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Summary 
Disruption of the blood-brain barrier (BBB) is a key feature of 
various brain disorders. To assess its integrity a parametrization 
of dynamic magnetic resonance imaging (DCE MRI) with 
a contrast agent (CA) is broadly used. Parametrization can be 
done quantitatively or semi-quantitatively. Quantitative methods 
directly describe BBB permeability but exhibit several drawbacks 
such as high computation demands, reproducibility issues, or low 
robustness. Semi-quantitative methods are fast to compute, 
simply mathematically described, and robust, however, they do 
not describe the status of BBB directly but only as a variation of 
CA concentration in measured tissue. Our goal was to elucidate 
differences between five semi-quantitative parameters: maximal 
intensity (Imax), normalized permeability index (NPI), and 
difference in DCE values between three timepoints: baseline,  
5 min, and 15 min (Δ5-0, Δ15-0, Δ15-5) and two quantitative 
parameters: transfer constant (Ktrans) and an extravascular 
fraction (Ve). For the purpose of comparison, we analyzed  
DCE data of four patients 12-15 days after the stroke with visible  
CA enhancement. Calculated parameters showed abnormalities 
spatially corresponding with the ischemic lesion, however, 
findings in individual parameters morphometrically differed.  
Ktrans and Ve were highly correlated. Δ5-0 and Δ15-0 were prominent 
in regions with rapid CA enhancement and highly correlated with 
Ktrans. Abnormalities in Δ15-5 and NPI were more homogenous with 

less variable values, smoother borders, and less detail than Ktrans. 
Moreover, only Δ15-5 and NPI were able to distinguish vessels 
from extravascular space. Our comparison provides important 
knowledge for understanding and interpreting parameters 
derived from DCE MRI by both quantitative and semi-quantitative 
methods. 
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Introduction 
 

The blood-brain barrier (BBB) is a functional 
structure formed by endothelial cells of the brain non-
fenestrated capillaries, basal lamina, astrocytes, and 
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pericytes. It serves as an interface between the vascular 
and extracellular space of the central nervous tissue  
(i.e. separates blood components from nervous tissue). 
Thus, it plays a fundamental role in the maintenance of 
brain homeostasis and normal neuronal function. 
Disruption of the BBB followed by the leakage of blood 
components into the extracellular space is, however,  
a key feature of various brain disorders including tumors 
[1], cerebral ischemia [2], multiple sclerosis [3], small 
vessel diseases [4], Alzheimer’s disease [5] or diabetes 
[6]. Evaluation of the BBB integrity is thus an important 
diagnostic step to set an appropriate diagnosis and 
justified the treatment. 

To assess the BBB integrity magnetic resonance 
imaging (MRI) after an application of an MRI contrast 
agent (CA) is broadly used. The presence of CA in the 
scanned tissue shortens its T1 relaxation time and thereby 
causes enhancement (increased intensity) in T1w  
(T1-weighted MRI) images. The enhancement is 
observed in all regions where CA has been distributed. In 
MRI measurement continuous space of brain tissue is 
virtually divided into discrete regularly distributed spatial 
elements called voxels. Every voxel has a defined 
location (in 3D space), intensity of the measured MRI 
signal, and all voxels have the same volume. The volume 
of a voxel is based on the scanner resolution and ranges 

typically between the units of cubic millimeters and the 
hundreds of cubic microns. Although a resolution of MRI 
allows good macroscopic (anatomic) resolution to 
distinguish white and gray matter, each voxel has its 
microscopic structure which is below the resolution of the 
scanner. In the case of neuronal tissue, a typical voxel is 
composed of different cellular elements (neurons, 
astrocytes, oligodendrocytes, etc.) and vessels with 
unknown proportions. This leads to the phenomenon 
called the partial volume effect, where a voxel is 
composed of several compartments and the measured 
signal is a result of the convolution of signals from all 
compartments of the voxel. If the voxel is composed of  
a single compartment such as blood the signal deviation 
after administration of CA can be converted to  
R1 relaxation rate and then is proportional to the 
concentration of CA within the blood. In nonhomo-
geneous voxels, such as those within the brain tissue, the 
mechanism of signal deviation after the administration of 
CA is more complex and typically depends on blood 
volume, the volume of extracellular space, and 
permeability of the blood-tissue interface i.e. blood-brain 
barrier within the voxel. Several scenarios which result in 
signal enhancement within the voxel after CA injection 
are shown in Figure 1. 

 

 
 
Fig. 1. Basic (patho)physiological principles manifest as an enhancement of DCE intensity. Only in C and D, however, the BBB is 
disrupted. In reality, several principles take effect at the same time. A measured DCE signal is then formed as a combination of all 
participating principles. 
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When the BBB is impaired, various substances 
including CA can pass the vascular wall in both 
directions [7-10]. The direction and speed of the  
CA movement across the barrier depend on the severity 
of BBB impairment and driving forces (pressure, 
concentration, and osmotic gradients between the blood 
and the extracellular space) [11-13]. Moreover, CA that 
crosses the BBB within one voxel can diffuse by the bulk 
flow through the extravascular space further to the 
surrounding voxels [14]. The T1w signal deviation in this 
case thus corresponds to the overall amount of CA in 
both vascular and extravascular compartments within the 
voxel [15]. Therefore, if the BBB integrity is 
compromised, time becomes an important factor in the 
assessment of signal deviations [16-19]. In common 
clinical practice, a pair of static scans are acquired i.e. 
before and after contrast agent application [20]. This 
approach obviously does not allow quantitative 
estimation of blood-brain barrier impairment and the 
conclusion would only declare contrast enhancement 
within the region [21,22]. However, to elucidate the 
proportions of sources of signal enhancement algorithms 
based on the analysis of time-intensity curves (TICs), 
where every TIC describes the development of T1w 
intensity in the voxel over time, have been developed 
[23,24] (for review see [25]). The particular shape of each 
TIC reflects the specific combination of compartments 
within the voxel and their pathophysiological conditions. 

