a 2D protocol 

resulted in the MCA not producing measurable enhancement, possibly a cause of a 

larger inflow effect in the vessels because of the repetitive excitation and 

concomitant flow of blood across the slice direction [35]. In order to relate our 
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results to the more commonly used 3D protocols, we included a patient in this 

study who underwent a 3D-DCE protocol (protocol 3). This allowed us to compare 

results of the SSS with those obtained in the MCA. We did observe a difference in 

the fitting parameters between the results in the SSS between the 3D and 2D 

protocol, though there was not a large one between the SSS and the MCA (Figure 

3).  

4.1 Selection of the SSS and MCA 

We selected voxels belonging to vascular space according to a selection scheme 

based on TIC pattern recognition [18]. We also investigated the effect of a further 

voxel selection to avoid possible contamination form voxels suffering partial volume 

effect, which were expected to limit the intensity of the peak of the TIC, using a 

procedure similar, though not identical, to that presented by Parker [16].  In the 

interest of space we did not present the results in this paper, though we were able 

to observe that the difference in the final parameters was not significant. We 

decided to only present the results of the averaged data arising from all pixels 

classified as vascular, without the above-mentioned selection, as the higher SNR 

showed to result in lower RSD, and thus better reproducibility. 

 

 
Average RSD,  

Corrected CTC 
ICC 

Average RSD, 
Uncorrected CTC 

ICC 
 

 Scan Patient  Study Patient Scan Patient  Study Patient 

Prot 1 20% 32% 57% 0.73 25% 28% 67% 0.86 
a1 

Prot 2 23% 34% 78% 0.79 30% 33% 65% 0.79 

Prot 1 17% 27% 35% 0.72 36% 65% 97% 0.60 
m1 

Prot 2 21% 32% 30% 0.47 28% 58% 102% 0.68 

Prot 1 17% 19% 40% 0.81 17% 19% 40% 0.80 
a2 

Prot 2 21% 28% 53% 0.73 21% 28% 52% 0.73 

Prot 1 14% 26% 36% 0.74 15% 27% 36% 0.65 
m2 

Prot 2 14% 25% 34% 0.68 14% 27% 35% 0.64 

Prot 1 23% 23% 55% 0.80 23% 34% 55% 0.76 
b 

Prot 2 26% 30% 58% 0.75 28% 35%  78% 0.79 

Prot 1 9% 18% 24% 0.69 22% 43% 76% 0.76 
mb 

Prot 2 10% 15% 16% 0.49 19% 62% 60% 0.45 

Prot 1 10% 26% 28% 0.59 17% 32% 38% 0.62 
a 

Prot 2 9% 15% 18% 0.59 14% 23% 28% 0.55 

Prot 1 13% 25% 33% 0.64 14% 26% 31% 0.66 
ma 

Prot 2 13% 26% 36% 0.62  15% 35% 41% 0.53 

 
Table 2. Comparison between the average RSD of the parameters across the slices, across 
sequential scans of the same patient, and across different patients. In the last column the 
patient ICC is shown 
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4.2 Amplitude of the CTCs 

TICs were transformed into CTCs using Eq. 1. The transformation of signal 

intensity into concentration-time curves is meant to standardise data originating 

from different protocols, and obtained quantitative information about Gd 

concentrations. 

Unfortunately we observed that small differences in the protocol did result in 

different fitting parameters, and that large differences in the acquisition protocol, as 

it occurs in or 3D and 2D protocols, resulted in different CTC fitting parameters.  

Equation 1, which we used to convert the TICs into CTCs,  is the exact solution of 

the ratio between the enhanced signal and the pre-contrast signal, where the 

expression for the signal intensity was the steady state signal function for gradient 

echo sequences [24], neglecting T2* decay. It is therefore, in principle, not sensitive 

to the size of the ratio TR/T1, as in the (first order) approximation as in [25], though 

still sensitive to changes in T2*.  

The rescaling factor we used to take into account the different hematocrit in 

capillary and major vessel is an approximation. It assumes that the relaxivity in 

whole blood and in pure plasma is the same. A more accurate calculation has been 

discussed by [32], but for the purpose of this study the simple rescaling was 

considered sufficient. 

The slow decay of the CTCs we obtained was in both approaches consistent with 

previously published CTCs with a comparable contrast agent dosage [29], with 

intensities in the range of 0.4-0.7 mM and decay rates of 0.08-0.11 min
-1

.  The 

initial peak was, in contrast, lower than the expected value. From previous 

literature values we know that top Gd concentration of a fast bolus injection can 

reach from 2 to up to 5 times the slow decay [15,29,33,34]. Though one possible 

reason could have been the low temporal resolution, (insufficient temporal 

sampling) we observed that if this was the case, a large peak should have been 

visible at least once because of the large amount of scans (the time shift is per se 

random). This did not seem to be the cause, as all peak values tend to be stable 

(see Figure 4). Apparently, other problems appeared to limit the sensitivity of the 

scan at high concentrations of Gd. We associated this effect to a combination of 

flow and T1/T2* saturation effects. The transformation from Signal intensity into 

Concentration [see Eq. (1)], though not using an approximated form, is most 

probably not valid for the TIC peak area because of T2* saturation effects (at high 

Gd concentration the approximation of negligible TE/T2* fails) and because of lack 
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of linearity of between R1(t) and  C(t)  at high Gd concentrations (the linearity of 

R1(t)= ℜ×C(t)+R10 fails to hold at high contrast agent concentrations [27]), both 

effects occurring when measuring AIF in a major artery such as the aorta [35].  

This underestimation of the peak amplitude occurred in both GRE sequences, 2D 

and 3D, with large (140ms) and short (7.9ms) TR, but was more marked in the 2D 

protocol. Although the relationship between Signal amplitude and Gd 

Concentration [see Eq. (1)] approximates less well a linear relationship in the 2D 

protocol, the function described in Eq. (1) did not plateau at the concentration we 

were estimating in the SSS. 

We concluded that it was not the low temporal resolution in sampling that caused 

the scan to “miss” the top point, but rather other effects such as flow or T2* decay.  

Other independent observation in AIFs acquired with high temporal resolution (not 

shown here) confirmed this hypothesis.  

The correction method we applied only partly compensate for this problem. 

Although the correction algorithm we used did not stabilise the maximum CTC 

intensity (see Figure 2), it helped stabilizing the fit parameters. This is a 

consequence of the improved placing of the position of the top, a result of the 

algorithm. These results suggest that more attention should be paid to the reliability 

of the actual transformation from signal intensities to Concentration Time curves, 

and that an algorithm to correct for saturation problems is desirable. 

4.3 Fitting functions of the CTC 

In this study we used two different fitting functions for the CTCs (CTC1 and CTC2), 

the more commonly used bi-exponential, and a recently proposed convolution [28]. 

In this way we wanted to investigate whether keeping the initial rise would improve 

stability of the fitting parameters. In both cases, fitting of the initial peak was 

uncertain due to the few sampling points, though we observed that the fitting 

parameters had a smaller STD using the convolution form, which also takes into 

account the up-rise of the AIF. This functional form of the AIF can be solved in 

closed form, and can be inserted into models such as Tofts’ and still result in a 

closed form solution.  

Though the differences were not large, the results are in favour of the convolved 

function. Again, the correction method improved fitting to both model functions. 

VIFs were fitted in an unconstrained fashion. Although constrained fitting may help 

correct the VIF by assigning the peak value of contrast agent [6], it could not be 
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applied to our data, because this “artificial” peak value would not match the other 

measured points measured in the initial CTC spike.  

 

CONCLUSIONS 

In this work we have investigated how a Vascular Input Function obtained in the 

SSS varies within a scan as a result of position, across scans within a patient, and 

across patients within a study. We have found that the individual CTC are well 

reproducible within the same patient at different sessions though the measured 

fitting parameters of the measured CTCs are dependent on the protocol 

parameters, as well as through the type of acquisition used (2D/3D). 

We also found that the stability of the fitting parameters of the VIF is dependent on 

the fitting function: the use of a bi-exponential to fit only the CTC decay appears 

less stable than fitting the initial peak with a fitting function that models also the 

wash-in phase. 

The lack of temporal information is not the limiting factor in determining the 

amplitude of the initial spike in the AIF, but it does significantly hamper the 

determination of the peak position, resulting in oscillating fit parameters of the quick 

decaying component of the CTC.  

It is advisable to use a correction method when using CTCs with low temporal 

resolutions, as this might improve greatly the fit of the fast decay parameters. 

On the basis of this study, and on the fact that we observed protocol dependent 

differences in the fitted parameters, we conclude that a patient-specific VIF 

represent a significant advantage over a standard (patient averaged) VIF, and that 

selecting one slice instead of an averaged signal to reduce computation time is a 

reasonable approximation. Further research is needed to correct for saturation 

effect affecting the calculation of the contrast agent concentration. 

 

APPENDIX  

A1. Derivation of the Gd Concentration from the Signal ratio 

The ratio between the signal intensity after contrast delivery at time t (S(t)) and the 

signal before delivery (S(0)) in a gradient echo sequence can be expressed 

(neglecting T2* effects) as 
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Assuming linearity between Gd concentration and 1/T1,  
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1/T1=1/T10+R[Gd], 

equation A1 can be rewritten as: 
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or, with the following substitutions: 

E=exp(-TR×R0) 

RR=exp(-TR×ℜ  × [Gd]) 

a=cos(alpha) 

S10=S(t)/S(0) 
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A2. Convolution of Equation 3. 

 

The convolution of Eq. (3) Cp(t)=Cb(t)+Cb(t)⊗B(t) 
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ABSTRACT 

Background: Angiogenesis inhibition is a rational treatment strategy for high-

grade glioma (HGG). Combined antiangiogenic therapy and chemotherapy could 

be beneficial, taking advantage of different mechanisms of antitumour activity of 

both therapies. We carried out a phase I–II clinical trial with the combination of 

bevacizumab and continuous dose-intense temozolomide (TMZ) for patients with a 

recurrent HGG after first- or second-line treatment.  

Patients and methods: Twenty-three HGG patients were treated with 

bevacizumab (10 mg/kg i.v. every 3 weeks) and TMZ (daily 50 mg/m2), until clinical 

or radiological progression. Conventional and dynamic magnetic resonance 

imaging (MRI) were carried out on days −4, 3 and 21 and until clinical or 

radiological progression.  

Results: Overall response rate (20%), 6-month progression-free survival (PFS6) 

(17.4%), median progression-free survival (13.9 weeks) and median overall 

survival (OS) (17.1 weeks) were considerably lower compared with most other 

studies with bevacizumab-containing regimens. The dynamic MRI parameters 

contrast transfer coefficient and relative cerebral blood volume decreased rapidly 

during the early phases of treatment, reflecting changes in vascularisation and 

vessel permeability but not in tumour activity. In addition, >50% of patients showed 

oedema reduction and a reduced shift on T1 images.  

Conclusion: Treatment with bevacizumab and TMZ is feasible and well tolerated 

but did not improve PFS6 and median OS.  
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INTRODUCTION 

Treatment outcome for patients with a high-grade glioma (HGG), i.e. anaplastic 

astrocytoma (AA, grade III) and glioblastoma multiforme (GBM, grade IV) remains 

poor, mainly because radical tumour resections are hardly ever achieved and local 

recurrences are unavoidable [1]. Current standard treatment of primary GBM is 

neurosurgery followed by 30 times 2-Gy irradiation combined with daily 

temozolomide (TMZ) chemotherapy (75 mg/m2), with six subsequent monthly 

adjuvant cycles of TMZ chemotherapy (150–200 mg/m2 daily for 5 days). With this 

regimen, the median overall survival (OS) is 14.6 months [2].  

There is growing interest in alternative TMZ schedules, other than 150–200 mg/m2 

on first 5 days of each 28-day cycle, especially regimens with continuous low-dose 

TMZ administration. Protracted TMZ regimens may deplete O6-methylguanine 

DNA methyltransferase, an important factor in TMZ resistance [3], and offer a 

higher dose intensity per month of delivery. In addition, several preclinical studies 

demonstrated that continuous daily administration of cytotoxic drugs at low dose, 

below the maximum tolerated dose (continuous dose-intense or metronomic 

chemotherapy), has potential antiangiogenic activity [4–9]. Several clinical studies 

with daily low-dose TMZ regimens in second line demonstrated responses in 

patients pretreated with TMZ [10].  

Given the characteristic high degree of endothelial proliferation, high vascular 

permeability and increased pro-angiogenic growth factors expression, such as the 

vascular endothelial growth factor (VEGF), angiogenesis inhibition is a rational 

treatment strategy for HGG [11]. Single-agent bevacizumab treatment showed an 

improved median OS of 9.7 months since latest recurrence [12]. The combination 

of antiangiogenic therapy with chemotherapy is promising, as has been 

demonstrated by several phase II studies. Studies by Stark-Vance [13], Pope et al. 

[14], Vredenburgh et al. [15, 16], Norden et al. [17], Guiu et al. [18], Cloughesy et 

al. [12], Kreisl et al. [19], Poulsen et al. [20] and Nghiemphu et al. [21] 

demonstrated that treatment with anti-VEGF mAb bevacizumab in combination with 

the topoisomerase-1 inhibitor irinotecan in patients with relapsed HGG resulted in 

remarkably high response rates (RRs) according to Macdonald criteria [22]—RR: 

43%–63%; 6-month progression-free survival (PFS6): 38%–46% and 6-month 

overall survival: 72%–77%. These data are considerably better than historical 

controls treated with chemotherapy alone [23]. The underlying mechanisms of 

angiogenesis inhibition were explored in a study by Batchelor et al. [24], where 
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AZD2171 (a tyrosine kinase inhibitor of the VEGF receptor) was administered as 

monotherapy in patients with relapsed GBM. AZD2171 induced an immediate 

effect on tumour vasculature, as indicated by a significant decrease in tumour 

gadolinium uptake, decreased tumour vessel permeability and significantly 

alleviated oedema.  

In the present study, we explored the combination of these two antiangiogenic 

strategies, bevacizumab with continuous dose-intense TMZ, in patients with 

relapsed HGG. Primary end point of the study was PFS6. To quantify effects on 

tumour vasculature, patients were assessed with dynamic contrast enhanced 

magnetic resonance imaging for vascular permeability of the tumour and with 

dynamic susceptibility contrast magnetic resonance imaging for tumour perfusion, 

at study inclusion and at 3 and 21 days after starting treatment. In addition, these 

parameters were evaluated until clinical or radiological relapse. The predicting 

value for clinical outcome of the different imaging techniques was calculated.  

 

PATIENTS AND METHODS 

The trial was carried out at the Academic Medical Center of the University of 

Amsterdam. Eligible patients included adults with a life expectancy of >8 weeks, a 

histologically confirmed intracranial HGG (World Health Organization grade III or 

IV), evidence of tumour recurrence at baseline magnetic resonance imaging (MRI), 

Karnofsky performance score >70% and adequate recovery from prior treatment. 

All patients provided written informed consent, and the trial was conducted in 

accordance with the Declaration of Helsinki and was approved by the Academic 

Medical Center Institutional Review Board and the Dutch Central Committee on 

Research investigating Human Subjects (ISRCTN23008679). See supplemental 

data section for details.  

Study treatment 

The experimental treatment consisted of continuous dose-intense TMZ (Temodal® 

(Schering-Plough, Houten, The Netherlands), daily 50 mg/m2, orally, continuously), 

bevacizumab (Avastin®, 10 mg/kg i.v., every 21 days, defined as one cycle) and 

dexamethasone if needed at inclusion. For these patients, the dexamethasone 

dose was fixed to 12 mg daily during the first cycle. Bevacizumab was supplied by 

Roche (Woerden, The Netherlands). TMZ and dexamethasone (Oradexon®, 

Organon, Oss, The Netherlands) were commercially obtained.  
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Study evaluations 

Clinical study evaluations during treatment included medical interim history, 

physical examination (e.g. blood pressure, Karnofsky performance status and 

neurological status), complete blood count and chemistry and urine analysis 

(protein). Toxicity was evaluated according to the National Cancer Institute—

Common Terminology Criteria for Adverse Events Version 3.0.  

See supplemental data section for detailed toxicity and MRI evaluations.  

Statistical considerations 

With a sample size of 25 HGG patients, the study was designed to conclude with a 

nominal 0.05 one-sided significance level and a power of 80% that for combined 

treatment with bevacizumab and TMZ, a PFS6 of 30% is higher than historical 

PFS6. Historical controls were derived from Ballmann et al. [23], with PFS6 of 9% 

for grade IV patients.  

Statistical analysis of progression-free survival (PFS) and OS was carried out 

according to Kaplan–Meier. Analysis of possible prognostic factors was done with a 

log-rank test. Variables that were statistically significant were further analysed with 

multivariate analyses by using the Cox proportional hazards model. Hazard risk 

ratios and 95% confidence intervals (CIs) are reported with two-tailed probability 

values. The reported probability values in the Cox model are on the basis of the 

Wald test, and a probability value <0.05 was considered significant.  

Patient characteristics 

From April 2007 to December 2007, 23 patients with histologically confirmed HGG 

were enrolled, 8 AA and 15 GBM (Table 1). Of these, 18 patients were already on 

corticosteroid treatment (13 GBM and 5 AA). In two patients, bevacizumab was 

added after the first cycle to explore early (at days 3 and 21) MRI changes with 

dexamethasone and TMZ only. These two patients received bevacizumab in the 

following cycles. Maximum number of cycles was 18, mean 5.5 and median 4. 

Follow-up period lasted until May 2009.  

Patient response characteristics 

All patients were previously treated with tumour resection followed by irradiation 

and TMZ after primary diagnosis and were progressive after first- or second-line 

therapy (supplemental Table S1, available at Annals of Oncology online). See 

supplemental data section for toxicity results.  
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Response rate 

The diameter-based response assessment, bidimensional cross-sectional contrast-

enhancing tumour product on T1 images (CE-T1; according to Macdonald et al. 

criteria), revealed a comparable overall response rate (ORR) of 20% at days 3 and 

21 but higher for AA than for GBM (Table 1). No objective responses were 

observed in the two patients without bevacizumab during the first 21-day treatment 

period.  

Characteristic Value 

 Grade III Grade IV Overall 

Total number of patients 8 15 23 

Age (years) 

Mean     36.0 50.9 45.7 

Median     36.0 55.0 44.6 

Range     17.5–54.9 24.2–68.7 17.5–68.7

Sex 

Male     5 10 15 

Female     3 5 8 

% Male     62.5 66.7 65.2 

% Dexamethasone at start 62.5 86.7 78.3 

Time from first diagnosis (months) 

Median     36 13 17 

Range     17.6–56.5 8.8–55.1 8.8–56.5 

CE-T1 ORR (%) 

Day 3     37 7.7 19 

Day 21     25 16.7 20 

3D-NEV ORR (%) 

Day 3     50 46 47 

Day 21     37 58 50 

PFS6 (%) 37.5 6.7 17.4 

OS6 (%) 62.5 20.0 34.8 

PFS 

Median     20.4 10.4 13.9 

Range     10.1–39.9 2.4–26.4 2.4–39.9 

OS since latest recurrence 

Median     32.4 15.7 17.1 

Range     14.6–62.1 5.3–46.9 5.3–62.1 

OS since first diagnosis 

Median     206.6 68.1 104.6 

Range     109–300 54.7–272.1 54.7–300 

 
Table1. Patient Response Characteristics. 
 

The volume-based assessment [3-dimensional net enhancing tumour volume (3D-

NEV) on T1 images, according to Sorensen et al.] revealed higher RRs compared 

with diameter-based response measurements, 47% at day 3 and 50% at day 21. 

Both methods demonstrated that in grade III tumours, there was a trend to a lower 
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Figure 1. Kaplan–Meier 
curves of grade III (thick 
light line) and grade IV 
(thin dark line) patients for 
progression-free survival 
(dotted lines) and overall 
survival (solid lines) (time 
in weeks). 

 

ORR on day 21 compared with day 3; for grade IV tumours, this was the other way 

around. No complete responses were documented according to either method.  

Treatment efficacy 

Twenty-three patients were assessable for the primary study end point (Table 1). 

The PFS6 was 17.4% (95% CI 1.6% to 33%), for grade III and IV tumours 37.5% 

and 6.7%, respectively. Median PFS was 13.9 weeks (95% CI 11.0–16.8 weeks), 

for grade III and IV tumours 20.4 and 10.4 weeks, respectively (Figure 1). Median 

OS was 17.1 weeks (95% CI 8.9–25.9 weeks), for grade III and IV tumours 32.4 

and 15.7 weeks, respectively.  

Kaplan–Meier curves of grade III (thick light line) and grade IV (thin dark line) 

patients for progression-free survival (dotted lines) and overall survival (solid lines) 

(time in weeks). 

