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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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