To obtain TICs a dynamic MRI sequence has to 
be employed. The most commonly used dynamic MRI 
sequence for TICs acquisition is called dynamic contrast-
enhanced MRI (DCE). During the DCE, a CA is injected 
intravenously while T1-weighted (T1w) MRI brain scans 
are continually acquired with desired frequency before, 
during, and after CA administration. The shape of TICs 
usually follows a specific pattern within specific time 
windows after the CA injection, i.e. phases of TIC 
[26,27]. The early TIC phase usually lasts for the first 
five minutes after the CA injection. During this period  
a rapid DCE intensity enhancement is observed inside 
well-perfused regions, as well as early signs of 
hemorrhage or extravasation across impaired BBB, could 
be visible. As the effect of BBB impairment on TIC 
shape is prominent during the early phase, it has been the 
main interest of most DCE analysis methods so far. TICs 
then continuously decline in regions with intact BBB 
during the late phase which lasts from approximately five 
minutes after CA application up to the end of MRI 
acquisition (~ twenty minutes after CA injection). In 

several pathologies (e.g. Alzheimer’s disease, dementia, 
or multiple sclerosis) the disruption of BBB is only subtle 
and hidden by noise in the early TIC phase. However, as 
CA continues to slowly flow across impaired BBB to the 
extravascular tissue it causes a slow elevation of TIC also 
during the late phase. The content of CA in extracellular 
space is attributed to BBB breakdown [28], however, 
active mechanisms such as transcytosis were recently 
suggested [29]. The analysis of TIC in the late phase 
proved to be beneficial in the detection of subtle changes 
in BBB integrity and its importance was emphasized in 
recent studies [30,31]. 

There are three main approaches to how TICs 
can be analyzed: qualitatively, quantitatively, or semi-
quantitatively [21]. The qualitative approach is based on 
visual observation of either 4D MRI images (3D and time 
axes) or individual TICs. Both require a skilled 
radiologist and provide biased results. Their use is limited 
to fast on-spot detection of tissue with abnormal behavior 
as part of the diagnostic process in clinical practice. 

The goal of the quantitative approach is, on the 
other hand, to describe the tissue properties (i.e. blood 
perfusion, the status of BBB, tissue composition, etc.) by 
quantitative parameters. Those properties are estimated 
by fitting individual TICs (within each voxel) of  
DCE-MRI by a pharmacokinetic model [25], a mathe-
matical equation that describes the relationship between 
those properties and measured DCE intensity change. 
There are several existing pharmacokinetic models 
varying in the number of tissue compartments and 
definition of model parameters (for review see [32,33]). 
In this study, we have used the Toft’s two-compartment 
model [34], one of the simpler but still commonly used 
model. Toft’s model fits the DCE data using two 
parameters Ktrans; a transfer constant between blood 
plasma and extracellular space per unit of volume and 
time and Ve; a fraction of extracellular-extravascular 
space per unit volume (Ve). 

Quantitative DCE analysis using pharmaco-
kinetic models became the current golden standard [21], 
although, there has been still no consensus on the model 
selection and, moreover, it exhibits several drawbacks. 
First of all, fitting the large DCE-MRI data by the model 
is a computationally demanding and time-consuming 
procedure [24]. Secondly, most of the current 
pharmacokinetic models require prior knowledge of 
arterial input function (AIF) – i.e. the signal in input 
arteries. The measurement of AIF was, however, 
recognized as a key source of error in DCE modeling and 
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no consensus about the method of proper acquisition of 
AIF has been made so far [35-38]. Lastly, concerns about 
the objectivity of the DCE fitting method were raised as it 
suffers from significant variability of the results based on 
the used scanner [39], fitting model [40], or acquisition 
protocol [41]. It was also shown that only in 25 % of 
voxels the quality of the fit was robust enough for the 
reproducible clinical evaluation of the data (for a full 
review of Toft's model reliability see [42]). 

The last approach to the analysis of DCE-MRI is 
the semi-quantitative method. Instead of fitting the data, it 
uses a mathematical description of individual TICs by 
parameters that express the main features of the curve’s 
dynamics and shape. Avoiding the fitting procedure, semi-
quantitative methods do not suffer from the drawbacks of 
high computational demand and low fit robustness. On the 
other hand, the parameters obtained by the semi-
quantitative analysis do not directly cohere with specific 
tissue properties and thus provide only an indirect 
description of the underlying tissue physiology. 

The goal of this study is to qualitatively and 
spatially compare Ktrans, one of the standard model-based 
quantitative parameters, with other less demanding semi-
quantitative parameters and evaluate how those 
parameters can be interpreted. Moreover, we will 
compare Ktrans, as a parameter of the early TIC phase, 
with three parameters of the late TIC phase to elucidate 
the relations between parameters describing a different 
time period after CA injection. 
 
Methods 
 

In this study, we have examined four patients  
12-15 days after cerebral ischemia when under normal 
scenario patient are typically discharged from hospital 
care. It has been shown previously that BBB impairment 
after the stroke might persist beyond this time point (for 
review see [13]). Patients were examined by specially 
designed MRI protocol, which consists of anatomical 
scans for detection of the ischemic lesion and DCE MRI 
for the evaluation of BBB. DCE time series of each 
patient were further processed by quantitative and semi-
quantitative analyses of time-intensity curves for every 
voxel. 
 
Participants 

Four patients, two males (66 and 70 years old) 
and two females (71 and 80 years old) after cerebral 
ischemia in the middle cerebral artery territory were used 

in this study. All patients were treated according to the 
current guidelines on acute stroke treatment [20] and all 
patients underwent successful mechanical recanalization 
within the therapeutic time frame. The study was 
approved by the Ethics Committee of University Hospital 
Motol (Ref. number: EK-1091/14) and all patients signed 
informed consent. 
 