 

Oedema reduction 

Although in 50% of the patients a reduction in oedema was observed on T2 

images, a more than 50% reduction was only observed in two patients at day 21. 

This phenomenon of oedema reduction occurred later than the rapidly observed 

decrease in CE-T1 volume and relative cerebral blood volume (rCBV) and contrast 

transfer coefficient (K
trans

) values at day 3. At relapse, the oedema reduction 

persisted (Figure 2; supplemental Figures S1 and S2, available at Annals of 

Oncology online).  

Patterns of relapse 

Four patients (17%) acquired new contrast-enhancing lesions in other parts of the 

brain during treatment; all others showed local recurrences on MRI (Figure 3). At 
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Figure 2. Relative percentage of median CE-T1, T2, 3D-NEV, rCBV and Ktrans of all 
dynamic scanned patients (n = 21) at four time points: before treatment, day 3 and day 21 
and during treatment at recurrence. After baseline measurement, all values (except those for 
T2) drop quickly as early as 72 h after the start of experimental treatment, indicating a fast 
vascular response. CE-T1, contrast-enhancing tumour product on T1 images; 3D-NEV, 3-
dimensional net enhancing tumour volume; rCBV, relative cerebral blood volume; Ktrans, 

relapse, during bevacizumab treatment, 3D-NEV increased towards baseline 

volume and K
trans

 increased to levels higher than baseline (Figure 2). 

  

                             

Four progressive patients were re-operated 6 weeks after the last bevacizumab 

infusion and resection specimens were collected for histological analysis. From one 

patient, we obtained post-mortem analysis 10 weeks after the last bevacizumab 

infusion. Histological reviewing revealed an extensively infiltrated disease present 

along pre-existing vasculature, whereas almost no contrast enhancement was 

visible on the CE-T1 MRI carried out 4 weeks earlier (supplemental Figure S3).  

 

DISCUSSION  

The response data (CE-T1, 20%) in our study are comparable to the ORR reported 

for single-agent bevacizumab therapy [12] but they are considerably lower than the 

reported RRs up to 57% in previous studies for bevacizumab combined with 

chemotherapy, i.e. irinotecan [16, 19, 20, 25]. An explanation for this may be that 

we administered bevacizumab every 3 weeks instead of every 2 weeks as in the 

other studies. Although the 3-weekly administration of bevacizumab is common 

practice in other solid malignancies, this schedule may be less effective in 

recurrent HGG. 
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Figure 3.  Three typical patients (A–C) 
scanned before treatment, at 3 days after 
start of treatment and at recurrence during 
treatment. A fast decrease of maximal 
enhancement, enhancing area, is observed 
after only 3 days of treatment; T2 response 
is slow but persistent. 

The 3D-NEV, according to 

Sorensen et al. [26], revealed a 

much higher decrease in enhancing 

volume. This three-dimensional 

method is probably a more realistic 

approach to calculate changing 

tumour size than the cross-sectional 

product because it takes into 

account the irregular shape of 

tumours and excludes intratumoral 

cavities and necrotic tissue. 

Nevertheless, the rapid change in 

tumour-enhancing area or volume 

by antiangiogenic therapy makes it 

highly improbable that this 

phenomenon represents a real 

antitumour effect. This is in line with 

the finding that no relation was 

observed between radiographic 

responses and disease outcome.  

The PFS6 in our patients was also 

considerably lower compared with 

the above-mentioned studies with 

bevacizumab and irinotecan. 

Because of the direct vascular 

effects and reduced permeability 

produced by antiangiogenic agents, 

gadolinium-enhanced tumour areas are 

often ill-defined, faded and have a 

‘smudged’ appearance. This 

complicates proper assessment of the 

underlying actual tumour mass and 

also the moment of tumour 

progression. Therefore, determination of the time to progression on the basis of 

changes of enhancing tumour areas or volumes is difficult and not useful for the 
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evaluation of antiangiogenic therapy in HGG. Unlike PFS, OS is the most robust 

end point, not affected by misinterpretations of antiangiogenic therapy. In the 

present study, the median OS was 32.4 and 15.7 weeks for grade III and IV 

tumours, respectively. The reported median OS data in the various studies with 

bevacizumab and chemotherapy, selected for grade IV only, are less consistent 

and range from 28 to 42 weeks [12, 16, 17, 20]. The median OS of 15.7 weeks in 

our study for grade IV tumours compares unfavourably with these bevacizumab 

studies and is even worse compared with survival data from the meta-analysis of 

Wong et al. [27] resulting in 30 weeks for grade IV tumours treated with second-line 

chemotherapy alone.  

New enhancing brain lesions were observed in 17% of our patients, more than that 

observed in historical controls [17]. Other clinical studies also revealed that HGG 

recurs (mainly invasive) with more distant metastases when angiogenesis is 

inhibited [17, 28].  

Conclusions 

In this trial, we investigated the combination treatment of bevacizumab and 

continuous dose-intense TMZ. This treatment is feasible and well tolerated but 

does not improve PFS6 and OS. Our dynamic imaging results may indicate that 

antiangiogenic treatment is effective against the leaky bulk of the tumour but not 

against invasive tumour components.  

Furthermore, when the disappointing survival compared with TMZ mono-treatment 

(15.7 versus 30 weeks) is taken into account, the reduced survival time may even 

indicate that antiangiogenic treatment not only reduces vessel permeability for 

contrast-enhancing agents but may even reduce the activity of TMZ by limiting drug 

penetration. This study demonstrates that randomised trials (with and without 

antiangiogenic therapy) are necessary to define the role of this new treatment 

strategy and to overcome the problem of treatment bias in patients with HGG.  

 

SUPPLEMENTAL DATA 

Inclusion and exclusion criteria 

The trial was performed at the Academic Medical Center of the University of 

Amsterdam. Eligible patients included adults with a life expectancy of more than 8 

weeks, a histologically confirmed intra-cranial HGG (WHO grade III or IV), 

evidence of tumour recurrence at baseline MRI, Karnofsky Performance Score > 

70%, and adequate recovery from prior treatment. An interval of at least 30 days 
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from prior treatment was required, including surgical (re-)resection, radiotherapy 

and up to two chemotherapy regimens. Patients with reproductive potential had to 

use contraceptives. Additional eligibility criteria included satisfactory haematologic, 

renal and hepatic functions, at least 5 days prior to enrolment. Exclusion criteria 

included the use of
 
any other anti-cancer therapy, any anticoagulant therapy, 

enzyme-inducing antiepileptic drugs, pregnancy, prior anti-angiogenesis 

treatments, prior thrombo-embolic events or serious concomitant systemic 

disorders (e.g. active infection or abnormal electrocardiogram indicative of cardiac 

disease). All patients provided written informed consent, and the trial was 

conducted in accordance with the Declaration of Helsinki and was approved by the 

Academic Medical Center Institutional Review Board and the Dutch Central 

Committee on Research investigating Human Subjects (ISRCTN23008679).  

Toxicity  

TMZ dose was delayed or reduced in case of grade 1 or greater haematological 

toxicity and grade 2 or greater non-haematological toxicity. Prior to each 

bevacizumab infusion patients were checked for hypertension (upper limit systolic 

150 and diastolic 100 mmHg), proteinuria, and clinical signs of haemorrhage. 

Treatment of hypertension by calcium antagonists was allowed. The first dose of 

bevacizumab was administrated intravenously during 90 minutes; subsequent 

doses were given during 30 minutes. Protocol treatment was discontinued when 

clinical or radiological disease progression was observed, and in case of grade 2 or 

greater central nervous system haemorrhage, grade 4 haematological and non-

haematological toxicity, arterial or venous thrombosis, gastrointestinal perforation, 

wound dehiscence requiring medical or surgical intervention, or inability of the 

subject to comply with study requirements. Four patients required TMZ dose 

reduction due to haematological toxicity grade 1-2 or fatigue grade 2. TMZ was 

discontinued for 1 week and reduced by 25% according to protocol after recovery 

of white blood cells and/or platelets. Opportunistic infections grade 1 (including oral 

Candida infections and skin infections) were observed and treated in 4 patients 

without reducing study medication. Three patients required antihypertensive 

medication because of hypertension grade 1. An intra-tumoral haemorrhage grade 

1 without clinical symptoms was observed in one patient; bevacizumab was 

continued without problems. Two patients discontinued protocol treatment due to 

adverse events. One of them developed a deep venous thrombosis after the 4
th
 

cycle of bevacizumab and discontinued study treatment. 
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Supplemental Table 1: Previous treatment regimens. The median interval between 
primary diagnosis and start of experimental treatment was 206 weeks for AA patients and 68 
weeks for GBM patients. Five patients received second-line chemotherapy prior to inclusion, 
in 11 patients debulking surgery was performed more than once. No patients were included 
within 2 months after resection; one patient was re-irradiated 2 months prior to experimental 
treatment. Dynamic MRI at sequential time points was completed in 21 patients (83 
complete datasets in total). 
Before reaching the primary endpoint of 6 months therapy, 18 of the 23 patients had PD on 
MRI, and experimental treatment was terminated. As of May 2009, 22 patients have died. 
Also as of May 2009, the only surviving patient developed progressive disease and is 
treated with other experimental regimens. 

 

One patient already considered progressive shortly after the 2
nd

 bevacizumab 

infusion required hospitalisation due to an intra-tumoral haemorrhage grade 4, 

combined with thrombocytopaenia grade 2 and followed by pulmonary embolism. A 

few days later this patient died, possibly related to trial medication. No adverse 

events related to wound healing were observed, despite 5 patients having a re-

resection within 2 months prior to inclusion, and 4 patients being re-operated 6 

weeks after the last bevacizumab infusion and exclusion.  

MRI Evaluations 

Radiological evaluation modalities included conventional T1 and T2 pre- and post-

contrast MRI, diffusion weight imaging (DWI), DCE-MRI and DSC-MRI, serially 

performed 4 days prior to onset of therapy, on days 3, 21, every two months, and 

at relapse. Response was evaluated by neuro-radiologists on MRI T1 and T2 

images, according to Macdonald et al. criteria [24], and for research purposes 

Previous treatment   Value  

regimens Grade III Grade IV Overall 
Total number of patients 
 

8 15 23 

Resection, chemo-irradiation 
(60Gy + TMZ), followed by 6 mo 
TMZ 

 12 12 

Idem,  
followed by re-resection 
 

4 2 6 

Idem, 
followed by re-resection and 2

nd
 

line chemotherapy  
3  3 

Resection, irradiation, 
followed by re-resection + TMZ, 
followed by 2

nd
 line 

chemotherapy 

1 1 2 



CHAPTER 7                                   Bevacizumab in high grade glioma 

 127

according to 3-dimensional net enhancing tumour volume (3D-NEV), based on 

Sorensen et al. [27].  

Partial response (PR) was granted if contrasted T1 images decreased >50% in bi-

dimensional enhancing tumour product together with a stable or decreased tumour 

size on T2. Progressive disease (PD) was defined as >25% increase in bi-

dimensional enhancing tumour product or the appearance of new enhancing 

lesions on T1. Patients were defined as having stable disease (SD) when 

radiographic criteria for PR or PD were not met. PD evaluation to exclude patients 

was allowed from the second cycle of bevacizumab.  

Dynamic MRI evaluations 

Images were transferred to an off-line workstation for analysis. DCE-MRI and DSC-

MRI images were analyzed either in a qualitative or a quantitative fashion. For the 

qualitative analysis we calculated the 3D-NEV, based on enhancing 3D tumour 

volume without non-enhancing tissue and cysts. For quantitative analysis, we 

calculated the volume transfer coefficient K
trans

, as well as the perfusion parameter 

rCBV.  

MRI protocol 

All MRI scanning was performed on a 1.5 T MRI scanner (Siemens, Erlangen, 

Germany). The MRI protocol included a pre-contrast T2-weighted scan (slice 

thickness 4.0 mm, TR/TE=4000/96ms). T1-weighted scan (slice thickness 4.0 mm, 

TR/TE=585/7.8ms) and a DWI scan positioned axially (20 slices, thickness 4.0 

mm, FOV 230 mm, TR/TE=4200/95ms, B-values 0/500/1000 s×mm
-2

, 12 

directions). They were followed by a series of 2D T1-weighted IR scans (TI= 50, 

300, 600, 1500, 3000 ms, also 20 slices, 230 mm, TR/TE=6000/11 ms) to infer T1 

maps, and followed by a 2D T1-weighted GRE Dynamic Contrast Enhanced scan 

during delivery of 0.1 mM/Kg contrast medium (Gadovist) followed by a chase of 12 

ml saline. The scan parameters were as follows: 20 slices, FOV 230 mm, phase 

VOW 87.5%, thickness 4.0 mm, 28 dynamic acquisitions, each lasting 13 seconds, 

TR/TE= 140/3.31, flip angle 70 degrees, 260Hz/pix, total duration, in the axial 

plane. This was followed by a fat-saturated GRE EPI based Dynamic Susceptibility 

Contrast (DSC)-MRI scan during the injection of a second dose of contrast agent, 

equalling the previous dose. Scan parameters were: FOV 230, TR/TE=2570/41, 30 

measurements, each lasting 2.57 seconds. Finally a post-contrast axial T1-
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weighted and a 3D sagittal T1 scan (TR/TE=1900/2.92ms, TI=1100 ms, flip angle = 

15 degrees) was acquired. 

 

 

Supplemental Figure 1. Map of K
trans

 (above) and or rCBV (below) values for one patient 
during pre-treatment (3 days before treatment, right column) and during treatment (+ 3 days, 
21 days and +80 days). 

 

Dynamic Contrast Enhanced MRI Analysis  

Images were transferred to an off-line workstation for analysis. DCE-MRI images 

were analyzed either in a qualitative or a quantitative fashion. For the qualitative 

analysis we calculated the Net Enhancing Volume, Maximum enhancement (ME), 

Slope and Time to Peak (TTP). For the quantitative analysis, we calculated the 

Volume Transfer Coefficient K
trans

, as well as the parameters Kep and ve by solving 

the standardized Tofts’ model [29] in an analytical fashion using a measured 

Arterial Input Function (AIF). In order to obtain absolute concentrations of Gd 

needed for the pharmacokinetic modelling we calculated pixel-by-pixel maps of 

absolute T1 values using signal intensities from a set of IR T1-w scans. The AIF 

was measured in the sagittal sinus and averaged over in different slices (middle in 

the scan section to avoid inflow effects). A method for the correction for the low 

temporal resolution of the scan (=13 seconds) was applied as described previously 

[30].  

ME, slope and time-to-peak maps were calculated as described previously (47). 

The T1 maps were obtained from the series of T1-w IR scans by solving 
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where S(t) is the signal at time t and S(0) is the average signal baseline.  With the 

above substitution we obtain  
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where E=exp(-TR/T10) and a = cos(α).  

The pharmacokinetic parameters K
trans

, Kep and ve were obtained by solving  

Ct(t)= vi Cp(t) + K
trans

 s∫Cp(τ)e
-Kep(t-τ)

dτ   [Eq 3] 

with K
trans

 =Kepve being the volume transfer constant as in (45) and Cp(t) being the 

AIF. The AIF, corrected as described above, was fitted both with a biexponential 
tmtm

p eaea(t)C 21

21

−⋅− ⋅+⋅=   

and with equation 4 (48):  
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 [Eq 4] can be rewritten as 



CHAPTER 7                                   Bevacizumab in high grade glioma 

 130

( )tmtmtm

p
abb eeettC
⋅−⋅−⋅− ⋅+⋅−⋅⋅= ββα)(  [Eq 5]  

with 








−

⋅⋅
+⋅=

)(

2
2

mbma

mbba
mbbα  and 

2

2

)( mbma

mbba

−

⋅⋅
=β ,  

Eq 3 can be solved in closed form to obtain Eq 6  

( )+⋅+⋅−⋅⋅= ⋅−⋅−⋅− tmtmtm

it
abb eeetavtC ββ)( ….

{ ( ) ( ) })(4321

tktmtktmtktmtm

trans

epaepbepbb eeaeeaeeateaK
−−−−−−⋅− −++−⋅++−+⋅⋅+                         

[Eq 6] 

22

1

)(
:

)(
:

bep

bep

mk
a

mk
a

−
=

−
=

α

α

     

)(
:

)(
:

4

3

aep

bep

mk
a

mk
a

−
=

−
=

β

β

 

and the experimental data transformed to concentration-time curves which were 

fitted to this solution in a pixel-by-pixel fashion. 

DSC imaging analysis 

Perfusion is calculated from the dynamic DSC scan as in (49). First a signal 

intensity baseline is calculated and this is subtracted from the native signal 

intensity, in order to compensate for recirculation effects. Then the Signal intensity 

is converted to Concentration-Time curves using 







⋅=
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)0(
ln)(

tS

S
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K
tC . K is an 

unknown parameter, and TE is the echo time of the EPI sequence, S(t) is the 

signal at time t, and S(0) is the signal baseline. We fitted the resulting C(t) to a 

gamma variate function 
CDtB eDtAtC /)()()( −−⋅−⋅= . The area under the 

concentration-time curve is proportional to the blood volume (rCBV).  

The regional relative CBV (rrCBV) is calculated by dividing the rCBV in the lesion 

by the rCBV in the rest of the brain (brain minus the lesion). 

MRI analysis Results 

Using univariate analysis we evaluated patient characteristics for clinical outcome. 

Tumour grade was a strong prognostic factor for OS, with p=0.004 in favour of 

grade III patients (32.4 vs. 15.7 weeks median). Eighteen patients initially treated 

with corticosteroids had a shorter OS compared to 5 patients without need for 

corticosteroid treatment at inclusion (15.6 vs. 48.3 weeks median, p=0.011). Age 

under 55 years was a predictor for better OS (22.7 vs. 15.7 weeks median, 

p=0.028). Eleven patients with 2 or more surgical procedures had a higher OS 
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(14.7 vs. 32.4 weeks median, p<0.001). In contrast, the number of prior 

chemotherapy regimens did not influence survival. 

 

 

A           B 
 
Supplemental figure 2. Overall survival (OS) in weeks versus initial K

trans
 (A) and initial rCBV (B)values, 

prior to start of experimental treatment. For grade III patients, a higher K
trans

 corresponds with lower OS. 
In all patients, but especially grade III patients, a higher rCBV corresponds with lower OS. Crosses 
indicate grade III, and triangles grade IV patients. Trend lines are also shown. 
 

Changes of dynamic MRI parameters 

During the first month 53% of the patients showed a decrease of more than 50% of 

the initial rCBV value (a measure of tumour blood volume, thus a mirror of 

vascularisation). Compared to baseline, the median decrease of rCBV on day 3 

was 63% and 52% for grade III and IV tumours, respectively (Supplemental table 

2). For K
trans 

(a measure of tissue permeability) an overall response rate of 56% 

was observed, defined as a decrease of more than 50% measured at day 3 and 

21. The median decrease of K
trans 

on day 3 was 46% and 53% for grade III and IV 

tumours, respectively. rCBV and K
trans

 values at day 21 did not differ from day 3 

values. At relapse, while treated with bevacizumab, rCBV levels remained low 

whereas K
trans

 increased to levels comparable to baseline (Figure 2, 

Supplemental table 2).  

Predictive value of MRI responses and dynamic MRI parameters 

Radiographic responses and the dynamic MRI parameters (rCBV and K
trans

) were 

analysed for their predictive value on survival. No relationship was observed 

between early (day 3 and 21) radiographic responses (by Macdonald or Sorensen 

criteria) and disease outcome.  
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Characteristic  Value  

 Grade III Grade IV Overall 
Total number of patients 8 15 23 

    
T1 Cross-sectional product     

              `Day 0   value (%) 30.7 (100.0) 18.3 (100.0) 25.4 (100.0) 
Range 4.6 - 71.6 4.2 - 56.2 4.2 - 71.6 

Day 3 26.9 (87.6.)  15.8 (86.3) 22.5 (88.6) 
Range 1.9 - 51.8 2.8 - 40.9 1.9 - 51.8 

 Day 21 25.4 (82.7) 14.9 (81.4) 21.3 (83.9) 
Range 1.4 - 54.8 2.3 - 41.0 1.4 - 54.8 

At relapse 20.5 (66.8) 21.8 (119.1) 21.8 (85.8) 
Range 3.3 - 62.3 5.7 - 59.0 3.3 - 62.3 

    
T2 Cross-sectional product    

               Day 0    value (%) 47.8 (100.0) 36.9 (100.0) 39.2 (100.0) 
Range 11.0 - 138.8 19.0 - 65.0 11.0 - 138.8 

Day 3 51.1 (106.9)  36.9 (100.0) 39.2 (100.0) 
Range 8.8 - 138.8 19.0 - 58.1 8.8 - 133.0 

 Day 21 43.3 (90.6) 32.0 (86.7) 37.2 (94.9) 
Range 10.3 - 136.4 12.8 - 56.2 10.3 - 136.4 

At relapse 44.6 (93.3) 37.2 (100.8) 36.7 (93.8) 

Range 5.9 - 155.9 16.3 - 77.0 5.9 - 155.9 

    
T1 Net-Enhancing Volume    

               Day 0   value (%) 21.3 (100.0) 16.4 (100.0) 16.4 (100.0) 
Range 3.4 - 50.2 2.8 - 63.5 2.8 - 63.5 

Day 3  8.3 (39.0) 8.9 (54.3) 8.9 (54.3) 
Range 0.9 - 39.1 1.9 - 42.8 0.9 - 42.8 

Day 21 11.6 (54.5) 9.7 (59.1) 10.3 (62.8) 
Range 2.6 - 47.9 0.3 - 39.5 0.3 - 47.9 

At relapse 15.7 (73.7) 14.1 (86.0) 14.5 (88.4) 
Range 0.3 - 68.4 2.8 - 56.2 0.3 - 68.4 

    
Maximum Enhancement    

                Day 0   value (%) 0.74 (100.0) 0.74 (100.0) 0.74 (100.0) 
Range 0.42 - 1.18 0.54 - 1.35 0.42 - 1.35 

Day 3 0.50 (67.6) 0.56 (75.7) 0.56 (75.7) 
Range 0.38 - 0.66 0.46 - 0.93 0.38 - 0.93 

Day 21 0.55 (74.3) 0.55 (74.3) 0.55 (74.3) 
Range 0.47 - 0.72 0.50 - 0.93 0.47 - 0.93 

At relapse 0.54 (73.0) 0.60 (81.1) 0.59 (79.7) 
Range 0.38 - 0.66 0.48 - 0.93 0.38 - 0.93 

 

Supplemental Table 2: conventional and dynamic MRI responses 

 



CHAPTER 7                                   Bevacizumab in high grade glioma 

 133

Characteristic  Value  

 Grade III Grade IV Overall 

Tumour rCBV    

             Day 0 value (%) 0.68 (100.0) 0.86 (100.0) 0.69 (100.0) 

Range 0.50 - 0.94 0.56 - 1.09 0.50 - 1.09 

Day 3 0.25 (36.8) 0.41 (47.7) 0.34 (49.3) 

Range 0.12 - 0.68 0.14 - 0.92 0.12 - 0.92 

Day 21 0.33 (48.5) 0.42 (48.8) 0.36 (52.2) 

Range 0.10 - 0.93 0.16 - 0.74 0.10 - 0.93 

At relapse 0.23 (33.8) 0.32 (37.2) 0.28 (40.6) 

Range 0.13 - 0.38 0.18 - 0.60 0.13 - 0.60 

Tumour K
trans

    

             Day 0 value (%) 0.24 (100.0) 0.58 (100.0) 0.34 (100.0) 

Range 0.08 - 0.56 0.12 - 1.22 0.08 - 1.22 

Day 3 0.13 (54.2) 0.27 (46.6) 0.22 (64.7) 

Range 0.04 - 72 0.07 - 0.88 0.04 - 0.88 

Day 21 0.12 (50.0) 0.22 (37.9) 0.21 (61.8) 

Range 0.01 - 0.77 0.10 - 0.79 0.01 - 0.79 

 At relapse 0.24 (100.0) 0.50 (86.2) 0.38 (111.8) 

Range 0.13 - 1.09 0.15 - 1.01 0.13 - 1.09 

 
Supplemental Table 3 

 

A correlation was observed between initial K
trans 

values
 
and survival (p<0.03) for 

grade III (slope = 0.13), but not for grade IV tumours (slope = 0.00) (Figure S1). In 

both groups survival correlated with rCBV (p<0.03; grade III slope = 0.17; grade IV 

slope = 0.16, Figure 3b). Absolute or relative changes in rCBV and K
trans

 values by 

treatment did not correlate with survival. 
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Supplemental Figure S3 a) Pre-treatment CE-T1 MRI scan of a patient (PR) treated with 
bevacizumab and metronomic-dose TMZ; postmortem analysis showed an extensive 

infiltrative disease with tumour cells spreading into the contralateral hemisphere; b) during 
treatment, 4 weeks prior to CE-T1 MRI, the primary tumour site showed almost no contrast 
enhancement 
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ABSTRACT 

Purpose:  

To compare Time Intensity Curve (TIC)-shape analysis of DCE-MRI data with 

model-based analysis and semi-quantitative analysis in patients with high-grade 

glioma treated with the anti-angiogenic drug bevacizumab.  

Material and Methods: 

Fifteen patients had a pre-treatment and at least one post-treatment DCE-MRI.  

We applied a pixel-by-pixel TIC shape analysis, where TICs are classified into 5 

different types according to their shape, and calculated the occurrence of each TIC 

type in the ROI.  The results were compared to the pharmacokinetic model (PKM) 

parameters K
trans

, Kep, Ve and Vi, and with the semi-quantitative parameters 

Maximum Enhancement (ME) and Initial Slope of Increase (ISI). 

Results: 

The relative amount of type 2 and 4 TIC shape significantly correlated with the 

parameter Kep but not with K
trans

 or Ve.  

The PKM parameter Ve and the semi-quantitative parameters ME and ISI showed 

significant changes after treatment. None of the TIC shapes individually showed 

significant changes. 

Conclusion: 

The semi-quantitative parameters ME and ISI are more sensitive to the effect of the 

bevacizumab than K
trans

 and Ve. The pixel-by-pixel TIC shape analysis parameters 

are not sensitive to the effect of bevacizumab, though they can be seen as 

surrogate for the PKM parameter Kep.   
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INTRODUCTION 

Dynamic contrast enhanced magnetic resonance imaging (DCE-MRI) using small 

molecular weight, gadolinium-chelate based contrast media is widely accepted as a 

valuable diagnostic aid in cancer imaging, as a mirror of the effect of anti tumour 

drugs, and possibly also as a prognostic tool (1). Several analysis methods can be 

applied to DCE-MRI, varying from a simple by-eye observation of the time-

dependent variation in signal intensity after contrast delivery, to more sophisticated 

methods that make use of theoretical pharmacokinetic (PK) models. The 

application of PK models to the analysis of DCE-MRI data allows the extraction of 

physiologically relevant quantities that reflect intrinsic properties of the tissue, such 

as vascular permeability, blood flow, extracellular-extravascular and vascular 

volume. Because the quantities measured reflect properties of the tissue and are 

independent of the MRI settings and parameters which are used to generate them, 

this analysis method is meant to be a truly quantitative method. First proposed, 

independently, by Tofts, Larsson and Brix in the early 1990 and later refined (2), 

this PK model is still widely used in cancer imaging: it generates the parameters 

K
trans

 (the wash-in rate), which describes the forward leakage rate of the contrast 

medium, Kep (the wash-out constant unit), Ve (the extracellular-extravascular 

space) and Vi (the plasma volume). These PK parameters are useful in the 

differentiation between infective and neoplastic brain lesions (3) and glioma 

grading (4, 5).  A plethora of different other models have been proposed (6, 7), but 

Tofts’ model remains the most used, because of its relative simplicity. Its most 

important parameter, K
trans

 was proposed as a surrogate marker of the expression 

of VEGF in high grade glioma and of the metalloproteinase 9 in brain tubercolomas 

(8). Recently, it was shown to be a sensitive marker of response to the 

angiogenesis inhibitors bevazicumab in gliomas (9,10). 

Despite the proven advantages, one of the greatest practical limitations of PK 

modelling in DCE-MRI, and the main reason for which it is not widely applied in 

routine clinical settings even 20 years after its introduction, is that its 

implementation is far from straightforward.  Firstly, for a correct implementation of 

the model, the absolute contrast agent concentrations must be calculated from the 

MR Signal, this implying the non-straightforward calculation of the native T1 of the 

tissue. Secondly, the results are dependent on the chosen model. Besides, noise 

and inadequate temporal resolution severely limit the robustness of the (non linear) 

fitting procedure. The choice of the arterial input function (AIF) and a number of 
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other parameters used in the model are pivotal (they largely determine the final 

results) but are at the same time very difficult to measure accurately. Furthermore, 

the pharmacokinetic model which should be applied to a certain patient or patient 

population can be more or less complex, depending on the pathology, the way of 

delivery of the contrast agent and the dosage, and there is no agreement yet on 

which model is the most suited in the various pathologies. Finally, the ability of 

Tofts’ model to correctly describe low molecular weight contrast kinetics in most 

tumours has been questioned (11). 

Alternative ways are therefore still being sought. Some authors propose an 

improvement in the accuracy and robustness of the pharmacokinetic model 

(12,13,14). Others focus on simpler, model independent parameters such as the 

Initial Area under the Gadolinium Curve (IAUGC) (9,10,15), which has been 

recommended as a practical substitute for K
trans 

in clinical studies (16). Recent work 

has investigated the value of the heterogeneity of the semi-quantitative DCE-MRI 

parameters (17). Other authors focus on non-quantitative, “heuristic” methods such 

as the analysis of the shape of the native time intensity curve (TIC) (18,19,20).  

The TIC-shape analysis, in which the native MR signal intensity curve is simply 

determined on the basis of its shape, was probably the first ever used approach in 

DCE-MRI analysis (21) and has proved very useful, though not always robust and 

reproducible (18). The technique does not always encounter the enthusiasm of MR 

physicists and is sometimes referred to as “curve-ology” (22). Yet it has to be 

recognised that a large number of papers have been published making use of this 

method, which has proved particularly successful in breast imaging (21,23). Its 

simplicity makes it available in the daily clinical practice, where there is no time for 

lengthy model based analysis, and offers a quick and easily interpretable answer. 

Though TICs are mostly classified based on an averaged signal from a region of 

interest, recently different authors have proposed and implemented a pixel-by-pixel 

approach to the TIC classification (18,19,20), developed in order to overcome the 

problem of the loss of information about the heterogeneity within the ROI. This 

approach has the advantage of giving a birds-eye view of the DCE-MRI behaviour 

in the region of interest, something much valued by radiologists, who are more 

prone to classify lesions visually, than to use absolute measures of physiological 

quantities. More importantly, because tumours are physiologically heterogeneous, 

the TIC classification of an average region of interest (ROI) is not significant, being 
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unable to pick up spatial changes in the tumours and therefore to assess tumour 

response. The pixel-by-pixel approach was developed to overcome this problem. 

The other advantage of this non-quantitative pixel-by-pixel approach with respect to 

the model-based approach lies in the easy processing of the data, the linear fitting, 

and the absence of any underlying model. TIC shape analysis is therefore not 

dependent on assumptions, needs no conversion to absolute concentration time 

curves, does not require the knowledge of the native T1 in the tissue, it is 

independent on the choice of the AIF, and is robust also in case of low signal noise 

ratio (SNR). It also lends itself well to the creation of parameters that arise from the 

heterogeneity of the pattern distribution in space, such as the percentage of a 

certain enhancement type. Despite the advantages, it has to be recognised that the 

shapes of the TIC have been defined heuristically, and it is not always clear if there 

is an underlying physiological difference between the observed shapes. Although 

the shape of the TIC is somehow linked to the values that can be obtained via PK 

modelling (e.g. Tofts), the relation can still be dependent on the protocol chosen. 

  

 
 

Figure 1 Example of TIC analysis in the brain (b), and explanation of the colour coded maps 
(a), a ME image (c) and K

trans
 image (d). 

 

We intended to perform a impartial comparison between the TIC shape analysis, 

the semi-quantitative and the model based analysis. In order to understand the 

value and possible limitations of the TIC shape analysis, in this work we have 

applied the TIC shape analysis in a study investigating the effect of the 

angiogenesis inhibitor bevacizumab combined with high dose temozolomide in 

patients with recurrent high grade glioma, and we have compared it to two common 

semi-quantitative parameters and with the outcome of the standard (extended 

Tofts’) pharmacokinetic analysis.  
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MATERIALS AND METHODS 

Patients 

Fifteen patients were enrolled in the frame of a clinical phase II study investigating 

the effect the angiogenesis inhibitor bevacizumab (Avastin®) on recurrent high-

grade glioma. They all gave informed consent to the study, which was approved by 

the local medical ethical committee. The precise details of the patient population 

are given elsewhere (24). The original study included 23 patients, but for this study 

only 15 were retained. Eight patients were excluded from the present study 

because of the quality of the pixel-by-pixel fit of the pharmacokinetic parameters.  If 

the PK parameters maps had more than 30% pixels where the non-linear fit to 

Tofts model did not converge, the scan was excluded. This was done to insure a 

fair comparison with the other two techniques. 

Of the fifteen patients, five had grade 3 and ten had grade 4 glioma. All patients 

underwent successive MRI scans before and during the treatment with 

bevacizumab combined with high dose, metronomically scheduled temozolomide 

(24). The first scan was obtained three days before the administration of Avastin®, 

the second scan three days after the administration, and other scans were planned 

on the 21
st
 and 80

th
 day after the treatment. Not all patients underwent all the 

series of scans. For 2 patients 5 scans were available, for 6 patients 4 scans, for 6 

patients 3 scans, and for 1 patient only 2 scans were available. 

MRI Protocol 

All MRI scans were performed on a 1.5 T MRI scanner (Siemens, Erlangen, 

Germany).  A series of 2D T1-weighted IR scans (TI= 50, 300, 600, 1500, 3000 ms, 

20 slices, 230 mm, TR/TE=6000/11 ms) was performed to calculate T1 maps. We 

chose this protocol over the more common multiple flip angle approach because of 

its higher accuracy. A 2D T1-weighted GRE Dynamic Contrast Enhanced scan was 

performed during delivery of 0.1 mM/Kg contrast medium (Gadovist®) followed by 

a chase of 12 ml saline, delivered intravenously through an injection pump with a 

20 Gauge needle at a speed of 5 ml/sec. The dynamic scan parameters (from two 

slightly different protocols) were as follows: 20 slices (the same as the IR scans) in 

the axial plane, FOV 230 mm, phase FOV 87.5%, thickness 3.0 (protocol 1) or 4.0 

mm (protocol 2), 28 dynamic acquisitions, each lasting 15.5 sec seconds (protocol 

1) or 13.7 (protocol 2), TR/TE= 140/3.31, flip angle 70 degrees, BW 260Hz/pix.  
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Selection of the ROIs 

All the ROIs were drawn around the tumour on the maximum enhancement images 

by the same radiotherapist. For each measurement the ROIs were drawn again, so 

that, as a consequence of the therapy, the extent of the lesion changed on the ME 

images, resulting in different ROIs size during the course of the treatment. 

Dynamic Contrast Enhanced MRI Analysis  

All the DCE-MRI images were analysed using in-house written software (25) 

developed on Matlab®. They were analysed in a quantitative (model based) and 

semi-quantitative fashion and using a pixel by pixel TIC shape analysis.  

Semi-quantitative Analysis For the semi-quantitative analysis we calculated the 

Net Enhancing Volume, ME and ISI, as described in (18). Briefly, the maximum 

enhancement (ME) is defined as the ratio between the maximum signal difference 

(MSD) (which is the difference between the signal intensity at its maximum S(max) 

and the Signal Baseline (SB) ), and the Signal Baseline: ME = MSD/SB.  

Quantitative Analysis. For the quantitative analysis, we calculated the parameters 

K
trans

, Kep Ve and Vi by solving the standard extended Tofts’ model (2) in an 

analytical fashion using an Arterial Input Function (AIF) measured in the superior 

sagittal sinus. In order to obtain the absolute concentrations of Gd needed for the 

pharmacokinetic modelling we calculated pixel-by-pixel maps of absolute T1 values 

using signal intensities from a set of IR T1-w scans, and fitting the intensities to the 

Bloch equation  
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in a pixel-by-pixel fashion.  

The T1 maps were used to transform the DCE-MRI signal intensities into 

concentration-time curves using  
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(26) where E=exp(-TR/T10) and a = cos(α), and T10 is the tissue T1 value before 

contrast delivery. We used the assumption ][
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101
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ℜ+=   with ℜ set at 4.5 

l/(s*mMol), where [Gd] is the Gadolinium concentration in mMol/liter.  
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The AIF was measured for each individual in the sagittal sinus and averaged over 

different slices (in the middle of the scan section to avoid inflow effects). A method 

was applied to correct for the low temporal resolution of the scan (=13.7 or 15.5 

seconds) as described previously (26). We used Equation 2 to convert the blood 

signal to Gd concentration, and a fixed value of blood T1=1700 ms was used, as 

the T1 measured with the IR method is not reliable in flowing spins. The resulting 

concentration was multiplied by an arbitrary scaling factor (sf=4.0) to compensate 

for different haematocrit in vein and capillaries and other possible sources of 

uncertainties (such as unknown blood ℜ), and then fitted to equation 3 (27):  

B(t)(t)C(t)C(t)C bbp ⊗+=      [3]                                                                                       

tmb

b etmbbtC
⋅−⋅⋅⋅= 2)(  

tmaeatB ⋅−⋅=)(  

where t is time, and a, ma, b and mb are the fitting parameters. Once the 

concentration-time curve (CTC) in every pixel Ct(t) was calculated, the 

pharmacokinetic parameters maps of K
trans

, Kep ve and vi were obtained by solving 

(pixel-by-pixel)   
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with K
trans

=Kepve  being the volume transfer constant, Ct(t) the Concentration in the 

tissue and Cp(t) being the AIF(2).  

As Eq 3 can be rewritten as  
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Eq 4 can be solved in closed form to obtain Eq 5  
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In order to avoid fitting of noisy pixels, and therefore unstable parameter fitting, we 

excluded from the PK analysis all pixels with a low relative enhancement. The 

enhancement threshold was set to 30% enhancement based on the observation in 

(18).  

TIC Shape Analysis  

The shape of the TIC was classified in a pixel-by-pixel fashion according to the 

algorithm described in (18). Briefly, TICs were classified as belonging to any shape 

from 1 to 7 as described in figure 1, where 1 represents non significant 

enhancement (where the no-enhancement threshold was set to 30% 

enhancement), 2 represents slow enhancement, 3 a quick enhancement followed 

by a plateau, 4 quick enhancement followed by wash out, 5 is a quick 

enhancement followed by slow enhancement, 6 represents arterial enhancement 

and 7 is all remaining pixels that cannot be classified as any of the previously 

described shapes (Figure 1a).  

In order to create a quantitative measure of the TIC classification that could be 

tested against the results of the PK modelling, we calculated images statistics by 

counting the relative occurrence (expressed as a fraction of 1) of each shape within 

the ROI.  

Median and Average Values 

The PK and semi-quantitative parameters were non-normally distributed across the 

ROI. From all the scans we calculated median values of the PK model parameters 

ve, Kep, K
trans

 and vi, and of the semiquantitative parameters  ME and ISI. Of the 

same parameters we also calculated the mean, standard deviation, the skew and 

the kurtosis of the parameters distribution across the ROI. 

We also calculated median values of the PK modelling parameters across pixels 

placed in the same category by the TIC shape classification algorithm (Figure 2). 

We also calculated average values of all the median parameters across the whole 

study, pooling all patient scans together, separating pre-treatment and the post-

treatment values (Table 2).   

Statistical Analysis 
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To evaluate the statistical significance of changes in the measured parameters as 

an effect of the treatment we used the Wilcoxon signed-rank test (SPSS Chicago). 

To this end, we compared the median value across the ROI of the parameters as 

evaluated 3 days after and 3 days before treatment (Table 1). 

Correlation between the median PK modelling parameters and the shape analysis 

parameters across the study (Figure 4), and between the semiquantitative and PK 

modelling analysis parameters within the same ROI (figure 5) was measured using 

the Spearman correlation test. 

 

    

Figure 2 (left) Median values of Kep, K
trans

 ve and vi in the different shape types described in 
figure 1a-b, averaged over the whole study population.  The arterial type (type 6) is not 
represented here, as the number of pixels classified as “arterial” in the tumours is negligible. 
Type 1, or “no enhancement” was excluded from this analysis.  
Figure 3. (right) Scatter plot of the Kep and ve values in each shape type in one patient 
(logarithmic scale on the X axis).   

 

RESULTS 

Values of PK Parameters in Each of the Heuristically Defined TIC Shape Type 

The analysis of the  PK parameters medians in each TIC shape type reveals that, 

among the different tissue TIC types (2 to 5 as in Figure 1), type 2 curves are 

mostly associated with high ve and low Kep. Conversely, type 4 curves are 

associated with high Kep and with low ve. Type 3 TICs have, in general, high values 

of ve and intermediate Kep and the highest vi, (probably a result of the large initial 

slope), whereas type 5 have low values of ve and Kep (Figure 2). The values of 

K
trans

 remain the same across all the shape types. “Type 6” (arterial) and “Type 7” 

(undefined) TICs do not appear in this graph as we did not observe any pixel of this 

type within the tumours. To better picture the relation between the PK parameters 
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and the shape classification, in figure 3 a distribution is shown of the Kep and ve for 

the four different types of TIC shapes in one patient. 
 