MR imaging 

MRI examination was performed 12-15 days 
after the ischemic insult using Siemens 3T Vida 
Magnetom scanner. MRI protocol consists of structural 
MRI: T1weigted (T1w; relaxation time TR 2400 ms, 
echo time TE 2.29 ms, flip angle FA ,8°, voxel size 
0.8×0.8×0.8 mm, duration 6:47 min), Fluid Attenuation 
Recovery (FLAIR; TR 6000 ms, TE 390 ms, TI 1900 ms, 
variable FA, voxel size 1×1×0.9 mm, duration 7:20 min), 
Susceptibility weighted (SWI; TR 28 ms, TE 20 ms,  
FA 15°, voxel size 0.6×0.6×2 mm, duration 4:42 min); 
quantitative T1 (qT1) measured by the method of two 
variable flip angles (TR 15 ms, TE 2 ms, FA 4° and 23°, 
voxel size 1×1×1 mm, duration 4:20 min); Diffusion MRI 
(DWI; TR 5300 ms, TE 97 ms, voxel size 2×2×2 mm,  
b [0,1000,3000], 20 directions, duration 4:42 min); 
dynamic contrast enhanced MRI (DCE; TR 3.6 ms,  
TE 1.34 ms, FA 9°, voxel size 2×2×2 mm, time 
resolution 5 s, 36 repetitions with the total duration  
of 3 min); dynamic susceptibility contrast (DSC;  
TR 1500 ms, TE 27 ms, FA 90°, voxel size 2×2×3 mm, 
time resolution 1.5 s, 80 repetitions with the total 
duration of 2:08 min); and another two short DCE MRI 
(TR 3.6 ms, TE 1.34 ms, FA 9°, voxel size 2×2×2 mm, 
time resolution 5 s, 5 repetitions with a duration of 30 s 
each) for analysis of late phase. 

A total volume of 15 ml (bodyweight (BW) 
<75 kg) or 20 ml (BW>=75 kg) of contrast agent 
(Gadovist, Gadobutrol 1 mmol/ml, Bayer Pharma AG, 
Germany) was administered to the patient in a two-phase 
scheme [43]. First, 1/3 of CA (5 or 7.5 according to BW) 
was injected 30 s after initiation of the DCE sequence. 
Remaining CA (10 or 12.5 according to BW) was 
injected during the DSC sequence, specifically 10 s after 
its initiation. DSC followed right after the DCE sequence. 
The injections were performed into the left arm via the 
22-gauge cannula that was catheterized prior to the 
examination. Five and fifteen minutes after CA injection, 
respectively, another two short DCE sequences were 
acquired. No additional CA was injected during those 
sequences. 
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MRI preprocessing 
All MRI sequences were registered to the 

common anatomical space of the T1w image and 
thereafter normalized into standard MNI (Montreal 
Neurological Institute template) space by the SPM12 
MATLAB toolbox. During the normalization step, all 
non-brain structures (i.e. skull, muscles, skin, and 
cerebral fluid) were removed. FLAIR and DWI 
(calculated from diffusion MRI) images were used for the 
manual outline of the ischemic lesion by a skilled 
radiologist. SWI protocol was used for the exclusion of 
bleeding and hemorrhagic transformation. 
 
Quantitative and semi-quantitative analysis of DCE 

In this study, TICs of all brain voxels were 
extracted and parametrized by the set of commonly used 
quantitative and semi-quantitative parameters. 
Quantitative parameters Ktrans and Ve, and semi-
quantitative parameters Imax and Δ5-0 were used for the 
description of the early TIC phase (0-5 min after 
CA administration). Semi-quantitative parameters Δ15-5, 
Δ15-0, and NPI (normalized permeability index) were used 
for the description of the late TIC phase (5-15 min after 
CA administration). 

Quantitative parameters (Ktrans and Ve) were 
derived from the early TIC phase (a rapid DCE intensity 
enhancement due to the fast arrival of the CA bolus) by 
a fitting of individual TICs by a multi-compartment 
pharmacokinetic model, namely original Toft’s model 
[44]. For the fitting, the ROCKETSHIP Matlab tool [45] 
was used. To convert the DCE signal to residual function 
R1 quantitative T1 map (map of T1 relaxation times of 
each voxel) obtained by the method of two variable flip 
angles (FA 4° and 23°) was used inside the 
ROCKETSHIP. The arterial input function (AIF)  
a prerequisite for the fitting procedure has been derived 
from voxels exhibiting the fastest and steepest TIC which 
anatomically corresponded to the lumen of the middle 
cerebral artery (MCA) [36-38]. Obtained parameters 
Ktrans and Ve are quantitative, i.e. have a clear physical 
interpretation. Ktrans (min-1) is defined as a transfer 
constant and describes the balance between capillary 
permeability and blood flow [34]. Ve is a fraction of the 
volume of extracellular space per unit volume of tissue 
and is usually written either in ml/100 ml or in unitless 
form. 

Two semi-quantitative parameters, that also 
describe the early TIC phase, Imax and Δ5-0 were 
calculated using the in-house Matlab script. The Imax 

parameter is defined as the maximal value of TIC during 
the first DCE part. Parameter Δ5-0 is defined as  
a difference between the baseline and TIC average 
intensity during 2nd DCE (measured 5 min after the CA 
injection). The baseline intensity was calculated as  
an average of the first five consecutive scans of the  
1st DCE MRI (before the CA was injected). 

 

∆5−0= ∑ 𝐼𝐼2𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑁𝑁
𝑡𝑡=1

𝑁𝑁
− 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵  1 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = ∑ 𝐼𝐼1𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠5
𝑡𝑡=1

5
  1 

 
Where N is the number of time points of the 

corresponding DCE part (in our case N=5, see acquisition 
protocol) and I1stDCE, I2ndDCE, and I3rdDCE are the signal 
intensity of the corresponding TIC during 1st, 2nd, and  
3rd DCE part, respectively. 