DCE-MRI 

parameter 

+3/-3 day ratio 

 All (Grade 3, grade 

4) 

Wilcoxon 

P-value  

(2 tailed) 

 

Median Kep 1.04  (0.966, 1.079) 0.59 

Median K
trans

 0.907 (0.91, 0.89) 0.23 

Median ve 0.84  (0.88,   0.82) 0.027 

Median vi 0.74  (0.21,  1.04) 0.125 

PK model parameters 

Median ME 0.72  (0.69, 0.74) 0.001 

Median ISI 0.79  (0.73,  0.82) 0.003 

Semi-quantitative 

parameters 

% Type 2  1.07  (1.25,  0.98) 0.594 

% Type 4  1.75  (1.55,  1.84) 0.82 

Heuristic parameters 

STD ME 0.62  (0.59, 0.63) 0.001 

Skew ME 2.04   (1.7, 2.73) 0.008 

STD K
trans

 0.85 (0.71, 0.92) 0.140 

STD ve 0.90 (1.18,  0.76) 0.156 

STD Kep 1.07 (0.94, 1.13) 0.609 

Histogram values 

 

Net enhancing 

Volume 

0.59 (0.64, 0.52) 0.005 Volume  

 
Table 1: Measure of treatment response of several quantitative and semi-quantitative DCE-
MRI parameters in patients with recurrent malignant glioma. The +/-3 day ratio is the ratio 
between the median value of the parameter (across the ROI) of each patient 3 days after 
and 3 days before, averaged across all the patients. Significances are marked in bold.  
 

It can be seen that two clusters, corresponding roughly to the type 2 and type 4 

TICs,   can roughly be separated by using a threshold in Kep, but share a similar 

distribution of ve. The type 3 and type 5 cluster are more difficult to characterise in 

terms of Kep and ve. 

Relation Between Shape–derived Parameters and Model-derived Parameters 

The general relationship between Kep and the relative amount of type 2 and 4 TIC 

shapes is described in figure 4 where the results of all the scans of this study are 

pooled together. We observed a significant positive correlation between type 4 

TICs and the Kep and a negative correlation between type 2 TICs and Kep 
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(Spearman correlation coefficient 0.507 and -0.477 respectively,  p<0.001) (Figure 

4). 

 

DCE-MRI parameter Average pre -treatment  
All (grade 3, grade 4) 

Average post-treatment  
All (grade 3, grade 4) 

Median K
trans

 0.152  (0.125,  0.166) 0.109  (0.076, 0.14) 

Median ve 0.625  (0.501, 0.680)  0.451 (0.345, 0.55) 

Median Kep 0.271  (0.268, 0.280) 0.265  (0.234, 0.299) 

Median vi 0.066  (0.046,   0.076) 0.049  (0.025, 0.064) 

Median ME 0.702  (0.7288, 0.688) 0.482  (0.48, 0.54) 

Median ISI 80.2    (81.1, 76.6) 60.13  (57.2, 69.3) 

rel amount Type 4  0.044  (0.036, 0.048) 0.060   (0.043, 0.078) 

rel amountType 2  0.681  (0.663, 0.713) 0.689   (0.718, 0.652) 

 
Table 2: Average values of the quantitative, semiquantitative, and heuristic parameters 
before and after treatment. For the parameters the average value is given (across all the 
patients) of the median value calculated over each ROI. 

 
We found no significant correlation between the relative amounts of each shape 

type and ve or K
trans

. We also investigated the correlation between model based 

parameters and the semi-quantitative analysis, and found that in the individual 

patients ve correlated with ME (Figure 5). No correlation was found between the 

initial tumour volume, and any of the other parameters. 

 

Figure 4. Scatter plot of Kep versus the relative amount of type 2 and 4 TIC shape in the 
tumour, and trend lines. Spearman Correlation coefficient: -0.477 and 0.507 respectively, 
P<0001. Each dot represents one scan. 
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Figure 5: Scatterplot of ME vs ve in one  patient, with trend line. Each dot represents one 
pixel.  

 

Changes of the Model-derived and TIC Shape-derived Parameters During 

Treatment 

In Table 1 and Figure 6 we show the changes of the model-derived parameters 

(K
trans

, ve and Kep), the semi-quantitative and heuristic parameters (ME, ISI and 

relative amount of TIC shapes), as well as the distribution properties (STD, skew)  

as a result of the therapy. In the plots the values are presented during the whole 

course of the treatment, though for the statistical significance in Table 1 we only 

used the first and second scan. In Table 1, average values of the +3/-3 parameter 

ratio (ratio between the median parameter across the ROI after and before the 

treatment) are given for the whole group and separately for grade 3 and grade 4 

patients.  

In the plots in Figure 6 it can be observed that, among the model-derived 

parameters, Ve decreases after treatment in all but two cases, and present smaller 

changes in both direction during the treatment, whereas among the non-

quantitative parameters ME, its STD, the ISI and the Net Enhancing Volume 

showed a marked decrease in all the patients. In general, for the parameters that 

showed a marked decrease after the start of the treatment, it can be seen that 

there is a tendency to resume the initial (pre treatment) values.  

We tested the effect of the drug using the Wilcoxon signed rank test on the pre-

treatment scan and the first post treatment scan on the whole patient cohort. As 

shown in Table 1, ve , ME,  ISI and net volume of enhancing pixels are the 
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parameters that are the most sensitive to the effect of bevacizumab. K
trans

 also 

showed a trend, but this did not reach statistical significance. 

 
 

 
 
Figure 6 Changes in K

trans
, Ve, Kep, ME and relative amount of type 2 and 4 TIC shapes in 

15 patients treated with bevacizumab. Each symbol represents one individual patient. Black 
symbols with continuous line refer to patient with grade 4 glioma, grey symbols with striped 
lines refer to patients with grade 3 glioma, On the x axis:  visit: 1 = 3 days pre treatment, 2 = 
3 days after, 3 = 30 days, 4 = 80 days, 5 = 1 year after treatment. Ve larger than 1 are 
probably due to the underestimation of the concentration of the AIF. 
 

The Volume of enhancing pixels in the ROI also significantly decreased after 

treatment, hereby confirming that this parameter is important in determining the 

effect of antiangiogenic treatment (28). Because of the small size of the grade 3 

and grade 4 cohorts, the parametric Wilcoxon test was performed only on the 

whole group (glioma grade 3 and 4 together). From this analysis it appears that 



CHAPTER 8              TIC Shape analysis and PK modelling in glioma 

 151

neither the model derived parameter Kep nor the relative amount of pixels classified 

as type 2 or 4 were sensitive to the effect of the anti-angiogenic drug.  

 

 
 
Figure 7: Changes in K

trans
 maps (above) and in the TIC shape maps (below) of a patient 

undergoing four successive scans :  a. 3 days before treatment, b 3 days after, c 24 days 
after, d 80 days after the start of the treatment. Whereas K

trans
 significantly changes after the 

start of the treatment, in this patient the TIC shape maps remained substantially the same.  
 

The median values before and after the treatment (averaged over all the post 

treatment scans), and the relative variation and its standard deviation are given in 

Table 2. An example of the change of the Shape maps and K
trans

 during treatment 

in one patient is given in Figure 7. 

We investigated the behaviour of the histogram of the parameters values, and 

observed that the histogram of ME significantly narrowed after treatment, leading to 

a smaller standard deviation, and therefore possibly a less heterogeneous ROI. 

Also the STDs of ve, K
trans

 were reduced, but changes were not significant. The 

STD of Kep, did not change (Table 1). 

Differences Between Glioma Grades 

In general median values of K
trans

, ve, v, and ME were higher in Grade 4 than in 

grade 3 glioma patients. Also type 2 and type 4 TIC curves pre- and post-treatment 

ratios differ between patients with grade 3 and grade 4 glioma (Table 1).  However, 

because of the small size of the grade 3 and grade 4 cohorts, it is difficult to assess 

the significance of this finding. 

 



CHAPTER 8              TIC Shape analysis and PK modelling in glioma 

 152

DISCUSSION 

While the exact measurement of model derived parameters such as K
trans

 has 

gained wide recognition for its ability to measure tumour grade and the effect of 

drugs, there is still much work going on in the search for alternative analysis 

methods that are less prone to errors, more robust, and easier to apply. The search 

is still on, and has lead to some promising alternatives, such as the use of the 

parameters extracted from a numerically calculated Impulse Response Function 

(9,10).  Ferl et al (10) investigated this non parametric analysis in high grade 

glioma, showing its sensitivity to the effect of bevacizumab and showing that this 

parameter is a viable alternative to the extended pharmacokinetic analysis. The 

result though is not surprising as the parameters calculated were proved to have a 

clear and direct relationship with the model derived parameters. 

These non parametric methods are not meant to describe all the kinetic information 

of the tumours, but might serve as a standard reproducible measure of the effect of 

certain drugs (9). Among the possible non compartmental approaches, we have 

chosen a method which is still very commonly accepted among radiologist and 

widely used in clinical practice, i.e. the approach of “visually” analysing the TIC 

pattern after drawing ROIs:  the measured TIC is judged only on the basis of its 

shape (29). This kind of approach, because of its simplicity and model 

independence has triggered researchers to work on the improvement of this eye-

led analysis to try and make it user independent and more robust. Recently various 

versions have appeared of a computed supported classification of these curves (on 

a pixel-by-pixel basis), rendering the shape in a colour-coded map (18,19,20,30). 

Despite its popularity among radiologists, to date there is no clear evidence that 

this alternative technique can effectively substitute for the proper model based 

quantification. In an earlier study, it was shown that the shape analysis alone is a 

reliable marker of the disease activity in RA (31). 

In this paper we have investigated TIC -shape based classification using patient 

data from a study using an anti-angiogenic drug (bevacizumab) and compared it to 

the results obtained applying Tofts’ quantitative PK model. A similar question was 

addressed by Hayes et. al. (32) who compared these two approaches in 

respondent and non-respondent breast cancer patients subjected to treatment. 

However in this study the TIC classification was performed on an averaged TIC 

from the whole ROI, therefore missing the spatial information about the tumour 

heterogeneity. 
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In a later paper from the same group, no relation was found between the 

quantitative model and another semi-quantitative parameter, the IAUC, in 

simulated data (15). 

In the present study we have shown that there is a relationship between the 

number of pixels classified as “type 4” (positive correlation) and “type 2” (negative 

correlation) in the tumour and the average Kep value. Yet, we were not able to find 

a relation with the parameters K
trans

 and ve. Since the two latter parameters are the 

most important output of the PK model, the fact that the TIC shapes only correlate 

to Kep is somehow disappointing.  

If there were an underlying relationship missed in this study, two main causes may 

explain this negative finding. One important factor is that K
trans

 (and consequently 

ve) is dependent on any error arising from the calculation of the absolute Gd 

concentration both of the CTC and of the AIF (as K
trans

 appears as a scaling factor 

of the integral in equation 4). Kep, which only appears in the fit in the exponential 

decay, is a parameter which is somewhat less dependent on possible inaccuracies 

in the concentration and wrong AIF scaling factor. For this reason the standard 

deviation of ve and K
trans

 over the whole study is larger than those of Kep, and the 

large STD of the data across the study might have compromised any possible 

underlying relationship with the outcome of the shape analysis. 

The other factor is more crucial. The TIC shape is in principle only classified 

according to changes in the curvature of the TIC, regardless of its amplitude, which 

is, conversely, dependent of the contrast agent concentration. On the other hand 

the K
trans

 is strongly modulated by the amplitude of the TIC (see Equation 4). This 

makes the shape analysis intrinsically less sensitive to K
trans

. 

This insensitivity of the shape classification to ve (and consequently to K
trans

) can be 

also be seen in the scatter plot in Figure 3, where the clusters corresponding to 

type 2, type 3 and type 4 TICs, are divided by a threshold in Kep  (with type 3 and 

type 4 being both higher then the threshold), but share all the same range of ve. 

In order to understand the sensitivity to treatment response of both approaches in 

the clinical practice, we have looked at whether the TIC-derived parameters as well 

as the PK parameters were sensitive to changes in microvascular structure as a 

consequence of the delivery of the anti-angiogenic agent.  

In this study, the K
trans

 and ve were reduced at the second scan (3 days after 

delivery of the anti-angiogenic drug), whereas there was no change in the average 

Kep, confirming previous studies (10). Among the semi-quantitative parameters, 
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both the ME and the ISI were shown to be the most sensitive to the effect of the 

therapy. The TIC shapes-derived parameters, just as their model based 

counterpart Kep, were not sensitive to the effect of bevacizumab+temozolomide. 

One possible hypothesis is that the TIC-shape derived parameters are the mirror of 

some other effects, but not the antiangiogenic effect which can be seen by the 

other parameters. This hypothesis needs further investigation. The lack of change 

in the TIC Shape parameters after treatment with bevacizumab seems rather to 

reflect the lack of beneficial effect of the anti-angionenic drug on the patient (24).  

Our finding that the histogram of K
trans

 “shrinks” after treatment reflects a similar 

observation made in breast patients undergoing treatment with chemotherapy (32), 

although in our study this effect was much stronger when looking at the histogram 

of ME. This seems to confirm that heterogeneity plays an important role in the 

measurement of the effect of the antiangiogenic agents, as it pointed out by Alic 

and co-workers in (17). More research should be done to further confirm this 

hypothesis. 

Our results that the PK parameters were sensitive to the antiangiogenic effect, but 

less than the semi quantitative parameters ME and ISI, seem to confirm earlier 

findings, suggesting that non-quantitative, descriptive parameters, such as that of 

the early signal enhancement, reach higher sensitivity and specificity than PK 

parameters (33). This suggestion of a possible superiority of semi- quantitative 

versus model-based parameter is probably a result of the still unsolved issue of the 

inaccuracy of the PK parameters measurement. 

Some of the problems that could have affected our results are described below. 

In this study, we individually drew ROIs in each patient and at each visit, and 

calculated the parameters in these ROIs only across enhancing pixels (i.e. over the 

“Volume of enhancing pixels”). The ROIs were drawn based on the ME images, 

and their volume could (and did) therefore vary during the course of the treatment. 

The fact that the ROIs where re-drawn at each visit might have influenced the 

results, as in the average values the information is lost about the pixels which were 

included in the analysis at one visit, and were not in another visit. On the other 

hand, we chose to draw the ROIs on the ME images in order to avoid inclusions of 

pixels where no enhancement had taken place, and were therefore not suitable for 

the analysis (either the TIC shape analysis, or the PK analysis).  

Despite the care we took to map T1 accurately (by means of an IR protocol) and 

individually select the AIF, we were not able to completely avoid problems in the 
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calculation of the PKM parameters. 

In this study the AIF was measured individually in the superior sagittal sinus. 

Despite the fact that earlier results showed the signal in the sinus to be well 

reproducible within patients (26), and therefore possibly also a valid source of an 

AIF, the absolute value of the AIF had to be multiplied by an arbitrary scaling factor 

to correct for an underestimation of the AIF. The correct scaling of the AIF remains 

a problem, both because it is severely affected by the actual (unknown) hematocrit 

(34) (hematocrit is known to change significantly between male (37-47%) and 

female (42-52%), and between different vessels, with a consequent change in the 

native T1 value) (10) and because the calculation of the concentration in the AIF is 

affected by flow problems, that can result in an inaccurate estimate of the 

Gadolinium concentration. The addition of a scaling factor does not affect the 

results presented here, as this scaling factor only resulted in a general rescaling of 

K
trans

 (and consequently ve), as the factor was the same across the whole study.  

In conclusion, we found a significant correlation between the parameters derived 

from the TIC shape analysis and the parameter Kep. The amount of type 2 and 4 

TIC shapes can therefore be considered a reliable surrogate for the model-derived 

parameter Kep. We did not find any significant correlation between these 

parameters and K
trans

 or ve.  

The quantitative parameter ve and the semi-quantitative parameter ME and ISI are 

sensitive to the effect of the anti-angiogenic agent, while K
trans

 only showed a trend. 

The parameter Kep, and the shape-derived parameters did not clearly show any 

significant change during the treatment.  

These results do not support the evidence that the TIC shape alone can represent 

a mirror of the activity of anti-angiogenic treatment. To improve its sensitivity, 

further studies should focus on the combination of the TIC shape analysis with the 

semi-quantitative analysis  and with an appropriate analysis of the parameters 

heterogeneity . 
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ABSTRACT 

Purpose 

To assess quantitative and qualitative analysis of dynamic contrast enhanced 

magnetic resonance imaging (DCE-MRI) for the evaluation of disease activity and 

therapy response in perianal fistulizing Crohn’s disease. 

Materials and Methods 

Sixteen consecutive patients with perianal Crohn’s disease underwent pelvic MRI. 

A dynamic contrast enhanced sequence was performed at 3T (temporal resolution 

4.2 seconds) during intravenous contrast injection. Maximum enhancement (ME), 

initial slope of increase (ISI), the volume transfer constant (K
trans

) and the 

extravascular space fractional volume (ve) were calculated within a Region of 

Interest drawn around the fistula. Perianal disease activity index (PDAI), C-reactive 

protein (CRP), and a MRI-based activity score were calculated. Six patients were 

scanned a second time after starting anti-Tumor Necrosis Factor α (anti-TNFα) 

treatment. 

Results 

PDAI moderately correlated to ME (r=0.669; p=0.005) and ISI (r=0.582; p=0.018) 

and volume of enhancing pixels (r=0.786; p<0.001), but not to K
trans

 or ve. Volume 

of enhancing pixels also correlated with CRP and the MRI-based score (r=0.516; 

p=0.041 and r=0.786; p<0.001 respectively). K
trans

 values decreased significantly 

six weeks after starting anti-TNF-α therapy. 

Conclusion 

ME and ISI correlate with disease activity in perianal Crohn’s disease. K
trans

 may be 

an indicator of effect of therapy in patients starting anti-TNFα treatment. 
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INTRODUCTION 

Perianal fistulas are a common finding in patients with Crohn’s disease (1). To 

determine treatment strategy and response, the course of the perianal fistula and 

its inflammatory activity have to be evaluated. Magnetic Resonance Imaging (MRI) 

is now the recommended initial examination for assessing perianal fistulas (2). For 

assessing active inflammation, a T1-weighted contrast enhanced sequence is 

performed. Enhancement indicates active inflammation as it reflects increased 

tissue perfusion and vascular permeability (3). Usually, enhancement is only 

assessed on conventional post-contrast imaging at one time-point and the grading 

is subjective. Subjective grading has intrinsic limitations while conventional post-

contrast imaging at one time-point does not give information on micro-

vascularisation. With dynamic contrast enhanced MR imaging (DCE-MRI), images 

are acquired during the delivery of the contrast agent in the tissue of interest, 

reflecting the dynamic response of the tissue to the inflow of blood. The signal 

intensity of the tissue on a T1-weighted scan increases as a result of contrast 

leaking from the capillary into the extracellular extra-vascular space. By scanning 

dynamically, time intensity curves (TIC) are acquired, i.e. curves representing the 

signal intensity at each moment before and during contrast injection. DCE-MRI 

parameters such as TIC shapes and the volume transfer constant (K
trans

) values 

have often been considered a mirror of the physiological parameters of the tissue 

(e.g. capillary permeability, tissue vascularisation) that are changed in inflammatory 

conditions (4). A previous study used qualitative DCE-MRI for the evaluation of 

perianal fistulas and showed significant correlations between absolute number of 

certain TIC shape types and the perianal disease activity index (PDAI) (5). 

However, quantitative information on fistula perfusion (i.e. K
trans

) was not provided. 

In patients with rheumatoid arthritis of the wrist K
trans

 values decreased 20% after 

anti Tumor necrosis factor- alpha (anti-TNFα), indicating a change in inflammatory 

activity that represents possibly therapy response (6). Anti-TNFα reduces short-

term fistula drainage (7) and causes internal healing (8) possibly by inhibition of 

neo-angiogenesis. 

The purpose of this study was to assess DCE-MRI parameters (both quantitative 

and qualitative) for the evaluation of disease activity and response to anti-TNFα 

treatment of perianal fistulizing Crohn’s disease. 
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MATERIALS AND METHODS 

Study population 

From August 2008 until December 2009 16 consecutive patients with known 

Crohn’s disease and suspected for perianal fistula who underwent pelvic MR 

imaging at the radiology department of a tertiary referral center were included in 

this prospective study. The indication for MRI was evaluation of perianal Crohn’s 

disease. The general exclusion criteria to MR imaging (e.g. pacemaker) were 

applicable. All patients provided written informed consent. Study approval was 

given by the institutional review board. 