To describe the late TIC phase, three semi-
quantitative parameters Δ15-0, Δ15-5, and NPI were 
calculated. Parameters Δ15-0 and Δ15-5 are defined as the 
differences between TIC average intensity during  
3rd DCE (15 min) and baseline, and between 3rd (15 min) 
and 2nd (5 min) DCE, respectively. Parameter NPI 
(normalized permeability index [31]) is defined as a ratio 
between Δ15-5 calculated from the TIC of the observed 
tissue and TIC corresponding to sagittal sinus (venous 
input function, VIF). 
 

∆15−0= ∑ 𝐼𝐼3𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑛𝑛
𝑡𝑡=1

𝑁𝑁
− 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 2 

∆15−5= ∑ 𝐼𝐼3𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑁𝑁3
𝑡𝑡=1

𝑁𝑁3
− ∑ 𝐼𝐼2𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑁𝑁2

𝑡𝑡=1
𝑁𝑁2

 3 

𝑁𝑁𝑁𝑁𝑁𝑁 = ∆15−5
∆15−5(𝑉𝑉𝑉𝑉𝑉𝑉)

   4 
 

Where N2 and N3 are the numbers of time points 
of the 2nd and 3rd DCE part, respectively, and, I2ndDCE and 
I3rdDCE are the signal intensity of the corresponding TIC 
during those parts. 
 
Evaluation of the contrast between the lesion and healthy 
tissue 

Masks of ischemic pathology were manually 
outlined on FLAIR and DWI images by a skilled 
radiologist. The ischemic lesion was then defined as  
a unification of both obtained masks (FLAIR ∪ DWI, 
Fig. 2). To evaluate how individual TIC parameters 
change between the ischemic lesion and healthy tissue, 
the ischemic mask was mirrored to the second 
hemisphere and its contralateral projection was created. 
Median values of individual TIC parameters inside the 
ischemic lesion and its contralateral projection were then 
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calculated. Finally, the relative change of those median 
values was assessed (Equation 5) and averaged across all 
patients for the purpose of statistical comparison 
(Equation 6). 
 

𝛿𝛿𝑄𝑄(𝑃𝑃) =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �𝑄𝑄(𝑃𝑃)(𝑥𝑥,𝑦𝑦,𝑧𝑧)𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙�−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑄𝑄(𝑃𝑃)(𝑥𝑥,𝑦𝑦,𝑧𝑧)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 �𝑄𝑄(𝑃𝑃)(𝑥𝑥,𝑦𝑦,𝑧𝑧)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�
 

    5 
𝛷𝛷𝑄𝑄 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝛿𝛿𝑄𝑄(𝑃𝑃))  6 
 

δQ is the relative change between median values 
of the lesion and its contralateral projection for TIC DCE 
parameter Q and is calculated for each patient P 
separately. ΦQ is an average relative change of TIC DCE 
parameter Q across all patients. 
 
Evaluation of spatial characteristics of TIC parameters 

The abnormalities in individual maps of TIC 
parameters were segmented using the thresholding 
technique. The threshold values were manually 
determined for each map and each patient individually to 
achieve the best separation of parameter abnormality 
from the unchanged (healthy) tissue. The volume of 
detected abnormality was then calculated and for the 
purpose of inter-subject comparability divided by the 
volume of the ischemic lesion (detected in FLAIR or 
DWI) of the corresponding patient as described in 
Equation 7. 
 

𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑄𝑄  (𝑃𝑃) =  𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑄𝑄(𝑃𝑃)
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹∪𝐷𝐷𝐷𝐷𝐷𝐷(𝑃𝑃)

 
  7 
 

Where Q is an indication of individual 
TIC parameters for patient P. 

To describe the variability of the individual 
TIC parameters within the ischemic lesion relative 
standard deviation (standard deviation divided by the 
mean value) of all voxels of the ischemic/contralateral 
region was calculated. 

Moreover, for the assessment of detailed spatial 
properties of TIC parameters twenty line profiles (LP) 
(five profiles per patient) across the ischemic lesion for 
every map of each TIC parameter were manually 
outlined. As individual parameters have different units 
and scales, all line profiles were first normalized (LPnorm) 
to a 0-1 scale according to Equation 8 or 10 in case of 
NPI. Finally, the coastline index (CI) was calculated from 
each normalized profile by Equation 10 as a characteristic 
of the amount of detail in the profile. 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛 =  𝐼𝐼𝑛𝑛−min𝑛𝑛 𝐼𝐼𝑛𝑛
max𝑛𝑛 𝐼𝐼𝑛𝑛−min𝑛𝑛 𝐼𝐼𝑛𝑛

 ,𝑛𝑛 =  1, 2, … ,𝑀𝑀  
  8 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑁𝑁𝑁𝑁𝑁𝑁)𝑛𝑛 =  |𝐼𝐼𝑛𝑛−max𝑛𝑛 𝐼𝐼𝑛𝑛|
max𝑛𝑛 |𝐼𝐼𝑛𝑛−max𝑛𝑛 𝐼𝐼𝑛𝑛|

 ,𝑛𝑛 =  1, 2, … ,𝑀𝑀 
  9 
 

Where In (arbitrary units a.u.) is a single 
intensity of line-profile I in sample n, M (number of 
samples) is the length of the line profile, and minn and 
maxn are operands for minimal and maximal intensity 
value of line profile, respectively. 
 

𝐶𝐶𝐶𝐶 =  ∑|𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛−𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛−1|
𝑀𝑀

, 𝑛𝑛 =  2, 3, … ,𝑀𝑀 10 
 

Where CI is the coastline index, In is the value of 
the intensity profile in sample n, and M is the length of 
the intensity profile. 
 
Results 
 

In this study, we have compared quantitative and 
semi-quantitative methods for the analysis of DCE. Two 
standard quantitative parameters Ktrans and Ve derived 
from Toft’s model were confronted with their semi-
quantitative alternatives Imax and Δ5-0 calculated from the 
early phase and also with Δ15-0, Δ15-5, and NPI extracted 
from the late phase of the TIC (median values of 
individual parameters from all patients are shown in 
Fig. 3B).  