MR imaging technique 

MR imaging was performed on a 3.0 T-MRI (Intera, Philips Healthcare, Best, The 

Netherlands) using a 6-channel torso phased array body coil with patients in supine 

position. Sagittal, coronal and transversal T2-weighted Fast Spin Echo sequences 

were performed with the coronal sequence angulated parallel and the transversal 

sequence angulated perpendicular to the anal canal (TR/TE 3000/80ms, slice 

thickness 4mm, matrix 400x400, FOV 360x360mm). A fat suppressed T2-weighted 

Fast Spin Echo sequence was performed in the transversal plane (TR/TE 

3000/70ms, flip angle 90 degrees, slice thickness 2mm, matrix 304x304, FOV 

360x360mm). After completion of these series a T1-measurement was performed 

using a classic Look Locker sequence in combination with a 3D Turbo Field Echo 

sequence. A dynamic transversal 3D T1-weighted Fast Spoiled Gradient Echo 

sequence was performed, consisting of 70 consecutive scans with a temporal 

resolution of 4.2 seconds. Scan parameters were as follows: FOV 200x200x60mm, 

spatial resolution 1.38x1.38x4mm, scan matrix 144x144x15, TR/TE  5.12/2.3 ms, 

flip angle 30 degrees, bandwidth per pixel 433Hz. Orientation of the dynamic scan 

was perpendicular to the anal canal. Five seconds after the start of the scan 0.1 

ml/kg bodyweight of contrast agent (Gadodiamide; Gadovist, Bayer Schering 

Pharma, Berlin, Germany) was injected through a 20 GA intravenous catheter in 

the antecubital vein by bolus injection (5 ml/s) using an automated injection pump 

(Mallinckrodt Optistar, Liebel-Flarsheim, Cincinnati, Ohio, USA). Injection of 

contrast medium was immediately followed by a chase of 15 or 20 ml saline (5 

ml/s) depending on the length of the contrast injection tube. After completion of the 

dynamic sequence a transversal T1-weighted Fast Spin Echo with fat saturation 

was acquired (TR/TE 700/10ms, flip angle 90 degrees, slice thickness 4mm, 15 
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slices, FOV 300x300mm, matrix 256x256). Orientation of all transversal sequences 

was identical. 

 

Number of fistula tracks  

None 0 

Single, unbranched 1 

Single, branched 2 

Multiple 3 

Location  

Extra- or intersphincteric 1 

Transsphincteric 2 

Suprasphincteric 3 

Extension  

Infralevatoric 1 

Supralevatoric 2 

Hyperintensity on T2-weighted images  

Absent 0 

Mild 4 

Pronounced 8 

Collections (cavities > 3 mm diameter)  

Absent 0 

Present 4 

Rectal wall involvement  

Normal 0 

Thickened 2 

 

Table 1: MRI-based score for the Severity of perianal Crohn’s Disease (9) 
 

Analysis of conventional MRI data 

All MRI examinations were evaluated by an experienced abdominal radiologist with 

prior experience in evaluation of pelvic MRI examinations (approximately 600 

examinations for perianal fistulas). For determination of disease activity, the MRI-

based score of disease severity was scored as developed by Van Assche (9). This 

score consists of both anatomical parameters and parameters indicative of active 

inflammation (table 1). Scores range from 0 to 22 with higher scores indicating 

more severe disease. This score does not include evaluation of contrast-enhanced 

sequences. 

Analysis of DCE-MRI 

The contour of the fistula was first assessed on the T2 Fast Spin Echo image and 
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then a Region of Interest (ROI) was drawn around the fistula on the T1-weighted 

dynamic scan by a research fellow [MLWZ]. 

We analyzed the DCE-MRI data both in a qualitative fashion and quantitative 

(model based) fashion. In each ROI we calculated the relative Maximum 

Enhancement (ME) and the Initial Slope of Increase (ISI). Subsequently TIC 

shapes were classified on a pixel-by-pixel basis. Seven different curve shapes, 

classified according to the scheme described by Lavini et al. (10), were each 

assigned a unique color (figure 1 and 2). The pixel-by-pixel TIC classification was 

then rendered in a color-coded map, providing a high resolution description of the 

curve shapes in the whole area of interest. We calculated the total number of pixel 

classified as each of the seven curve shapes together with the relative occurrence 

of each of these (number of pixel per shape/total number of pixel in the ROI). For 

the quantitative model based analysis we applied Tofts’ model (4) using a 

measured Arterial Input Function (AIF). The AIF was selected in the femoral artery 

or a branch thereof, and fitted to a model function as described in (11). We used 

Tofts’ model in its extended version 
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with K
trans

=Kepve being the volume transfer constant, Ct(t) the Concentration in the 

tissue and Cp(t) being the plasma concentration or AIF. The Concentration-time 

curves were obtained from the T1 maps, calculated from the Look Locker 

sequence. Conversion from signal intensity to concentration was performed as in 

(11). Average values of all quantitative parameters (K
trans

, ve, Kep) and semi-

quantitative parameters (ME, ISI, volume of enhancing pixels) were then calculated 

across the ROI. We calculated the absolute and relative number of each TIC shape 

type within the ROI and the ratio of quickly enhancing types of TIC versus slowly 

enhancing TIC (ratio between TIC type 3, 4 and 5 versus 2). The DCE-MRI data 

were analyzed off-line using home-written software (12).  

Clinical evaluation 

PDAI: The PDAI (table 2) was scored by a research fellow [MLWZ] at the time of 

the visit to the radiology department. The PDAI incorporates five elements: the 

presence or absence of discharge, pain or restriction of activities of daily living, 

restriction of sexual activity, the type of perianal disease, and the degree of 

induration (13). Scores range from 0 to 20, with higher scores indicating more 

severe disease. 
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Figure 1. Dynamic contrast enhanced MR imaging findings in a 24-year old female with a 
transsphincteric fistula and a seton in situ. A. Axial oblique fat-saturated T2-weighted fast 
spin-echo image shows perianal fistulizing disease. B, ME-map of the same section. ME of 
the perianal fistula is higher than that of the surrounding tissue. C TIC shape type map with 
in the fistula type 3 and 5 (fast rising pixels). 
 

 

Figure 2. Dynamic contrast enhanced MR imaging findings in a 63-year old male with a 
transsphincteric fistula. A. Axial oblique fat-saturated T2-weighted fast spin-echo image 
shows perianal fistulizing disease. B, ME-map of the same section. ME of the perianal fistula 
is higher than that of the surrounding tissue. C TIC shape type map. 
 

C-reactive protein C-reactive protein (CRP; mg/L) was determined as a biological 

marker of disease activity at the time of the MRI.  

Clinically active versus inactive disease We divided the patients into two groups 

based on CRP-values and PDAI-values. We defined clinically inactive disease as a 

PDAI value < 5 combined with a CRP-value <5 mg/L, because 5 mg/L is used in 

our institution as a cut-off between normal and elevated CRP. For PDAI, no cut-off 

value between active perianal disease and remission has been established yet. We 

chose a cut-off value of 5, as used in a previous study on this topic (5), based on 

findings by Present et al (7).  

Clinical follow-up 

Follow-up data were collected for all patients for a minimum of 11 months (median 

423 days, range 263-692). Three separate events were recorded: 1) if surgery had 

taken place for perianal Crohn’s disease; 2) if new abscess formation had taken 

place; 3) if a change in medication was necessary (addition of antibiotics and/or 

immunosuppressive medication and/or biologicals). 
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Perianal disease activity   Score 

Pain/restriction of activities 

No activity restriction 
Mild discomfort, no restriction 
Moderate discomfort, some limitation 
activities 
Marked discomfort, marked limitation 
Severe pain, severe limitation 

0 
1 
2 
 
3 
4 

Restriction of sexual activity 

No restriction  
Slight restriction  
Moderate limitation  
Marked limitation  
Unable to engage  

0 
1 
2 
3 
4 

Discharge 

None 
Minimal mucous  
Moderate mucous or purulent  
Substantial  
Gross fecal soiling 

0 
1 
2 
3 
4 

Type of perianal disease 

No perianal disease/skin tags 
anal fissure or mucosal tear 
<3 perianal fistulae 
≥3 perianal fistulae 
Anal sphincter ulceration or fistulae 
with significant undermining of skin 

0 
 
1 
2 
3 
4 

Degree of induration 

No induration 
Minimal induration 
Moderate induration 
Substantial induration 
Gross fluctuance/ abscess 

0 
1 
2 
3 
4 

 
Table 2: PDAI  scores. 
 

The patients who started with anti-TNFα treatment, either infliximab (Remicade; 

Schering-Plough) or adalimumab (Humira; Abbott laboratories) were scanned six 

weeks after starting treatment to assess initial treatment response. 

Statistical analysis 

Spearman’s rank correlation test was used to calculate correlation coefficients 

between DCE-MRI parameters and the reference parameters (PDAI, CRP and 

MRI-based score). Correlation coefficient values were interpreted as follows: 0.0 

not correlated, 0.2 weakly correlated, 0.5 moderately correlated, 0.8 strongly 

correlated, 1.0 perfectly correlated (14). The Mann-Whitney U test was used to 

calculate differences in DCE-MRI parameters between the predefined groups of 

patients. The Wilcoxon signed rank test was used for repeated measurements to 
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test for differences between K
trans

 values before and after therapy. P-values <0.05 

were considered to indicate statistical significance. 

 

RESULTS 

Sixteen patients were included in this study (7 males; 9 females), with a median 

age of 34.5 years (range 18-63) with perianal fistulizing Crohn’s disease. One 

patient used anti-TNFα (6%), two steroids (19%), four mercaptopurine (25%) and 

three 5-aminosalicylic acid (19%) for Crohn’s disease maintenance therapy. Two 

patients (13%) had a seton in situ. Six patients formed a subgroup of patients that 

started with anti-TNFα and were scanned a second time after six weeks. Patient 

baseline scores are depicted in table 3. 

Clinical findings and DCE-MRI parameters 

Nine patients had clinically active disease (PDAI >5 or CRP > 5). Patients with 

active disease had significantly higher ME and volume of enhancing pixels 

(p=0.017 and p=0.002 respectively). 

PDAI was moderately correlated to ME (r=0.669; p=0.005) and ISI (r=0.582; 

p=0.018) and volume of enhancing pixels (r=0.786; p<0.001) (table 4). Absolute 

pixel counts of TIC type 2, 3, 4 and 5 showed moderate to strong correlations with 

PDAI. Relative pixel counts did not show a correlation with PDAI or CRP. For the 

quantitative parameters (K
trans

, ve and Kep) no correlations were found. 

ISI and volume of enhancing pixels were significantly higher in patients with 

elevated CRP (p=0.030 and p=0.039 respectively). CRP level was moderately 

correlated to ME (r=0.566; p=0.022), ISI (r=0.602; p=0.014) and volume of 

enhancing pixels (r=0.516; p=0.041) (table 3). No correlations were found between 

CRP and the quantitative parameters. 

MRI-based score 

Patients with clinically active disease had a significantly higher MRI-based score 

(p=0.029). The MRI-based score showed a weak to moderate correlation with ME 

and volume of enhancing pixels (table 3). Total pixel counts of the individual TIC 

curve types 2, 3, 5 showed moderate to strong correlations with the MRI-based 

score.  

Follow-up 

One year follow-up was available for 15 of 16 patients. One patient was lost to 

follow-up due to emigration. Eight patients needed an intervention (53%); three 

patients developed an abscess, one patient needed surgical treatment and two 
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changed medication within the follow-up time. There was a significantly larger 

volume of enhancing pixels in patients were an event occurred (p=0.028), all other 

parameters were not significantly correlated. 

In the subgroup of patients with anti-TNFα treatment, six weeks after starting anti-

TNFα therapy K
trans

 values were significantly lower in these six patients (mean 

K
trans

 0.509 versus 0,320; p=0.027) (figure 3). Kep (p=0.116), ve (p=0.173), ME 

(p=0.345), ISI (p=0.345), volume of enhancing pixels (p=0.075) and PDAI 

(p=0.257) were not significantly different between patients who needed an 

intervention and those who did not.
 

                         

 
Figure 3. K

trans
 values before and six weeks after start of anti-TNFα therapy. All K

trans
 values 

decrease after anti-TNFα therapy. 
 

DISCUSSION 

Our study is the first to provide both qualitative and quantitative DCE analysis 

parameters of fistulas in patients with perianal Crohn’s disease. Our most important 

finding was that in patients with anti-TNFα therapy, K
trans

 values were significantly 

lower six weeks after starting treatment. In addition, ME and ISI and volume of 

enhancing pixels showed a significant, moderate correlation with PDAI and CRP. 

The quantitative parameters K
trans

, ve and Kep did not correlate with PDAI, CRP and 

MRI-based score. For the different shape curves only correlations of PDAI with 

absolute amount of certain curve types were found. Relative pixel counts of any of 

the curve shapes did not correlate with any of the reference standards, which is 

consistent with an earlier study (5). 

DCE-MRI is primarily applied in cancer studies where patients receive treatment 

with antiangiogenic agents (15). Chronic inflammation also causes neo-

angiogenesis (16) and permeability of the vascular endothelium increases. This 

increased permeability is highlighted by a high K
trans

 (17). Neo-angiogenesis and 
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vascular remodeling are often present in Crohn’s disease patients (18) and the 

TNFα inhibitor Infliximab reduces this inflammation-induced angiogenesis in 

Crohn’s disease patients (19) K
trans

 values decreased significantly six weeks after 

starting anti-TNFα therapy, indicating changes in vessel permeability and thus a 

reduction of angiogenesis and a possible initial effect of therapy in these patients. 

Yet, it has to be stressed that these results were obtained with a small cohort (only 

six patients had a follow-up scan) and further research has to be conducted to see 

if this can predict clinical response. 

ME and ISI showed moderate correlations with the reference standards. This is 

likely caused by increased perfusion due to high vascularisation of the inflamed 

tissue. A previous study, however, did not find this correlation (5), but did not use 

the same DCE-MRI protocol (which differed in field strength, scan type (2D/3D), 

scan parameters, and in the fact that we analyzed the whole lesion volume instead 

of a single slice). 

No correlation was found between K
trans

 and the reference standards. This might 

be due to the deficiencies in the clinical scoring systems or that K
trans

 is not 

representative of the severity of inflammation. 

A number of study limitations have to be taken into account to understand the 

validity of this study. One of those is certainly the limited sample size of the overall 

cohort and especially the number of patients with a follow-up scan. It was not 

possible to compare clinical response in these patients as not all patients continued 

with the anti-TNFα for a whole year (for various reasons, pregnancy, side effects 

etc). 

More importantly, our study does not have a perfect reference standard. PDAI is 

commonly used in these studies, but is based on clinical parameters that are partly 

made up of the patient’s subjective experience of the disease, rather than objective 

inflammatory or anatomical parameters. CRP is the most widely used biochemical 

marker of inflammation in Crohn’s disease, but is not specific for perianal fistulas, 

and can reflect and other inflammatory process occurring at the time of the 

investigation. MRI-based score is an activity score based on anatomical and 

inflammatory MRI-parameters (9). 

Other limitations come from the DCE-MRI technique, and apply to all the studies in 

general which make use of this technique. The analysis of DCE-MRI data can be 

done with different degree of complexity ranging from a simple analysis of the 

parameters of the TIC (qualitative analysis) to complex pharmacokinetic modelling 
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(quantitative analysis). Both were used in this study, together with a heuristic 

method of classifying the TIC shapes. The parameters obtained by the qualitative 

analysis (represented in the study by ME and ISI) are completely dependent on the 

parameters chosen for the MR scan, and cannot be compared between studies.  

 

 
Table 3: severity indexes of the study population  
 

 
Table 4: DCE-MRI versus reference parameters. 
 

In this study we were careful to keep the scan protocol the same across the whole 

study (this including not only the same scan parameters, but also injection rates, 

dosage etc), in this way trying to minimize the scan-related variations. The 

quantitative analysis suffers from a number of problems related to the model 

chosen. In this paper we chose to use Tofts’ model. This model uses contrast 

agent concentration as input, and depends on the choice of the AIF. It is known 

that the choice of the AIF plays a pivotal role in the modeling, and that small 

variation of the AIF can lead to large variations in the calculated parameters (K
trans

 

and ve). We have chosen a patient dependent AIF because inflow of contrast agent 

depends on variables such as cardiac output and it therefore more reliable than a 

measured patient average (11). Still there are unknowns in the calculation of the 

AIF. The real T1 value of blood cannot be extracted from the Look Locker 

sequence because of flow problems, and the blood T1 value had to be inserted 

“manually”. We chose a T1 value of 1700 ms for all the patients, though we are 

Index All patients Clinically active Clinically 

PDAI 

Median (range) 6.50 (1-15) 11 (6-15) 3 (1-5) 

MRI-based score 

Median (range) 11 (4-18) 16 (4-18) 9 (4-17) 

CRP 

Median (range) 4.5 (0-116) 23.4 (2.2 – 116) 1.3 (0 - 4.2) 

DCE-MRI PDAI CRP MRI-based score 

ME r=0.669 (p=0.005) r=0.566 (p=0.022) r=0.466 (p=0.069) 

ISI r=0.582 (p=0.018) r=0.602 (p=0.014) r=0.199 (p=0.461) 

K
trans

 r=0.281 (p=0.292) r=0.109 (p=0.687) r=0.426 (p=0.100) 

Kep r=0.196 (p=0.467) r=0.288 (p=0.280) r=0.370 (p=0.158) 

ve r=0.127 (p=0.639) r=-0.145 r=0.165 (p=0.542) 

Volume of 

enhancing pixels 

r=0.786 (p<0.001) r=0.516 (p=0.041) r=0.786 (p<0.001) 



CHAPTER 9                                    DCE-MRI in Crohn’s disease 

 173

aware that the T1 can significantly change according to the blood’s heamatocrit, 

which is unknown. All these uncertainties result in variations in the measured K
trans

 

which are difficult to estimate. The TIC shape analysis we performed was done on 

a pixel-by-pixel basis. Though this has been shown to be a robust method, it is 

important to realize that classification is dependent on some arbitrary choices in 

DCE-MRI parameters such as AIF and noise ratio threshold. 

In conclusion, the semi-quantitative parameters ME and ISI can be used to 

evaluate disease activity in patients with perianal Crohn’s disease. The quantitative 

parameter K
trans

 may be an indicator of effect of therapy. 
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SUMMARY OF FINDINGS 

The work described in this thesis focuses on a novel approach to the analysis of 

DCE-MRI, a technique performed by radiologists as a supplementary diagnostic 

tool primarily in cancer. In this approach the analysis of the so-called time intensity 

curves (TICs) is performed on a pixel-by-pixel basis and rendered in colour coded 

maps. 

Though the analysis of DCE-MRI by using pharmacokinetic modelling is nowadays 

considered the reference standard method, the difficult implementation of this type 

of analysis has hampered its application in daily clinical practice. In routine clinical 

settings radiologists look at the time-dependent change of the average signal 

intensity of the DCE-MRI images during contrast injection in a selected region of 

interest in the suspected lesion. Radiologists have identified various shapes of the 

TICs, some of which have been associated with malignancy in cancer, or high 

inflammatory activity. Though this simple look-at-the-data approach has been so 

far quite successful, especially in the diagnosis of breast cancer, there are an 

important number of drawbacks, the most important being the operator 

dependence and the lack of spatial resolution, which can become particularly 

relevant in large and heterogeneous lesions.  

In this thesis a different way of looking at the TIC is introduced.  A colour-coded 

map of the whole imaged field of view is generated, where each colour 

corresponds to a particular type of TIC as determined by an automatic 

classification algorithm. In this way the missing spatial information is added to this 

approach. The method was applied in a range of diseases (arthritis, cancer and 

Crohn’s disease), and then compared to the reference standard, i.e. 

pharmacokinetic modelling according to Tofts’ model. 

In summary, this is how the work was presented in thesis. 

In chapter 2, the TIC classification algorithm and the colour coded maps are 

introduced, and their application to the first patients is presented. TICs are 

classified as belonging to 7 classes, (chosen based on the results of a previous 

publication [1]) and colours assigned to each class. We showed that maps of the 

semiquantitative parameter ME and the TIC shape maps are substantially different, 

and that a large variability in TIC shapes takes place in areas of constant signal 

enhancement. We confirmed that the heuristically defined TIC shapes were indeed 

representing all the curves occurring in the lesions observed (ranging from arthritis 

to bone sarcoma), and that no other class was needed to describe tissue behaviour 
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in these diseases. At the same time we saw that in musculoskeletal lesions, all of 

these classes were encountered, hereby showing that the simple approach used in 

breast tumours (which uses only three classes) is not appropriate for these 

pathologies.  

We also looked at the distribution of the curve shapes, and the relative number of 

pixels classified as belonging to each of the different classes was proposed as a 

simple summary parameter of this analysis. 

In chapter 3, an example is given of how the pixel-by-pixel TIC shape analysis can 

be used in chondrosarcoma, a disease where the TIC shapes were found to occur 

with considerable heterogeneity. In this study it was also shown that the TIC shape 

is unrelated to the semi-quantitative parameter maximum enhancement (ME) in the 

same lesion, showing therefore that it is not possible to determine pixels with 

“abnormal” TIC behaviour only based on other images, such as a maximum 

enhancement image or a single post contrast image. This highlights the simple fact 

that in order to find abnormal TIC, one need to know a priori where these abnormal 

TICs are, hereby justifying the pixel-by-pixel approach. 

In chapter 4, we applied the TIC shape analysis to assess disease activity in 

fistulising Crohn’s disease. In this study we assessed the activity of perianal fistulas 

and compared it with the clinical reference standard, i.e. C-reactive protein (CRP) 

and the subjective perianal disease activity index (PDAI), which are at present the 

best, though unreliable way of assessing disease activity. To our knowledge this 

was the first DCE-MRI study in perianal fistulas. Beside a degree of correlation 

between some of the TIC shape parameters and the CRP and PDAI, the most 

interesting result was that the TIC shape analysis could discriminate between 

patients who needed treatment change from those for which treatment was 

adequate.  

Chapter 5 presents the application of TIC shape analysis in rheumatoid arthritis. 

We assessed the ability of the method to differentiate between patients with active 

arthritis and healthy volunteers. We found that the relative number of “type 4” 

curves (quickly enhancing, quickly washing-out) can effectively discriminate 

between patients and healthy volunteers, making it a possibly suitable marker for 

the activity of rheumatoid arthritis.  

After these first applications of the TIC shape analysis, we investigated the relation 

between the TIC shape analysis, the semiquantitative analysis and the 

pharmacokinetic modelling according to Tofts’ model. 
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We first addressed patients with recurring glioma who were treated with the 

angiogenesis inhibitor bevacizumab. In order to insure the best possible quality of 

the pharmacokinetic parameters a preliminary study was performed to investigate 

the reproducibility of the arterial input function (AIF) in the specific patient 

population. This is a pivotal issue in pharmacokinetic modelling, as the AIF largely 

determines the results of the model, as described in Appendix 2. 

In chapter 6, the problem of the inter-patient and inter-scan variability of the AIF, 

as well as that of the low temporal resolution of the arterial/venous signal is 

addressed. An algorithm is introduced which aims at correcting the low temporal 

resolution of the AIF, hereby improving reproducibility. The results and algorithm of 

chapter 6 were used in the work described in the next two chapters. 

In chapter 7, we performed DCE-MRI in a patient population with recurrent high-

grade glioma who received the antiangiogenic drug bevacizumab combined with 

metronomically dosed temozolomide. DCE-MRI analysis was done using the 

standard Tofts model. 

The general clinical finding of this work was that the combination of bevacizumab 

with the metronomic chemotherapy was not successful. Though it was apparent 

that the antiangiogenic drug was effective in the tumour, significantly reducing 

vessel permeability as seen on K
trans

, patients did not benefit from the treatment, 

suggesting that the antiangiogenic drug might further reduce viability of the tumour 

to the chemotherapeutic agent.  K
trans

 was shown here to be not only a good mirror 

of the effect of bevacizumab (K
trans

 was significantly reduced after the start of the 

treatment), but also a marker of relapse.  

Chapter 8 focuses on the comparison between the TIC shape analysis, the semi-

quantitative method and Tofts’ pharmacokinetic modelling in the same patient 

cohort presented in chapter 7. We found a relationship between the parameters 

obtained by means of the pixel-by-pixel TIC-shape analysis and one of the outputs 

of the pharmacokinetic model, namely Kep, though not with the parameters K
trans

 

and ve. Furthermore, whereas K
trans

 , ve   and the semiquantitative parameters ME 

and ISI (Initial Slope of Increase) changed after treatment with bevacizumab 

(hereby confirming previous studies), the TIC shape parameters were not shown to 

be sensitive to this effect.  

In chapter 9 the pixel-by-pixel TIC analysis, the semiquantitative parameters, and 

Tofts’ model are used in a study investigating fistulising Crohn’s disease on a 3.0 

Tesla MR scanner. We found that K
trans

 may represent an early indicator of 
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response to therapy in patients starting anti-TNFα treatment, whereas the 

semiquantitative analysis parameters ME and ISI correlated with disease activity. 

Appendix 1 presents the Graphical User Interface which was written to make the 

analysis tools available to researchers. The software, which was developed in 

Matlab®, was customised according to suggestions of the radiologists and the PhD 

students who wished to apply it in their own studies.  It includes all the algorithms 

developed for the works presented in this thesis, including the pharmacokinetic 

model according to Tofts’ model. This includes the calculation of T1 maps, the 

selection and fitting of the AIF, the possibility of correcting the AIF, and non linear 

fitting to the standard Tofts model. The software also offers the possibility of doing 

statistical analysis on the results of both the TIC-shape analysis and the 

pharmacokinetic modelling. 

Appendix 2 presents a review of the pharmacokinetic model used for this thesis. It 

also presents the closed form of the new pharmacokinetic equations that were 

used for this thesis. In this chapter the limitations of the pharmacokinetic modelling 

are addressed in detail.  

 

DISCUSSION AND FUTURE PROSPECTIVES  

This thesis is about a method developed to improve the way radiologists look at the 

dynamic course of the DCE-MRI data, but without radically changing their way of 

working. Radiologists analyse DCE-MRI data by selecting a ROI and by looking at 

the Time Intensity Curve, a simple approach that has been used for many years 

with a certain success, especially in breast cancer (three points method) [2, 3], but 

also in musculoskeletal lesions [1, 4]. 

The idea for this new method of analysing the DCE-MRI came originally as an 

answer to a practical problem posed by AMC radiologists, who wanted to apply 

DCE-MRI data in polyarticular disease (arthritis), and in large heterogenous 

tumours (chondrosarcomas). The heterogeneous nature of these diseases, as well 

as their extent make the way of looking at the TICs based on ROI selection 

inadequate. At the same time, the simple three-points analysis used in breast 

cancer diagnosis does not lend itself well to these diseases, where the high 

vascularisation requires frequent sampling and results in a wider range of time 

intensity curves. An algorithm was therefore developed to classify the TIC in every 

voxel in the FOV. By using a colour coded map, we could bring to light the lesion 

heterogeneity, and radiologists could spot the areas with the most interesting 
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dynamic behaviour before selecting a ROI in the lesion. We tested if the ability of 

the technique to calculate heterogeneity would improve its robustness by applying 

it in a number of diseases, including arthritis, cancer and Crohn’s disease. 

At the same time we have tested the advantages of the new method against other 

existing DCE-MRI analysis methods, in particular with the pharmacokinetic model 

based analysis. 

Pharmacokinetic modelling is an established method which has gained the trust 

and popularity among scientists for its ability to grade cancer, assess neo-

angiogenesis and the effect of drugs [5]. Unlike most MRI based techniques, it is 

(or is strives to be) quantitative, i.e. it measures intrinsic properties of the tissue. It 

can be performed on a ROI, as well as on a pixel-by-pixel basis, giving therefore an 

accurate overview of the tissue’s physiological parameters. It is therefore rather 

natural to ask why other techniques should be required, since pharmacokinetic 

modelling already gives not only a very accurate description of the tissue 

behaviour, but also useful information on treatment efficacy, staging and 

(sometimes) prognosis. 

The answer lies in its extremely complicated implementation, as well as its 

significant propensity to errors. Contrary to most MRI–based methods, 

pharmacokinetic modelling is a method that requires a large amount of user 

interaction, as well as extra scans and time consuming calculations. It is not (yet) 

offered as a package by vendors, and this is mainly due to the considerable 

number of “things that can go wrong”: the problem of the difficult determination of 

the AIF, the need for an extended MRI protocol to generate T1 maps, the necessity 

of calculating absolute contrast agent concentrations (via calibration or direct 

measurement), the  missing knowledge of relevant parameters such as blood 

haematocrit or the tissue relaxivity,  the sensitivity of the non linear fitting to noise - 

limiting the choices on resolution and coverage-, the uncertainty whether the 

assumptions made by the model would hold in each case. These are all limitations 

that have been discussed in Chapter 6 and Appendix 2. 

As a result, despite huge efforts made so far by many to improve the robustness of 

the quantitative technique, there is another, parallel line of research that searches 

for alternative methods. Greater attention has been put into the value of semi-

quantitative parameters, such as the maximum enhancement, the initial slope of 

increase or the initial area under the curve. These have shown to be robust and at 

the same time sensitive markers of disease activity [6]. 
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The method presented here is clearly only one other possible solution. It offers on 

one side the robustness of the direct observation of the MRI generated data, 

without need for conversion to concentration values and without further 

assumptions, and on the other side the information about the spatial heterogeneity, 

therefore optimising its applicability in clinical   practice. 

 
 
Figure 1: K

trans
 (above) and TIC shape analysis (below) in a high grade glioma patient  

before and during treatment with bevacizumab combined with metronomic temozolomide. 
K

trans
 maps show a visible change, whereas the TIC maps hardly show any change. 

 

A large part of this thesis is concerned with the testing of the TIC shape analysis 

method in clinical studies. We showed that the TIC shape analysis together with 

the qualitative analysis can effectively highlight pathology in arthritis and in 

fistulising Crohn’s disease. It was shown to be robust and reproducible, mainly 

because only linear fitting is involved, and because an AIF is not needed. The TIC 

shape analysis was shown to be a suitable surrogate for the pharmacokinetic 

model analysis parameter Kep. This finding is in line with the theory of 

pharmacokinetic modelling, which predicts that Kep can in principle be determined 

without a proper quantification of the Gd concentration (see Appendix 2). 

Nevertheless, the shape analysis was not shown to be able to fully replace 

pharmacokinetic modelling. In the study investigating the effect of antiangiogenic 

treatment on recurrent glioma we showed that the shape analysis alone was 

insensitive to the effect of bevacizumab (Figure 1), but a combination of the TIC 

shape and semi-quantitative parameters could provide a sensitive marker of the 

-3   +3        +21  +80 days 
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effect of antiangiogenic drugs. It is still an open issue whether this lack of sensitivity 

is to be seen as a negative result or not. In fact, it appears that the antiangiogenic 

drug does not have an effect on the patient’s survival (either Progression Free 

Survival or Overall Survival). It has been postulated that the tumour finds other 

ways to propagate (other than via the vascular system, possibly via diffusion). It is 

therefore possible that the shape analysis in some ways may reflect this lack of 

activity. This hypothesis, though, still needs further investigations.  

As with all techniques, the TIC Shape analysis also comes with limitations. Some 

problems are intrinsic to the technique, e.g. its insensitivity to the absolute 

concentration of the contrast agent. This was reflected in its insensitivity to ve and 

K
trans

, and to the physiological parameters which are reflected by these parameters. 

Nevertheless it appears that a proper combination with semi-quantitative 

parameters might greatly improve the sensitivity.  

Other problems arise from the way the TICs are generated. It is mandatory to 

choose an appropriate MRI protocol, as improper T1 weighting results in saturation 

effects (see Appendix 2) and loss of any relationship between contrast uptake and 

enhancement. This would result for example in type “4” TIC shapes looking as 

“type 3” or arteries all looking like “type 4”. The same problem, however, is also 

true for the pharmacokinetic modelling, as signal saturation prevents the proper 

calculation of the gadolinium concentration. 

The size of the pixels can of course affect the result of the classification (as it does 

affect the pharmacokinetic modelling). Larger pixels suffer from partial volume 

effects, for which more curves can be averaged together, but smaller pixels result 

in higher noise, hampering the fit. It has to be noted though that the TIC shape 

analysis is far less sensitive to noise than the pharmacokinetic analysis, and the 

TIC shape analysis allows analysis of data with far less SNR than that necessary 

for the pharmacokinetic modelling. We have performed experiments in which both 

TIC shape and pharmacokinetic analysis was performed on the original scan, and 

on a reconstructed scan with pixel 4 times as big (therefore enhancing SNR), and 

found that the shape analysis did not differ much, whereas the pharmacokinetic 

analysis did because in the case of low SNR more pixels could not be reliably 

fitted. 

In the AMC all the techniques described above (TIC shape analysis, semi-

quantitative analysis and pharmacokinetic modelling) have been made available to 

radiologists, by means of the software presented in Appendix 1.  Since the 
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publication of the pixel-by-pixel TIC analysis in 2007 [7], a number of other 

publications followed on the same line of research [8, 9], and it seems that the 

interest in the simplicity of TIC shape analysis has been revived.  

Experience has shown that the pixel-by-pixel TIC approach is by far preferred by 

the radiologists, and has entered their work routine. The pharmacokinetic model is 

used, but mainly in research settings, not in clinical routine. Daily clinical routine 

needs quick, robust, practical answers. The exact determination of a K
trans

 is not 

important in itself, what is important is that whatever answer a method offers, this 

can be easily related with the pathology. The TIC shape analysis offers this 

advantage, though not in all the pathologies we investigated. Further research 

should be directed towards the application of TIC analysis in more diseases in the 

clinic and towards the combination of the semiquantitative analysis with the TIC 

shape analysis. In this sense, a step towards a more complex analysis should be 

considered.  

In particular heterogeneous lesions such as chondrosarcomas seem to benefit the 

most from this method: chondroid lesions, whether benign or malignant, always 

tend to enhance considerably on DCE-MRI, and it has been postulated that the 

difference between different tumour grades could lie in the heterogeneity of the 

TIC. This hypothesis is currently being investigated in the AMC.  

Because of the simplicity of the analysis, it is to be expected that the method could 

easily be exported to other centres, and is therefore suitable for multi centre 

studies. 

In this thesis not only the advantages but also the undeniable limitations of the TIC 

shape analysis approach have been investigated. The results presented here 

should warn radiologists that TIC analysis does not have all the answers, and that 

a door should still be kept open to the cumbersome pharmacokinetic modelling. 

Whether a simplification of complicated pharmacokinetic modelling will win over a 

complication of simple TIC analysis (or the other way around), it is now still too 

early to predict. As always, the truth might lie somewhere in the middle… 
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This thesis demonstrates that: 

1. The pixel-by-pixel TIC shape analysis, rendered in colour coded maps is very 

positively received by radiologists, who have broadly applied it in clinical setting. It 

is preferred over PK modelling, and has potential to be applied in broader settings. 

2. The pixel-by-pixel TIC shape analysis effectively improves the sensitivity to the 

lesions heterogeneity, and creates therefore new measures of heterogeneity. 

3. Slowly enhancing TICs (type 2) are almost always present in lesions. The 

differences between health and disease are not therefore to be found in the 

dominant TIC type, but in the TICs that occur in smaller amounts below a surface 

of a “type 2 basin.” 

4. The TIC shape analysis on a pixel-by-pixel basis alone is able to highlight 

disease activity in certain diseases such as arthritis and in Crohn’s disease.  

5. The TIC shape analysis is not sensitive to the effect of the antiangiogenic drug 

bevacizumab in high-grade glioma, while the semiquantitative and PK model 

parameters are. 

6. The TIC shape analysis is not able to fully replace the pharmacokinetic 

modelling. 

7. The semiquantitative parameters combined with the TIC analysis could provide a 

good alternative to pharmacokinetic modelling. 
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NEDERLANDSE SAMENVATTING 

Het onderzoek dat beschreven is in dit proefschrift, richt zich op een nieuwe 

benadering van de analyse van dynamische contrastmiddel-aankleuring met MRI 

(dynamic contrast enhanced MRI, DCE-MRI). Dit is een radiologische techniek die 

voornamelijk gebruikt wordt als aanvullend diagnostisch hulpmiddel bij kanker. In 

deze nieuwe benadering worden de zogenaamde tijd-intensiteitscurves (TIC's) 

pixel voor pixel geanalyseerd en weergegeven in een kleurgecodeerd beeld. 

Op dit moment wordt de analyse van DCE-MRI met behulp van farmacokinetische 

modellen als referentiestandaard beschouwd. Het gebruik ervan in de klinische 

praktijk stuit echter op moeilijkheden bij de implementatie. In de dagelijkse routine 

kijkt de radioloog daarom liever naar hoe de gemiddelde signaalintensiteit in de 

DCE-MRI-beelden verandert in de tijd, gedurende en na de injectie van het 

contrastmiddel. Dit gebeurt dan in een geselecteerd gebied in de laesie. In de 

radiologie onderscheidt men op grond van de vorm van de TIC verschillende typen; 

sommige van deze typen duiden op maligniteit of op een hoge ontstekingsactiviteit. 

Hoewel deze eenvoudige kijk-naar-de-data-benadering goede resultaten heeft 

opgeleverd, met name in de diagnose van borstkanker, zijn er belangrijke nadelen. 

De belangrijkste nadelen zijn dat de resultaten onderzoeker afhankelijk zijn en 

lijden onder het gebrekkige ruimte-oplossend vermogen van de techniek. Dit speelt 

met name bij grote, heterogene laesies een prominente rol. 

In dit proefschrift wordt een nieuwe manier geïntroduceerd om naar deze TIC's te 

kijken. Er wordt een kleurgecodeerd beeld van het gehele afgebeelde gebied 

gegenereerd, waarbij iedere kleur overeenkomt met een bepaald type TIC. Deze 

typen worden bepaald voor ieder pixel en met een automatisch classificatie-

algoritme. Op deze manier wordt de waarnemer-afhankelijkheid opgeheven, en 

verkrijgen we de ruimtelijke informatie die voorheen ontbrak. Wij hebben deze 

methode toegepast bij een scala van ziektes (artritis, kanker en de ziekte van 

Crohn) en steeds vergeleken met de referentiestandaard, d.w.z. de analyse met 

behulp van het farmacokinetische model van Tofts. 

In hoofdstuk 2 worden het TIC classificatie-algoritme en de kleurgecodeerde 

beelden beschreven alsmede de eerste toepassingen bij patiënten. De TIC's 

worden onderverdeeld in zeven typen, die zijn gekozen op basis van de resultaten 

van een eerdere publicatie[1]. Ieder type krijgt zijn eigen kleur. 

In dit hoofdstuk tonen we aan dat deze zeven, heuristisch gekozen typen van TIC's 

inderdaad alle TIC's representeren die voorkomen in laesies (van artritis tot 
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osteosarcoom), en dat er geen extra typen nodig zijn om het gedrag van het 

weefsel in deze ziektes te beschrijven. Tevens zien we dat ook in musculoskeletale 

laesies al deze zeven typen worden waargenomen. Hieruit volgt dat de 

versimpelde benadering bij borsttumoren, waar slechts drie typen worden gebruikt, 

niet geschikt is voor deze pathologieën. 

We hebben ook gekeken naar de verdeling van TIC-typen, en wij stellen voor om 

de relatieve hoeveelheid pixels per type te gebruiken als een eenvoudige 

samenvattende parameter van de analyse. 

In hoofdstuk 3 wordt een voorbeeld gegeven van het gebruik van de pixelgewijze 

TIC-type analyse, en wel in een chondrosarcoom. Deze pathologie blijkt een zeer 

grote heterogeniteit aan TIC-typen te vertonen. In dit onderzoek wordt ook 

aangetoond dat de vorm van de TIC niet gerelateerd is aan de semikwantitatieve 

parameter maximum enhancement (ME), waaruit volgt dat het niet mogelijke is om 

pixels met een "abnormaal" TIC-gedrag te detecteren uit een maximum 

enhancement-image of uit een enkel na-contrast beeld. Dit onderstreept het 

eenvoudige feit, dat om een abnormale TIC te vinden, je a priori moet weten waar 

deze abnormale TICs zijn, hetgeen de pixelgewijze benadering rechtvaardigt. 

In hoofdstuk 4 passen we de TIC-type analyse toe om de ziekteactiviteit te 

bepalen bij perianale  ziekte van Crohn met fisteling. In deze studie kijken we naar 

de activiteit van perianale fistels en vergelijken deze met de klinische 

referentiestandaard, te weten C-reactive protein (CRP) in combinatie met de 

subjectieve perianal disease activity index (PDAI), die op dit moment de beste, zij 

het onbetrouwbare, methodes zijn om de ziekteactiviteit te bepalen. Voor zover ons 

bekend is dit het eerste DCE-MRI-onderzoek bij perianale fistels. Behalve een 

zekere correlatie tussen sommige TIC-vormparameters en de CRP en PDAI, was 

het meest interessante resultaat dat de TIC-type analyse een verschil liet zien 

tussen patiënten bij wie een verandering van het behandelplan nodig was, en 

patiënten bij wie de behandeling adequaat was. 

Hoofdstuk 5 beschrijft een toepassing van de TIC-type analyse in reumatoïde 

artritis. We gaan na of de methode gebruikt kan worden om te differentiëren tussen 

patiënten met actieve artritis en gezonde vrijwilligers. Onze bevinding was dat het 

relatieve aantal "type 4" curves (snelle aankleuring, snelle uitwassing) effectief 

onderscheid kan maken tussen patiënten en gezonde vrijwilligers, waarmee het 

een geschikte kandidaat is als indicator voor de activiteit van reumatoïde artritis. 
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Na deze eerste toepassingen van de TIC-type analyse, hebben we de relatie 

onderzocht tussen deze methode en de semikwantitatieve analyse alsmede het 

farmocokinetisch model volgens Toft. 