A complete set of all obtained TIC parameter 
maps for one representative patient is provided in 
Figure 3A. In this patient, a large ischemic lesion in the left 
MCA territory possesses an abnormality in all TIC 
parameter maps. The location of the TIC abnormality 
(contrast enhancement) corresponds with the location of 
the ischemic lesion (depicted in Fig. 2). The spatial 
correlation of TIC parameter abnormalities (of all 
parameters) with ischemic lesions was observed in every 
patient recruited to the study. Figure 3A also demonstrates 
that, although individual alterations of TIC parameter 
color-maps spatially correspond with the ischemic lesion, 
they differ in morphology, size, and intensity. 

To further evaluate the relation between all 
derived TIC parameters twenty line profiles (five per 
patient) across the ischemic lesion were manually drawn 
and values of TIC parameters were obtained (Fig. 4A-B). 
Correlation coefficients between pairs of parameters were 
calculated for each profile and then averaged for  
a patient. The final correlation matrix elucidating the 
relation between all parameters is shown in Figure 4C. 
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Fig. 2. An example patient with left-sided cerebral ischemia (on the right side of the MRI image). The masks of ischemic tissue were 
manually outlined on FLAIR and DWI MRI scans. The final mask of the whole ischemic lesion was then created as a unification of FLAIR 
and DWI masks. For comparison of the lesion with healthy tissue, the mask of the ischemic lesion was mirrored across the 
interhemispheric line to create its contralateral projection in the healthy hemisphere. 
 
 

 
 
Fig. 3. (A) TIC parameter maps calculated in a representative patient from DCE obtained 13 days after mechanical recanalization of left 
MCA. A large ischemic lesion is depicted in the left MCA territory. (B) Values of TIC parameters inside ischemic lesion and in its 
contralateral projection were calculated from all patients. (a.u.) arbitrary units, (-) unitless. 
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Fig. 4. (A-B) Normalized line profiles of all individual TIC parameters calculated across the ischemic lesion in the same representative 
patient as in Figure 3. (C) An averaged correlation matrix between individual DCE TIC parameters along line profiles drawn across the 
lesion derived from all recruited patients. 
 

 
 
Fig. 5. (A-C) Ktrans parameter inside the ischemic lesion is more variable and therefore shows more spatial resolution than NPI.  
(D) An example of one line profile drawn across the ischemic lesion for Ktrans and NPI DCE TIC parameters and corresponding values of 
rSTD (relative standard deviation) and CI (coastline index) characteristics. 



2022  Evaluation of Blood-Brain Barrier Integrity    S267  
 

The correlation matrix shows that both 
quantitative parameters Ktrans and Ve behaved in tight 
correlation (0.75, p<0.001). Correlation has been found 
also between semi-quantitative and quantitative 
parameters. However, the lowest correlation of NPI to 
other semi- and quantitative parameters had been 
observed. The possible mechanisms are discussed further 
in the discussion. 

By visual observation of complete image 
datasets, spatial differences between parameters were 
visible and likely caused by two factors. Firstly, by the 
different variability of parameter values along the profile, 
and secondly, by the varying spatial extension of 
abnormality visible in color maps of individual 
parameters (Fig. 5). To describe the source of variability 
between the parameters more thoroughly, four mathe-

matical characteristics per parameter were evaluated. The 
variability of parameter values within the visible 
abnormality was tested by calculation of relative standard 
deviation (rSTD) of values of the individual parameters 
inside the ischemic lesion, and also by calculation of 
coastline index (CI) of parameter line profiles across the 
ischemic lesion. The volume of abnormality visible in 
individual parameter color maps was evaluated for the 
description of spatial differences. Moreover, a variable 
contrast between abnormality and healthy tissue detected 
on color maps of individual parameters was observed. 
This variability was assessed by calculating the median 
difference between parameter values inside the ischemic 
lesion and inside its contralateral projection. All 
characteristics for individual parameters are summarized 
in Table 1 and graphically demonstrated in Figure 6. 

 
 
Table 1. Average values of evaluated spatial characteristics of TIC parameters. Values are presented as mean ± S.E.M. 
 

Parameter 
Contrast between 

ischemic lesion and 
healthy tissue (-) * 

Normalized 
volume (-) 

Relative STD in the 
lesion (-) 

Coastline index (-) 

Ktrans 2.8±1.00 0.48±0.11 0.81±0.10 0.017±0.002 
Ve 3.6±0.93 0.26±0.04 0.79±0.09 0.017±0.001 
Imax 1.57±0.24 0.22±0.04 0.32±0.01 0.021±0.002 
Δ5-0 5.4±1.42 0.32±0.05 0.42±0.06 0.014±0.001 
Δ15-0 11.3±1.35 0.34±0.06 0.39±0.05 0.013±0.001 
Δ15-5 -7.2±1.61 0.30±0.05 0.43±0.07 0.014±0.001 
NPI -7.3±1.64 0.37±0.05 0.47±0.19 0.014±0.001 

 
* Calculated as relative change of parameters between the lesion and the contralateral hemisphere. (-) unitless. 
 
 

First, we have compared the quantitative 
parameter Ktrans with semi-quantitative parameters of the 
early TIC phase. Parameter Δ5-0 is defined as a difference 
between TIC value 5 min after CI injection and the 
baseline. High values of Δ5-0 suggest voxels with a high 
fraction of well-perfused vessels or extravascular tissue 
with heavy leakage across the BBB. The parameter 
manifests absolute changes in CA concentration, 
however, it did not describes its dynamics. In our study, 
Δ5-0 behaved in close correlation with Ktrans (0.81, 
p<0.001). It had significantly lower rSTD inside ischemic 
lesion (0.43 vs. 0.82, p=0.004), significantly higher 
contrast between lesion and healthy tissue (4.43 vs. 2.41, 
p=0.043), and non-significantly lower CI (0.014 vs. 
0.017, p=0.550), however, similar normalized volume of 
detected abnormality (0.32 vs. 0.47, p=0.300). 

The second compared semi-quantitative 

parameter of the early TIC phase was Imax, which 
represents the maximal intensity of TIC during the early 
TIC phase. The highest intensities of TIC, i.e. the highest 
concentration of CA in a measured voxel, is present in 
vascular space. Therefore vessels are prominent on Imax 
color maps. In comparison with Ktrans, Imax had lower 
correlation (0.73, p<0.001), significantly lower rSTD 
(0.33 vs. 0.82, p=0.017), and not differed in contrast 
between healthy and abnormal tissue (1.37 vs. 2.41, 
p=0.280), CI (0.015 vs. 0.013, p=0.823) and normalized 
volume of detected abnormality (0.21 vs. 0.47, p=0.141). 

Further, we have compared Ktrans with three 
parameters of the late TIC phase. Parameter Δ15-0 is 
defined as a difference between TIC intensities 15 min 
after CI injection and the baseline. It describes the 
dominant increase of TIC intensity during the early TIC 
phase caused by the rapid entrance of CA into the blood 
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system, but in comparison with Δ5-0, it also describes 
more subtle changes in TIC intensity caused by the slow 
transport of CA across the BBB. In comparison with 
Ktrans, parameter Δ15-0 behaved in the highest correlation 
of all parameters of the late TIC phase (0.79, p<0.001), it 
had a significantly lower rSTD (0.43 vs. 0.82, p=0.007), 

significantly higher contrast between healthy and 
abnormal tissue (11.01 vs. 2.41, p=0.009), significantly 
lower CI (0.013 vs. 0.017, p=0.023), and did not 
significantly differ in normalized volume of detected 
abnormality (0.34 vs. 0.47, p=0.402). 

 

 
 
Fig. 6. Comparison of parameters describing early and late TIC phase by four characteristics. Bars represent mean and error bars 
S.E.M. 
 
 

Parameter Δ15-5 describes the difference in TIC 
intensities 15 and 5 min after CA injection. It follows the 
slow dynamic of CA in the tissue. Two main patterns of 
dynamics can be distinguished. In the case of vascular 
compartments with intact BBB, a slow decline of TIC 
intensity is observed as the level of CA in the blood 
decrease due to excretion. In this case, values of Δ15-5 are 
negative (as the intensity in 15 min is lower than in 5 min 
time point). When BBB is impaired, the slow transition 
of CA into the extracellular compartment can cause an 
increase in TIC intensity resulting in the positive value of 
Δ15-5. However, a combination of both processes is 
present and therefore parameter Δ15-5 serves as  

an important indicator showing which of those factors is 
dominant in the tissue. In our study, parameter Δ15-5 in 
comparison with Ktrans behaved in lower correlation 
(0.62, p<0.001), it had significantly lower rSTD (0.43 vs. 
0.82, p=0.006), significantly higher contrast between 
healthy and abnormal tissue (-8.73 vs. 2.41, p=0.036) and 
significantly lower CI (0.014 vs. 0.017, p=0.036). It did 
not significantly differ in normalized volume of detected 
abnormality (0.29 vs. 0.47, p=0.220). 

The last evaluated parameter was NPI. NPI is 
derived from Δ15-5 by normalization of its values by 
values measured in large veins such as superior sagittal 
sinus. After the normalization, the effect of a global trend 
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in the vascular compartment (usually slow decline of 
CA concentration due to excretion) on the TIC intensity 
is suppressed. NPI, therefore, should be more sensitive to 
changes in TIC intensity caused by BBB impairment 
although other sources of positivity such as hyperemia 
cannot be excluded. The sign of the NPI parameter 
defines the direction of TIC in its late phase in 
comparison to the direction of TIC used for 
normalization, i.e. signal from a large vessel. Positive 
NPI means the same TIC direction as in the vein, and 
negative NPI the opposite direction. As the direction of 
TIC in veins is in the majority of cases negative caused 
by the decrease of CA concentration, positive values of 
NPI suggest the decrease of CA concentration, on the 
other hand, negative NPI suggests accumulation of CA in 
the measured voxel. The correlation of the NPI parameter 
with Ktrans in our study was the lowest (0.62, p<0.001), it 
had a significantly lower rSTD (0.47 vs. 0.82, p=0.034), 

significantly higher contrast between healthy and 
abnormal tissue (-8.76 vs. 2.41, p=0.036), and 
significantly lower CI (0.014 vs. 0.017, p=0.036). It did 
not significantly differ in normalized volume of detected 
abnormality (0.36 vs. 0.47, p=0.422). 

To visualize the results of the semi-quantitative 
DCE evaluation in the vascular compartment a dataset 
where a large artery and ischemic lesion with 
CA enhancement are visible together (Fig. 7). Although 
brain vessels and ischemic region are both visible with 
good contrast on T1w image after the application of CA, 
only Δ15-5 and NPI (late phase TIC derived parameters) 
distinguish between vessel i.e. vascular compartment and 
brain tissue with obviously impaired BBB. Contrarily, 
Imax, Δ5-0, and Δ15-0 (i.e. parameters derived from the 
early phase of TIC) do not provide the possibility to 
differentiate vessels (vascular compartment) from brain 
tissue with CA enhancement. 

 
 

 
 
Fig. 7. A visual comparison of semi-quantitative TIC parameters in the region where brain vessels are present together with contrast 
enhancement within brain tissue. Brain vessel (marked by an arrow) is clearly visible in T1w image after CA. Parameters Δ15-5 and NPI 
can distinguish between vessel and brain tissue with impaired BBB. Contrary with parameters Imax, Δ5-0, and Δ15-0 it is not possible to 
differentiate vessels from brain tissue with CA enhancement. 
 