We hebben ons eerst gericht op patiënten met een recidiverend glioom, die 

behandeld werden met de angiogeneseremmer bevacizumab. Om een zo goed 

mogelijke kwaliteit van de farmacokinetische parameters te garanderen, werd een 

voorstudie uitgevoerd waarin de reproduceerbaarheid van de arteriële inputfunctie 

(AIF) in de betreffende patiëntenpopulatie werd onderzocht. De 

reproduceerbaarheid van de AIF is een van de belangrijkste punten bij het 

farmacokinetische modelleren, want de AIF heeft een doorslaggevende invloed op 

de resultaten, zoals beschreven in Appendix 2. 

In hoofdstuk 6 komt het probleem aan de orde van de inter-patiënt en inter-scan 

variabiliteit van de AIF, alsmede dat van de lage temporele resolutie van het 

veneus/arterieel signaal. We introduceren een algoritme om de lage temporele 

resolutie van de AIF te corrigeren, wat tevens de reproduceerbaarheid verbetert. 

De resultaten en het algoritme van hoofdstuk 6 worden gebruikt in het onderzoek 

van de volgende twee hoofdstukken. 

In hoofdstuk 7 hebben we DCE-MRI uitgevoerd in een populatie patiënten met 

recidiverend hooggradig glioom, die werden behandeld met de 

angiogeneseremmer bevacizumab in combinatie met strikt tijdsgebonden  

gedoseerde temozolomide. De analyse van de DCE-MRI werd gedaan met het 

standaardmodel van Tofts. 

Een belangrijk klinisch resultaat van dit onderzoek was de conclusie dat de 

combinatie van bevacizumab met metronomische chemotherapie niet succesvol is. 

Hoewel de angiogeneseremmer duidelijk effect had in de tumor, en de 

vaatwandpermeabiliteit, weergegeven door de parameter K
trans

, significant afnam, 

hadden de patiënten geen baat bij de behandeling. Dit suggereert dat de 

angiogeneseremmer de vatbaarheid van de tumor voor chemotherapie verkleint. 

K
trans

 bleek hier niet alleen een goede afspiegeling van het effect van  bevacizumab 

(K
trans

 nam significant af na aanvang van de behandeling), maar ook een indicator 

voor terugval. 

Hoofdstuk 8 richt zich op de vergelijking van de TIC-type analyse met de 

semikwantitatieve methode en Tofts farmacokinetische model, en wel bij hetzelfde 

cohort patiënten als in hoofdstuk 7. We vonden een relatie tussen parameters 

verkregen uit de TIC-type analyse en een van de output-parameters van het 
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farmacokinetische model, namelijk Kep. Er was echter geen relatie met de 

parameters K
trans

 en ve. Bovendien veranderden K
trans

, ve en de semikwantitatieve 

parameters ME en ISI (Initial Slope of Increase) na aanvang van de behandeling 

met bevacizumab (in overeenstemming met eerdere onderzoeken), terwijl de TIC-

type parameters ongevoelig hiervoor bleken te zijn. 

In hoofdstuk 9 gebruiken we de pixelgewijze TIC-type analyse, de 

semikwantiatieve parameters en het model van Toft in een onderzoek naar 

perianale ziekte van Crohn op een 3.0 Tesla MRI scanner. De bevindingen waren 

dat  K
trans

 een vroege indicator zou kunnen zijn voor de respons op therapie bij 

patiënten die starten met een anti-TNFα behandeling, terwijl de semikwantitatieve 

parameters ME en ISI correleren met de ziekteactiviteit. 

Appendix 1 beschrijft de grafische user-interface die geschreven is om de 

analyse-tools beschikbaar te maken voor onderzoekers. De software, ontwikkeld in 

Matlab®, is afgestemd op de suggesties van de radiologen en promovendi die het 

willen gebruiken in hun eigen onderzoek. Het bevat alle algoritmes die ontwikkeld 

in dit proefschrift, inclusief het farmocokinetische model volgens Toft. Hierbij hoort 

ook het uitrekenen van T1-beelden, selecteren en fitten van de AIF, eventueel 

corrigeren van de AIF, en de niet lineaire fit aan het standaardmodel van Toft. De 

software biedt tevens de mogelijkheid om statistische bewerkingen uit te voeren op 

de resultaten van zowel de TIC-type analyse als van het farmacokinetisch model. 

Appendix 2 geeft een overzicht van het farmacokinetische model dat gebruikt is in 

dit proefschrift. Het beschrijft ook de nieuwe farmacokinetische vergelijkingen, in 

gesloten vorm, die we gebruikt hebben. Ook de beperkingen van het 

farmacokinetisch modelleren worden in detail besproken. 

 

Dit proefschrift toont het volgende aan: 

1. De pixelgewijze TIC-type analyse, weergegeven in kleurgecodeerde beelden, is 

positief ontvangen door de radiologen, die het gebruiken in de klinische routine. 

Deze analyse heeft de voorkeur boven analyse met een farmacokinetisch model, 

en kan bovendien worden toegepast op een breder terrein en in andere centra. 

2. De pixelgewijze TIC-type analyse geeft een substantiële verbetering van de 

sensitiviteit van de techniek en van de spatiële resolutie, en geeft nieuwe 

meetparameters voor weefselheterogeniteit. 

3. Met de pixelgewijze TIC-type analyse kan men de ziekteactiviteit bepalen bij 

bepaalde ziektes, zoals reumatoïde artritis. 
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4. Bijna altijd zijn langzaam aankleurende TICs (type 2) dominant in de laesie. De 

verschillen tussen gezond en ziek zitten dus niet in het dominante TIC-type, maar 

in TIC-types die in de minderheid zijn, zich verscholen onder het oppervlak van een 

zee van type 2. 

5. De pixelgewijze TIC-type analyse is niet gevoelig voor het effect van de 

angiogeneseremmer bevacizumab bij hersentumoren, maar de semikwantitatieve 

parameters en de farmacokinetische parameters zijn het wel. 

6. De pixelgewijze TIC-type analyse alleen kan het farmacokinetisch model niet 

geheel vervangen. 

7. De pixelgewijze TIC-type analyse in combinatie met de semikwantitatieve 

parameters vormt een goed alternatief voor het farmacokinetisch model. 
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APPENDIX 1 
 
 

Software DYNAMO 

Presented at the sofwtare exhibition (Info-RESO) of the 

EMSMRB 2008 

 

DCE-MRI analysis package comprising pixel-by-pixel 

classification of Time Intensity Curves shapes, permeability 

maps and Gd concentration calculation. 

C. Lavini, M. Maas. 

Magnetic Resonance Materials in Physics Biology and Medicine, 2008: 21, S1: 

486. 
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DCE-MRI analysis package comprising pixel-by-pixel 
classification of Time Intensity Curves shapes, 

permeability maps and Gd concentration calculation 
 

C. Lavini, M. Maas 
Dept of Radiology, Academic Medical Center, Amsterdam,  

The Netherlands.  
 
Dynamic Contrast Enhanced MRI (DCE-MRI) is used routinely in many clinical 
settings. For the radiologist it is important for the DCE-MRI evaluation to be able 
to easily spot areas of abnormal enhancement 
accompanied by anomalous Time Intensity 
Curves (TICs), i.e. areas with a quick contrast 
uptake and fast wash-out. For this purpose we 
developed an algorithm that rapidly classifies 
curve shapes on a pixel-by-pixel basis [1]. We 
assign to each pixel/voxel a unique shape type, 
numbered from 1 to 7, as in the figure on the 
left. The result of the classification is rendered it 
in colour-coded shape maps for easy reading.  
In this GUI we offer the above tool implemented in a user-friendly environment, 
together with a number of other research-oriented tools, such as the calculation 
of Gd concentrations, calculation of the Arterial Input Function, calculation of 
tissue permeability according to the popular generalized Toft’s model [2], and 
other tools for statistical analysis. A combined analysis of the three methods is 
also possible. 
In this way the pixel-by-pixel DCE-MRI TIC shape analysis can be applied in a 
clinical setting, and compared to the result of the quantitative analysis, when 
applicable. In this exhibition we also demonstrate the application in a clinical 
context in tumours and 
synovitis.  

Qualitative analysis 
Together with the TIC 
shape analysis as 
described in ref [1], 
qualitative parameters 
maps are offered such as 
Maximum Enhancement 
(ME), Time to Peak, 
Initial slope of increase, 
or Initial area under the 
curve (IAUC) 
It is possible to calculate 
image statistics on either 
the whole image, or on 
selected ROIs.  
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Quantitative analysis. 

This tool allows calculation of T1 maps, if the necessary MR images exist (i.e. a 
series of IR images, a Look-Locker series, or a series of GRE with variable flip 
angle). Another tool (in a separate window, not shown here) allows to select 
arteries, manually or automatically, and calculate the arterial input function. 
An algorithm allows calculating reliable AIFs also with poor temporal resolution 
of the original data [3]. 

Tissue permeability can then be calculated according to the generalized Tofts 
model (generating K

trans
, ve, vi) as in [2] making use of different functional forms 

for the AIF. 

 
The program also offers the possibility of calculating statistics and histograms 
on the calculated maps, either for a single patient or in a multi-patient study 
setting. 
All maps can be saved as DICOM or TIFF images, and results of statistics 
can be exported in excel. 

This sofware is implemented in Matlab, and is called DYNAMO 

References: 

[1] Lavini C, de Jonge MC, van de Sande MGH, Tak PP, Nederveen 
AJ, Maas M; 2007 Magn Reson Imaging; 25: 604-12. 
[2] Tofts PS, Brix G, Buckley DL, Evelhoch JL, Henderson E, Knopp MV, Larsson HBW, 
Lee TY, Mayr NA, Parker GJM, Port RE, Taylor J, Weisskoff RM. J Magn Reson Imaging 
1999;10:223-232. 
[3] Lavini C., Verhoeff JJ. A correction method for the low temporal resolution of the vascular 
input function in DCE-MRI. e-Poster: 700. ESMRMB 2008. 
Contact: c.lavini@amc.uva.nl (physicist) or m.maas@amc.uva.nl (radiologist)
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Summary of Pharmacokinetic modelling in DCE-MRI 

and related problems. 

 

Explanation of the algorithms used in the software 

DYNAMO  
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SUMMARY OF PHARMACOKINETIC MODELLING IN DCE-MRI AND 

RELATED PROBLEMS. 

In DCE-MRI a low molecular weight paramagnetic contrast agent is injected 

intravenously as a bolus (i.e. as very quick injection, by means of a pump), while 

MRI data are being acquired. Data generated by DCE-MRI carry information about 

the microvascularisation and the status of the capillaries in the tissue, and the aim 

of pharmacokinetic (PK) modelling is to extract those physiological parameters 

from the available data by means of a mathematical model. 

Between 1990 and 1991 three investigators [1-3] independently published three 

pharmacokinetic models meant to describe the exchange of contrast agent in the 

tissue and the resulting MR signal. The three models were later shown to be 

substantially the same model [4], which is nowadays often referred to as “Tofts’ 

model”, or PK generalised model. This is nowadays the most widespread model 

used in clinical studies, and was chosen for the work in this thesis, where it was 

implemented with some modifications.  

The explanation given here refers to this model, which was used for the program 

Dynamo described in Appendix 1. The PK model was used in the brain study in 

chapter 7, and as a reference standard to which to compare the TIC shape 

analysis in chapters 8 and 9. 

Besides, the procedure to apply PK modelling and the problems related are 

summarised. 

                        
Figure 1: schematic representation of a voxel. 

 

1. Tofts’ model 

The tissue is modelled as made up of three different compartments; the plasma 

(where the contrast agent is carried to the tissue), the extravascular extracellular 

space (EES), where the contrast medium can diffuse into when it crosses the 

Plasma, vp, Cp 

Cells 

EES  

ve, Ce:  

V tissue 

Ct 



 APPENDIX 2                                             Pharmacokinetic Modelling 

 197

capillary membrane, and the cellular space, which is inaccessible to the contrast 

agent. 

When the paramagnetic contrast agent (CA) reaches the tissue, it decreases the 

relaxation time T1 of the tissue water with which it comes into contact. As the water 

signal acquires different magnetic properties, the CA becomes “apparent” 

(indirectly) by means of an appropriately weighted MR sequence. Contrast agents 

used in DCE-MRI are complexes containing the paramagnetic ion Gd
3+

, 

encapsulated in a cage (the “chelate”) to reduce its toxicity. 

General assumptions of the model 

The basic assumptions are summarised here [4] 

1) that compartments exist, containing a well mixed tracer in a uniform 

concentration throughout the compartment. 

2) that flux of contrast agent between the plasma and the extracellular 

extravascular space is driven by concentration differences: the flux between 

compartments is linearly dependent of the concentration difference between two 

compartments. 

3) that the parameters describing the model do not change for the duration of the 

measurement (time invariance). 

4) that there exist a compartment (the EES) where the contrast agent can leak into, 

and that the concentration in any particular point in the tissue is the result of 

diffusion from only one (the closest) capillary.  

5) that the relaxivity ℜ1 (the constant through which 1/T1 changes because of the 

contrast agent) is time invariant. 

6) that the tissue relaxes with one single T1 value, i.e. that the mixing of the 

contrast agent in the tissue is instantaneous (fast exchange limit).  

Derivation of the Concentration-time curve 

Tofts model is directly derived from Kety’s model, developed for small freely 

diffusible gaseous contrast agents [5]. In Tofts’ original formulation, the main 

difference with Kety’s model consists in the fact that the contrast medium in MRI is 

non–freely diffusible, and that the amount that can leak into the tissue is not 

determined by flow in the capillary, but by the vessel permeability. This is 

commonly called the “permeability limited” case.  In other words, it is assumed that 

diffusion into the EEC has little or no effect on the concentration in the vessel, and 

that only permeability can limit the build-up of the CA in the EEC. 
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With this assumption the difference in Gd amount (mMoles) in the extravascular 

space per unit time ∆Qe/∆t is proportional to the concentration difference between 

the plasma compartment and the extravascular compartment itself (Cp-Ce) 

(mMol/ml), and the proportionality constant is the product between the permeability 

P (the velocity of the Gd passing through the vessl wall, expressed in mm/min) and 

the surface per unit mass of the capillary S  (cm
2
/gr) through which the contrast 

agent can pass (the larger the surface available in the pixel, the more Gadolinium 

passes through), multiplied by the mass of the voxel mvox (gr).  In each voxel it is 

therefore 

∆Qe/∆t=PS mvox (Cp-Ce).  

As long as the concentration in the plasma is larger than that in the extracellular 

space, the difference will be a positive one, leading to an increase in the amount of 

Gd in the extravascular space. 

In terms of differential equations, we can write 

))()((
)(

tCtCPSm
dt

tdQ
epvox

e −=       (Eq. 1) 

Qe can be expressed in terms of concentration: 

Qe = Ce×Ve  ,  

where Ve is the volume of the voxel EES. If related to the whole volume of the 

voxel (tissue)  

Qe = Ce×ve×Vvox  

where Vvox is the volume of the voxel, and ve is the fractional volume of the 

extracellular space (with respect to the pixel). 

By rewriting Eq 1 in terms of concentrations:  

))()((
)(

tCtC
V

PSm

dt

tdC
v ep

vox

voxe

e −=  or  

))()((
)(

tCtC
v

PS

dt

tdC
ep

e

e −=
ρ

                                (Eq. 2) 

where ρ is the density of the tissue  expressed as (g*ml): ρ=mvox/Vvox   . 

The function C p (t), or concentration in the plasma, is the Arterial Input Function, 

which needs to be known a priori (as a known term in this differential equation) 

When we measure the MR signal, and therefore (indirectly) the contrast agent 

concentration, we measure the total concentration in the pixel, not in the 

extravascular space only. So the equation needs to be rewritten in terms of Ct(t) 

(concentration in the tissue). 
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The solution of equation 2 depends on the assumptions made. In a first approach, 

which is valid in some diseases, it can be assumed that the intravascular 

component in figure 1 is so small that the signal coming from the plasma does not 

contribute substantially to the total signal measured in the tissue (Case 1).  

Otherwise the intravascular component needs to be taken into account (Case 2).   

CASE 1: Negligible intravascular component: Ct≈ve ⋅Ce 

We can approximate the relation between the two spaces with Ct≈ve⋅Ce, this 

meaning that the “diluted” concentration measured in the tissue (Ct) is lower than 

the concentration in pure extravascular space (Ce). This is a rough approximation 

for most tumours, but in lesions such as multiple sclerosis it was shown to be a 

valid approximation. 

As  Ce= Ct/ve, the following holds: 









−=

e

t

p

t

v

tC
tCPS

dt

tdC )(
)(

)(
ρ       (Eq. 3) 

The product PSρ is called K
trans

.  

With this, equation (3) becomes 

)()(
)(

tC
v

K
tCK

dt

tdC
t

e

trans

ptrans

t −=      (Eq. 4) 

or, by defining 

e

trans

ep
v

K
k =:         (Eq. 5) 

)()(
)(

tCKtCK
dt

tdC
tepptrans

t −=         (Eq. 6) 

which is the  generalized kinetic model according to Tofts [4].  

The equation is of the type 

)()()(
)(

tQtytk
dt

tdy
=+         (Eq. 7) 

whose general solution is  
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    (Eq. 8) 

With the substitution  

Ct(t):=y(t), k(t):=Kep and   Q(t):=KtransCp(t), it results 
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A(t)=Kept 

resulting in duuCKeeeaCtC p

t

a
trans

uKtKtk

tt

epepep )()()( ∫ ⋅+=
−−

    (Eq. 9) 

where a is arbitrary: if a:=0 , the initial condition C(a)=C(0)= 0 leads to 

duuCeeKtC p

t uKtK

transt

epep )()(
0∫ ⋅=

−
                          (Eq. 10) 

 

CASE 2:  Ct=veCe+vpCp                                    (Eq. 11) 

Eq 11 means that the concentration measured in the tissue Ct comes partially from 

the extracellular space and partly from the capillary. 

In this case, rewriting eq 2 we obtain 

     ))()((
)(

tCtC
v

K

dt

tdC
ep

e

transe −=        (Eq. 12) 

Solving eq 12 in Ce(t) instead of Ct(t) and using equation 5 and 7, with 

Q(t)=KepCp(t)   and K(t) =Kep 

we obtain  

dueKuCeeaCtC
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⋅⋅+= ∫ )()()(     (Eq. 13). 

Rewriting  Eq 11  
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and by substituting the above in (13) we obtain 
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(Eq. 14), or 
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         (Eq. 15) 

 

With the same assumptions as before (a=0 => Ct(a)=0) 

∫
⋅⋅−
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)()()(    (Eq. 16) 

which is the known form of the extended Tofts model. 
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vp (plasma fractional volume) is sometimes also called vi (intravascular fractional 

volume) 

The Transfer Coefficient K
trans

 is the volume transfer constant between plasma 

and EES (min
-1

) 

The Rate constant Kep, that is the rate constant between EES and plasma (min 
-1

). 

The Extravascular Extracellular Space (EES) fractional volume ve (also called 

interstitial space, leakage space), is the volume of EES per unit volume of tissue 

(no units), 0 < ve < 1. 

It has to be remarked that the definition K
trans

 =PSρ is valid in the assumption of a 

permeability–limited model, the assumption that was used in Tofts model and in 

this thesis. In the flow-limited approximation (i.e. for small, diffusible tracers, such 

as the gaseous diffusible tracers as in Kety’s model) K
trans

 is proportional to flow 

instead of permeability: K
trans

 = Fρ(1-Hct), where Hct is the haematocrit. 

Hybrid cases have been studied (partially flow, partially permeability limited case), 

for which the concept of “extraction fraction” was introduced by Renkin [6]: 

E=1-exp(-PS/F(ρ(1-Hct)). However, in order to decouple PS and F, models other 

than Tofts are used [7]: furthermore, the intravascular tracer has to be completely 

visible in the imaged voxel, and scanned at a very high rate. As we were dealing 

with clinical DCE-MRI data with relatively low temporal resolution (5-20 sec), this 

model was not applicable to the data in this thesis. 

2. The arterial input function and the PK model 

The term Cp(t) in Eq 10 or Eq16 represents the Arterial Input Function (AIF). This is 

the concentration in the plasma in the capillaries feeding the tissue imaged. 

Though the contrast agent is delivered intravenously as a bolus (so, ideally, a 

“delta” function), once in the vascular system it is dispersed (by two passages 

through the heart and one through the lungs, and by the capillary network structure 

itself) so that by the time it reaches the tissue via the capillary system it assumes a 

characteristic “bell” shape, whose characteristics are dependent on the patient, on 

the tissue location and physiological parameters, such as, for example, heartbeat. 