 
Discussion 
 

In this study, we have spatially compared  
TIC-derived quantitative parameters Ktrans and Ve 
obtained by the Toft’s model with semi-quantitative 
parameters Imax and Δ5-0 describing the early TIC phase, 
and parameters Δ15-0, Δ15-5, and NPI describing the late 
TIC phase. Although semi-quantitative parameters do not 
provide quantitative measures of BBB and might be 
affected by partial volume effect they do not require 

demanding curve fitting for their calculation and can be 
thus used more broadly in contrast to the quantitative 
ones [24]. It was also shown that semi-quantitative 
parameters describing the late TIC phase proved to be 
beneficial in the detection of subtle changes in BBB 
integrity, however, their results should be interpreted with 
caution due to the partial volume effect [27]. In this 
study, we have selected a set of semi-quantitative 
parameters that can describe the whole TIC trajectory 
(both early and late phase) with the aim to evaluate how 
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those parameters can be interpreted and how they spa-
tially differ from model-based parameters Ktrans and Ve. 

We have calculated both quantitative and semi-
quantitative TIC parameters in four patients 12-15 days 
after cerebral ischemia. Values of all parameters 
significantly differ inside the ischemic lesion in 
comparison with the contralateral healthy hemisphere. 
This correlates with findings made by Villringer et al. 
[46], who shows 3-4 times higher Ktrans values in the 
ischemic lesion in comparison to healthy tissue. Also, 
spatial correlation of ischemic lesion with abnormalities 
detected in color maps of TIC parameters was observed 
in all patients. However, individual parameters differ in 
morphology, size, and intensity of the detected 
abnormality. 

To elucidate the differences between individual 
TIC parameters, twenty line profiles across the ischemic 
lesion were drawn with the aim to cover all important 
patterns visually observed inside lesions. For the purpose 
of comparability, values of all TIC parameters along the 
line profiles were normalized to the 0-1 range and the 
cross-correlation matrix of normalized profiles was 
calculated. Figure 4C shows that NPI and Δ15-5 behaved 
identically in this comparison. The source of this 
behavior is in the combination of NPI definition, where 
NPI is calculated from Δ15-5 by dividing it by the signal 
from veins, and 0-1 normalization that annuls the 
previous normalization. Both parameters had therefore 
the same results, however, normalization of NPI by 
venous signal makes it more suitable for the inter-subject 
comparison. It should be, however, noted that although 
normalization by the vascular signal is performed in NPI 
calculation it does not fully withdraw vascular function 
within the voxel and thus positive findings on the NPI 
could be caused by the increased volume of the vascular 
compartment such as during the hyperemia. 

Further, to evaluate the spatial differences 
between individual parameters more closely, we have 
calculated four spatial characteristics: coastline index, 
relative standard deviation, relative change inside the 
ischemic lesion, and volume of detected abnormality. 

The coastline index (CI) was used for the 
description of variability along the line profiles and the 
relative standard deviation (rSTD) of parameter values 
inside the whole ischemic lesion was calculated to extend 
the knowledge about parameter variability to larger 
volume (not only in line profile as in the case of CI). 
Both higher CI and higher rSTD suggest more variable 
parameter values that provides a more detailed 

description of parameter changes along the ischemic 
lesion. However, whether the source of the detail is 
caused by higher sensitivity of the parameter to tissue 
changes or by a higher presence of noise cannot be 
distinguished by our analysis. This is a clear limitation of 
this study. 

Further, we have assessed the relative change of 
parameter values (parameter contrast) inside the ischemic 
lesion and in the contralateral hemisphere. This 
characteristic describes the ability of a parameter to 
distinguish between healthy and impaired tissue. As 
abnormalities detected in individual parameter colormaps 
differ also in size, we have also compared the total volume 
of detected abnormality in all patients and parameters. 

Parameters Ktrans, Ve, Imax, and Δ5-0 describe the 
early change of TIC after CA bolus injection. Ktrans is 
dependent primarily on the slope of initial signal increase 
however Ve on TIC peak value [47]. The correlation of 
those two independent parameters was 0.75.  
Parameter Δ5-0 describes the difference of TIC values 
before CA injection and during plateau after the initial 
peak. It had a similar correlation with Ktrans (0.81) and 
Ve (0.79) suggesting, that Δ5-0 is dependent on both, the 
slope of the initial TIC increase and TIC peak value. We 
have observed no significant difference between spatial 
characteristics of Δ5-0 and Ktrans. Parameter Δ5-0 shows  
a similar pattern as Ktrans, it does not require dynamic 
scanning (only a few samples of baseline and signal 
5 min after CA injection) or data fitting and therefore can 
be easily measured and calculated. However, Δ5-0 lacks 
the ability of Ktrans to quantitatively describe the BBB 
permeability and therefore is without further 
normalization less suitable for inter-subject comparison. 
However, it has to be emphasized, that variations in Δ5-0 
(and also other semi-quantitative parameters) are  
a representation of CA concentration in the total volume 
of the measured voxel, and do not necessarily represent 
the BBB disruption. This fact should be always 
considered in interpretations based on semi-quantitative 
parameters. 

Parameter Imax, by its definition, describes the 
maximal values of TIC and therefore highlights the tissue 
with the highest concentration of CA. Therefore, we had 
expected a dominant correlation between Imax and Ve 
(that is also primarily dependent on TIC peak value). 
However, in our study, Imax correlated with Ve (0.73) in 
the same way as with the Ktrans (0.72). By visual 
observation abnormalities in the Imax map highly 
correlated with vessels while it had significantly lower 
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values outside them. This can explain the lower 
correlation to the Ve that by the definition shows high 
values in tissue with high extravascular-extracellular 
space. It also describes the low volume of abnormality 
detected in Imax maps. 

Parameters Δ15-0 is defined as the difference 
between values of the baseline (before CA injection) and 
TIC values 15 min after CA. As so, it contains 
information about both, the initial TIC increase and the 
following slow transition (either decrease or increase in 
case of CA accumulation). We have observed a high 
correlation (0.99) of Δ15-0 with Δ5-0. As Δ5-0 is calculated 
only from the early part of TIC it can be assumed that the 
effect of the initial increase is also dominant in Δ15-0 
drowning the effect of subtle late TIC transition. 
Therefore it carries no extra information and has no extra 
advantage or drawback than those described for Δ5-0. 

In comparison with other used parameters, Δ15-5, 
and NPI, describe the late TIC phase only. In the line 
profile correlation analysis they behave identically due to 
the normalization of line profile values as discussed 
above. The correlation of both late TIC phase parameters 
with other parameters of the early TIC phase was lower 
(0.65 Ktrans, 0.61 Ve, and 0.65 Δ5-0). The important 
difference between parameters of the early and late TIC 
phase is, that in the case of the late TIC phase (15 min 
after CA injection), there is enough time for CA to leak 
out of the vessels and diffuse to surrounding regions. In 
comparison with Ktrans, the detected abnormality is then 
more homogenous with less variable values, smoother 
borders, though, with less detail about the tissue structure 
(represented by observed significantly lower CI and 
rSTD), and more contrast (significantly higher contrast 
between ischemic and healthy tissue). On the other hand, 
early TIC phase parameters more closely reflect the 
changes in the tissue composition as the transitions 
between voxels mainly filled by vessels and extravascular 
voxels are more sudden and clearly distinguishable. For 
those reasons, we emphasize the use of late TIC 
parameters for the complex description of BBB status. 

We have also tested the ability of semi-
quantitative TIC parameters to distinguish extravascular 
tissue from clearly visible vessels. Figure 7 demonstrates 
that only NPI and Δ15-5 were able to distinguish those 
types of tissue. This is caused by the fact, that each 
parameter describes a different aspect of TIC. NPI and 
Δ15-5 both describe the slow transition of TIC signal in the 
late phase. In vessels, this transition appears in form of  
a slow decrease, however, in extravascular tissue with 

impaired BBB in form of a slow increase caused by the 
accumulation of CA. In case of other parameters, the 
underlying aspects are similar in vessels and 
extravascular tissue, and therefore, they are not able to 
distinguish those types of tissue. 

Parameter Ktrans is a transfer constant between 
blood plasma and extracellular space. However, it 
emphasized that the Ktrans is a combination of 
permeability-surface area (PS) and blood flow; i.e. it does 
not rely on BBB permeability only. It approximates 
permeability in the situation when blood flow is much 
larger than PS, however, in other scenarios are individual 
effects of PS and blood flow hardly separable [48]. 

In this study, we have used basic Toft’s model as 
it is one of the computationally simplest deriving two 
parameters. Figure 8A shows time concentration curves 
(that were calculated from DCE TICs during the fitting 
procedure), their fit curves by Toft’s model, and 
corresponding values of Ktrans and Ve. Concentration and 
fit curves are provided for three representative tissues: 
healthy tissue, ischemic lesion, and sagittal sinus. It is 
obvious that Toft’s model was able to clearly separate all 
representative tissues. However, simple Toft's model uses 
a function with only two parameters for fitting DCE 
TICs. Together with the low temporal resolution of the 
DCE sequence, it leads to a time shift in a fit of both 
regions similarly as can be visible in Figure 8A. 
Figure 8B provides single line profiles of Ktrans values 
across the ischemic lesion in one representative patient 
derived from three different pharmacokinetic models 
namely Toft’s, extended Toft’s, and Patlak model. 
Although Toft’s model overestimates Ktrans values in 
comparison with the other two, their line profiles do not 
differ spatially. We have also obtained Ve values in 
healthy tissue approximately ten times lower than 
expected according to the literature [49] (Fig. 3B). One of 
the possible explanations could be the short DCE 
scanning duration used in our study. Obtained DCE time 
curves cover mostly the accumulation phase of the CA in 
the extravascular space, while its return to the 
intravascular space occurs later. Thus, extravascular 
space behaves as a compartment with infinite volume 
making its fractional volume, Ve, hard to estimate. 
Although the quantitative values in our study of estimated 
parameters might be inaccurate we have focused 
primarily on a spatial comparison of selected methods. In 
situations, where precise quantification is desired use of  
a more complex compartment model (Patlak,  
2-compartment uptake) should be considered. 
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Fig. 8. (A) Time curves of CA concentration (calculated from DCE TIC) in three representative voxels (dotted line; healthy tissue in 
blue, ischemic lesion in red, and sagittal sinus in black) and respective fits by Toft’s model (solid line). (B) Comparison of line profiles of 
Ktrans values along the ischemic lesion calculated by three different fitting models, Toft’s (black), extended Toft’s (dark grey), and Patlak 
model (light grey). Basic Toft’s model overestimates Ktrans values in comparison with other models, however, spatial characteristics along 
the ischemic lesion are similar for all models. 
 
 

In summary, quantitative methods provide 
quantitative parameters with clear physiological 
definition, however, they are computationally demanding 
and suffer from several concerns about their objectivity. 
Semi-quantitative methods, on the other hand, are easily 
computed and thus can be used ad hoc and also on large 
datasets. Mathematical description of semi-quantitative 
parameters is clear with high objectivity, however, they 
do not have any direct physiological relevance. We have 
shown a comparison of five semi-quantitative parameters 
(Imax, Δ5-0, Δ15-0, Δ15-5, and NPI) with one of the standard 
model-based quantitative parameter (Ktrans). All 
parameters were able to detect enhancement of CA in 
tissue after stroke, however, findings in individual 
parameters morphometrically differ. It has to be 
emphasized, that for all described semi-quantitative 
parameters applies, and that increase in parameter value 
is a representation of CA concentration in the total 
volume of measured voxel, which does not necessarily 
represent the BBB disruption. This fact should be always 

considered in interpretations based on semi-quantitative 
parameters. 
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