Unfortunately it is not possible to measure the AIF directly in the capillary, and the 

AIF is always approximated. Many authors use standard AIF (i.e. standard 

functions with fixed parameter, such as a patients-averaged AIF), though it is now 

commonly accepted that a measured AIF significantly improves the results of the 

PK model and should always be preferred.  
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When the AIF is measured, it is sampled in an artery close to the tissue to be 

imaged. The resulting concentration-time curve is either entered numerically in the 

model, or fitted to a model function. 

In the last case, a multiexponential form is often used in the literature 

∑
=

⋅−=
N

i

tm

ia
ieAtC

1

)(          (Eq. 17) 

with N=1,2,3. (single, bi- or tri-exponential form). 

Most often (and in the original Tofts’ formulation [1]) a bi-exponential form is used 

( )tmtm

a eAeAtC
⋅−⋅− += 21

21)( .   

This form (as well as the single exponential) neglects the initial rise in the signal, 

and assumes instantaneous growth to the maximum concentration value. A 

triexponential is used when one wants to take into account the initial concentration 

uptake. 

3a. Closed form of Tofts’ model (AIF=multiexponential) 

Equation 10 and 16 with a biexponential AIF can be solved in closed form as 

follows. Here an example is given for the bi-exponential form of the AIF. Single and 

tri-exponential forms are obtained in the same way 
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with the substitution Ktrans=Kepve 
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         (Eq 19) 

The term Kep is determined by the exponential decay, whereas ve is the “rescaling 

factor” of the curve. 
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A similar solution can be obtained for a single and triexponential form, which were 

also used in the software described in appendix 1. 

AIF expressed as convolution. 

For the work presented in this thesis we have also made use of a functional form of 

the AIF proposed by Orton at al [8]. In this functional form, the AIF is a convolution 

of two functions: 

Cp(t)=Cb(t)+Cb(t)⊗B(t)       (Eq. 20) 

where  
tmb

b etmbbtC
⋅−⋅⋅⋅= 2)(  

tmaeatB ⋅−⋅=)(  

Eq (20) can be written out as 
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or, rearranging: 
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By defining: 

2

2

)(
:

mbma

mbba

−

⋅⋅
=β        (Eq. 23) 
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Eq 22 can be written as  

( )tmatmbtmb

p eeettC
⋅−⋅−⋅− ⋅+⋅−⋅⋅= ββα)(     (Eq. 25) 

This functional form takes into account the initial uptake of the Gd. The 

dependence of the AIF shape on the parameters can be seen in figure 1 



 APPENDIX 2                                             Pharmacokinetic Modelling 

 204

 

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

changing m1 (=a)

0 1 2 3 4 5 6
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

changing m3

(=b)

0 1 2 3 4 5 6
0

0.5

1

1.5

2

2.5

Changing m4 (=mb)

0 1 2 3 4 5 6
0

0.5

1

1.5

2

2.5

Changing m2  (=ma)

 

Figure 2: meaning of the AIF parameters in Eq. 22 or 25 

 

3b. Closed form of the PK model (AIF=Convolution) 

With the AIF as in Eq 25, Tofts generalised model can be expressed in closed form 

as follows 
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Writing out equation 26 we obtain: 
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Changing mb Changing ma 
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eq 10 becomes 

{ ( ) ...)( 21 ++−+⋅⋅=
−⋅−⋅− tKtmbtmbtrans

t

epeeateaKtC  

( ) })(43

tKtmatKtmb epep eeaeea
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and eq 16 becomes 
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{ ( ) ( ) })(4321
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 [Chapter 8]           (Eq. 29)   

Remarks: 

1) In the work presented in this thesis it was chosen to fit a measured AIF to these 

4 different functional forms (single, bi, tri exponential ad convolution as in eq 20), 

and to write out Tofts’ model in an analytical fashion. The fitting of the PK is non-

linear in both cases (when AIF=multiexponential and when AIF=Convolution). This 

is in general a slow procedure and fitting a whole ROI can take many minutes, up 

to one hour in case of large ROIs and high resolution.  

2) The arterial input function (AIF) represents the input of contrast agent arriving in 

the tissue, and it is represented in Tofts model by the term Cp(t) in equation 16. 

The form of the AIF does influence the final results of the model (i.e. vi ve and Kep). 

It is important to observe how the AIF “enters” the solution of Tofts model, namely 

as a scaling factor. If κ×Cp(t) is used instead of Cp(t) in eq 10 and 16, the solution 

will result in a  ve and vi being rescaled to ve/ κ and v/ κ. Thus any error on the 

scaling of the AIF is “projected” into the parameters ve and vi, and consequently by 

K
trans 

(as K
trans

 = Kep × ve). 

4. Measurement of the tissue Concentration 

Tofts’ model (as well as other models) uses contrast agent concentration as the 

basis of the model. Unfortunately, in MRI the signal is, though related, not linearly 

dependent on the contrast agent concentration. The relationship between contrast 

agent concentration and the signal depends on the MR sequence chosen. In DCE-

MRI it is customary to use gadient echo sequences for which, under steady-state 

conditions and perfect spoiling of the transverse signal, the following holds: 
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where TR and TE are respectively the Repetition and Echo Time of the sequence, 

α the flip angle and N(H) the proton density multiplied by an arbitrary factor (the 

scaling factor used by the scanner). 

It is assumed that TE<<T2*, so that the last exponential term can be neglected, In 

this case S is approximated to 

)/exp(cos1
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−⋅−

−−
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α
α     (Eq. 31) 

The (varying) T1 is assumed to be dependent on the concentration of Gadolinium in 

the tissue via 

tC
TT

1

101

11
ℜ+=           (Eq. 32) 

with ℜ1 being the tissue relaxivity.  

The relaxivity of the tissue is dependent on many parameters, such as the 

magnetic field strength, the density of the tissue, the structure of the tissue, and in 

blood it is dependent on haematocrit. Often a standard, average value is assumed, 

such as ℜ 1=4.52 s
-1

mM
-1

liter, a value used in the literature at 1.5 Tesla. 

By substituting Eq 32 in Eq 31, we obtain 
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The dependence of the relative signal ratio S/N(H) against the Gd concentration 

can be seen below, where curves are plotted against the Gd concentration, for a 

concentration range between 0 and 0.1 mMol, making use of 3 different flip angles 

of the FGRE sequence:  α=10, 30 and 60 degree and using TR=4.2 ms. In the 

example below the native T1 of the tissue is 450 ms (typical value for liver at 1.5T). 

Figure 2 illustrates the fact that in order to obtain reliable values of the Gd 

concentration it is mandatory to weight the MR sequence properly. A sequence 

with a large flip angle (i.e 60 degrees) is highly T1 weighted and almost-linearity is 

reached in this Concentration range. For little T1- weighted (or Proton Density 

weighted) sequence, such as with a low flip angle (i.e. 10 degrees) the signal soon 

reaches a plateau, and an increase of Gd is not corresponded by an increase in 
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the MR signal. Usual concentrations of Gd in DCE-MRI can reach up to 10 mMol 

(in the artery) and 1 mMol (in tissue). 

                              

Figure 2 

 

5. Derivation of the Concentration from MR signal 

For proper PK modelling, it is necessary to calculate the Gd concentration at each 

point in time. 

Different methods are used in the literature, including the use of look up tables after 

calibration. For the work presented in this thesis it was chosen to accurately 

measure the T1 values prior to contrast delivery - by means of different methods-  

as described later in this appendix. 

The Concentration Time Curve (CTC) was then calculated as follows. 

The ratio between the signal at time S(t) and the signal before contrast delivery is 

given (using Eq 31) by  
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Assuming linearity between Gd concentration and 1/T1 as in eq 32, equation 34 

can be rewritten as: 
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or, with the following substitutions: 

E=exp(-TR×R0) 

RR=exp(-TR×ℜ× [Gd]) 

a=cos(alpha) 

S10=S(t)/S(0) 

Concentration (mMol) 

S/S0 
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the solution of which is  
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In this way only the T1 before contrast is needed, and the T1 after contrast delivery 

is derived theoretically through eq 32 and 34. 

6. T1 measurement.  

T1 maps can be created by fitting sets of T1 weighted images acquired with 

different parameters. 

Different methods were used for the work presented in this thesis. 

1) Fitting to the SPGR signal equation 

One popular method is to use a gradient Echo Sequence with different flip angles. 

As the signal intensity for a Gradient echo sequence is given by eq 30, neglecting 

T2* decay. 

By fitting 
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to the signal acquired with different flip angles α (usually a set of 3 or 4 flip angles), 

the pre-contrast T1 values can be obtained. 

2) Linearised SPGR signal equation 

As the fitting to eq 30 is non-linear, in order to speed up the calculation, in the 

program Dynamo a modified version of this algorithm is used according to the 

algorithm published by Gupta [10]. 

By rewriting Eq 38,  

1

1
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where )/exp(: 11 TTRE −= , 

Eq 39 can be rewritten as  
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This transformed signal equation is in the form of a straight line in XY space, where 

α

ξ

sin
=X  and 

α

ξ

tan
=Y  

The slope of this line is given by ( )10 1 E−ρ  

As a result if images at several flip angles are available, a transformation into this 

XY space gives a set of points for each pixel that can be fitted to a straight line. 

The slope yields an estimate of the T1, whereas the intercept yields an estimate of 

the ρ0. The advantage of the linearization lies in much faster fitting. 

3) Inversion recovery 

T1 maps are obtained from fitting the images obtained from repeated Inversion 

Recovery (IR) sequences with variable inversion times (TI) 

S(TI)=M0(1-2exp(-TI/TR)).         (Eq. 40) 

This is a lengthy procedure, as acquiring multiple IR sequences can take more 

than 10 minutes, but it provides very accurate T1 values. 

This method was used for the brain study in chapter 7 and 8. 

4) Fitting to a Look Locker Sequence. 

The Look-Locker sequence consists of repetitive excitations with small flip angles 

α, applied after a180 degrees inversion. 

The signal intensity  is modelled by  S(tn)=β(1-γexp(-tn/T1*).  [11] 

where tn is the time of the n
th
 excitation, or tn=nτ where τ is the time interval 

between excitations. 

T1* is a fictitious T1, which is related to the real T1 by 

)ln(cos
1

*

1

α
τ

τ

−

=

T

T                   (Eq. 41) 

from which the T1 can be calculated. 

This approach was used in the study on fistulising Crohn’s disease on the 3.0T 

scanner. 

7. PK Modelling: calculation workflow 

The DCE-MRI is preceded by a scan which is performed to acquire the necessary 

data for the T1 measurement.  Gadolinium is delivered during the scan (about a 

minute after starting the scan), images acquired and transferred to a workstation. 
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For the analysis, first the T1 maps must be calculated according to the algorithm 

chosen. 

Concentration time curves are generated. The Concentration time curve is 

dependent on the ℜ1 relaxivity value chosen. Standard values exist for each type of 

Gd contrast agent, but the same ℜ1 is applied to the whole scan, independent of 

the tissue.  

Then the artery/vein must be selected in order to generate an AIF.  

The arterial signal is converted to Concentration time curve making used of a fixed 

T1 value (as the T1 maps do not correctly estimate T1 in flowing blood). T1 is 

dependent on the unknown haematocrit. Therefore this conversion is highly 

susceptible to errors.  

Possible correction for the CTC of the blood can be carried out at this stage. 

The CTC is fitted to a model function (in the program described in Appendix 1, the 

CTC is fitted to 4 different functional forms as described earlier in this appendix). 

The ROI is selected, and PK modelling is performed on a pixel-by-pixel basis in the 

whole ROI. In the program Dynamo, the PK model is run using both Eqs 19 and 

29. 

8. Limitations of the PK model 

Basic assumptions 

A number of assumptions must hold for the PK model to be valid. 

Contrast agent. 

Permeability is usually high for small molecules like gadopentate dimeglumine, 

meaning that the uptake of these molecules is only partly permeability-limited, but 

also flow-limited. This means that the assumption of permeability-limited flow, 

made at the very beginning is not completely true. Permeability to larger agents 

(e.g. Gd-DTPA albumin) is usually lower, and these are probably better suited for 

detecting changes in the leakiness of the capillary endothelium. In tumours, the 

situation is probably the mixed flow and PS-limited case; however in the brain (e.g. 

low grade brain tumours) most cases are PS limited. 

What is K
trans

? It is often referred to K
trans

 as to “permeability”. It has to be pointed 

out that K
trans

 is not actually (pure) permeability, and that alterations in the transfer 

constant K
trans

 may reflect increases in the capillary surface area rather than 

permeability. 

It was assumed that the transfer constant between blood plasma and the EES is 

the same in both directions. There is no evidence, so far, of unequal transfer 
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constants in the case of low molecular weight Gd
3+

 contrast agents. Models other 

than Tofts’ take into account this inbalance. 

Fast Exchange limit.  

The model assumes immediate exchange between intra and extra vascular 

compartment, as well that the interstitium behaves as a well mixed homogeneous 

solution with respect to the contrast agent. This is equivalent to saying that the 

system remains in the fast exchange limit (FXL). It is recognised that this 

assumption does not hold. The parenchyma is not a single homogeneous solution, 

but it is highly compartimentalised on the scale of a MR imaging voxel. In most 

tissue water is intracellular, and thus cannot directly access the CA  molecule. The 

use of the linear equation in Eq 32 for the entire H2O signal from a voxel requires 

that the water exchange between compartments be sufficiently fast compared with 

the relaxation rate constant in each compartment (i.e. the water exchange is in the 

FXL)). It has been shown that the exchange is not frequent enough for this 

assumption to be true [12], and the water relaxation can show a bi-exponential 

decay rate. 

The combination of this bi-exponential decay rate to calculate apparent T1 decay 

times leads to cumbersome expressions, and has been dealt with by some authors 

[12]. However, the complexity of the treatment is far beyond the scope of the work 

presented in this thesis. 

Gadolinium concentration  

The calculated value of the Gd concentration is dependent on the assumptions 

made. The largest error can come from the value of the relaxivity ℜ1  assumed in 

Eq 32. The relaxivity is known to change in different tissue, and for different 

contrast media. In practice, a single value of the relaxivity is chosen for the whole 

image, but this is a rough assumption. 

Things are even more complicated in the calculation of the arterial concentration. 

Whereas the T1 maps calculation in the tissue is quite reliable, because of flow 

problems the T1 calculation in blood is not feasible. For this reason we used fixed 

values of the T1 in blood only taking into account differences in field strength. (1700 

ms at 3T, and 1540 ms at 1.5T). Unfortunately the T1 (as well as relaxivity) is 

known to be very sensitive to the haematocrit in the blood, so that little changes in 

the haematocrit can result in large variations in the final T1 concentration [13].  

Though the difference between the haematocrit in the artery (where the AIF is 

measured) and in the capillary (where the model is applied) were taken into 
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account, it is not possible to correctly identify the T1 in the blood. This results in 

large variation in the Cp(t) that are not linear in T1. 

9. Uncertainty in the AIF 

The AIF remains the weakest link in the PK modelling chain and uncertainties in 

the estimation of the AIF have large repercussions of the final results. 

One of the major uncertainties in the measurement of the AIF arises from the 

unknown haematocrit. Errors in the haematocrit estimation result in huge 

differences in the final AIF concentration, as pointed out by Just and colleagues 

[13]. 

The uncertainty in the AIF has important consequences on the final results of the 

PK model. As explained in the paragraph on the AIF, uncertainties in the amplitude 

of the AIF are “absorbed” by the parameters ve and vi. If the AIF is therefore scaled 

by a factor κ, both vi and ve are automatically scaled by a factor 1/ κ. 

Errors in the decay constants in the exponential factor affect the final PK 

parameters in a more subtle way. An underestimation of these factors will “push 

up” the Kep, and consequently the K
trans

 value (as also described by [14]). 

Other sources of incorrect AIF estimation come from the limited time resolution, 

flow and saturation problems. 

An important source of miscalculation of the AIF arises from the limited time 

resolution (i.e. a time interval between successive dynamic measurements of more 

than 5 sec) of the DCE-MRI protocol in most clinical studies. This problem is 

unavoidable if both large volume coverage and high spatial resolution are required, 

resulting in a time resolution that does not allow to detect the initial peak 

concentration of the AIF as well as the exact moment when the enhancement 

begins. The limitations and problems arising from the low temporal resolution have 

been discussed in details elsewhere [14,15]. Briefly, we mention here the fact that 

this results in inaccurate fitting, especially of the part of the function describing the 

initial peak, as well as underestimation of the parameters. This problem was 

addressed in chapter 6.  

Location of the AIF.  

The artery where the AIF is sampled is not necessarily the closest in term of 

physiology. This introduces further bias on the AIF. 

Flow 

Other problems are just as important: one is the fact that the signal measured with 

a Gradient echo sequence in flowing blood is not a real reflection of the Gd 
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concentration. Because the RF excited spins are not the same spins that are 

measured (as they flow out of the imaging plane after the excitation), these 

sequences result in a hyperintense signal, whether or not the contrast medium is 

present. This does not permit the correct estimation of the change in contrast agent 

concentration. The problem has been amply discussed by [16], and correction 

methods proposed. It has to be noted though that correcting for these inflow effects 

is very challenging, and requires a thorough knowledge of the flow velocity, 

resistance in the vessel, dispersion, and direction of the vessel with respect to the 

imaging plane. 

The third problem is especially relevant when the AIF is measured in large vessels, 

such as the aorta. In this case the initial concentration of Gadolinium is so large 

that it affects also the T2* to the point that signal decays so shortly that the signal 

intensity, which should increase due to the T1 shortening effect, actually decreases 

(see eq 30). This results in the peak being either underestimated or completely 

missed.  

Fitting 

Low SNR and low temporal resolution (not enough data) severely hamper the non 

linear (3 parameters) fitting. Furthermore, the χ2 of the Eq 16 has many local 

minima, and it is not always easy to recognise the location of the χ2 paraboloid 

where the real minima lie.  Because fitting is done on a pixel-by-pixel basis, the 

SNR is always a limiting factor in PK modelling. For improvement of the data often 

a single slice is acquired, limiting therefore coverage. 

The fitting is non linear (and not linearisable), so that computation times are long. 

When is the AIF good? 

Eq 1 says that in this model, only when a negative difference exists in 

concentrations between plasma and extravascular space (i.e. higher concentration 

in the extravascular space), the concentration the extravascular space starts 

decreasing. Therefore it is expected that the plasma concentration and the 

extravascular concentration will touch at some point, and this is where the 

differential term will change sign.  

Being the extravascular concentration Ce=Ct/ve, Ct/ve must cross the AIF the 

moment when the Ct reaches its maximum (first derivative = 0).  In order to “make 

this happen” (i.e. to have the Ce cross the AIF at this point) the model adjusts the 

parameter ve, resulting (sometimes) in ve >1. As ve cannot physically be ve >1, this 

is a sign that the AIF is underestimated.  
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It is possible to rescale the AIF in order to correct for this overestimation, but the 

scaling affects only the amplitude AIF, whereas the source of uncorrect scaling is 

also to be found in the exponential term in Eq 37. 

Consequences on the calculation of the PK parameters. 

The uncertainties described above all contribute to the incorrect determination of 

the PK parameters. It has been accepted that the knowledge of the AIF plays a 

pivotal role in the determination of the PK parameters. In Tofts’ model, it can 

actually be assumed that it greatly influences them, to the point that the AIF 

determination is the largest source of error. Besides the AIF, SNR plays an 

important role. In order to obtain reliable data for PK modelling, i.e. with good 

temporal and spatial resolution, together with high SNR, protocols must be reduced 

to a single slice, severely limiting its applicability in the clinical practice. 
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List of abbreviations 

 

AA Anaplastyc Astrocytoma 

AIF Arterial Input Function 

CA Contrast Agent 

CE Contrast Enhanced 

CRP C-reactive Protein 

CTC Concentration Time Curve 

DCE-MRI Dynamic Contrast Enhanced MRI 

EES Extracellular extravascular space 

FOV Field of View 

GBM Glioblastoma Multiforme 

Gd Gadolinium 

GUI Graphical User Interface 

HGG High grade glioma 

ISI Initial Slope of Increase 

K
trans

 Transfer constant between plasma and EES 

ME Maximum Enhancement 

MSK Musculoskeletal 

PD Progressive diasease 

PDAI Perianal Disease Activity Index 

PK Pharmacokinetic 

PKM Pharmacokinetic Modelling  

ROI Region Of Interest 

PR Partial response 

SSS Superior Sagittal Sinus 

TIC Time intensity Curve 

TNF Tumor necrosis factor 

VEGF Vascular Endothelial Growth Factor 

VOI Volume of Interest 
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