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Abstract: Stroke is among the most frequent cause of death around the world 
and the decision to treat and final outcome is highly dependent on the quality of 
diagnosis. Recently, cerebral perfusion tomography have been used with 
promising results in the stroke evaluation mainly because this technique gives 
further information about the hemodynamic changes within the stroke area. 
However many different parameters are actually used to analyze the CT 
perfusion results, trying to integrate the temporal information it contains. Some 
of these parameters are Blood Volume, Blood Flow or Transit Time for 
example. This paper reviews the most relevant methods used to calculate 
perfusion related parameters and describes our framework that defines a 
reproducible processing pipeline that supports visual and quantified comparison 
between them. 
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1 Introduction 

Stroke [1] is one of the major causes of death around the world. A stroke happens 
when there’s a sudden vessel occlusion – usually with a blood clot – which results in 
inefficient blood supply and leads to poor oxygenation of brain cells. As a result, 
cellular activity is perturbed and can lead to cellular death if early recanalization does 
not occur. 

However it is possible to distinguish two different areas in stroke. One is the 
infarct penumbra where cells are affected by the lack of oxygen but still intact and 
possible to recover with a fast reperfusion, the other is called infarct core where 
there’s a cell death and no recovery is possible. Within a limited timeframe (around 3 
hours from the stroke) it is possible to recover the brain tissue in the penumbra with 
an injection of a tissue plasminogen activator to destroy blood clots – thrombolysis –
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and avoid total tissue loss [2-5]. Discriminating the penumbra from the unrecoverable 
area is, for that reason, the main clinical issue in the acute stroke management [6-9]. 

Several imaging tools are currently used to support such decision namely 
Computed Tomography (CT) and Magnetic Resonance Image (MRI) [10]. In the 
current paper the focus is on cerebral perfusion CT (PCT – Perfusion Computed 
Tomography).  

Cerebral perfusion uses a contrast material that is injected in brain vessels that 
enables tracing the blood flows in cerebral vessels along time [11]. Both PCT and 
MRI perfusion modalities measure the concentration of contrast material along time 
in the tissues generating a Time-Concentration Curve for each voxel (Fig. 1) from 
time of injection to time of contrast material leave the system resulting in 
tridimensional perfusion maps for overall brain perfusion. 

 
Fig. 1. Time concentration curve – The curve is obtained by measuring the concentration (C) of 
the contrast material in a given brain position (voxel) along time. [6, 12-13]. 

From the Time-Concentration curve several parameters can be extracted to 
characterize the hemodynamic blood flow. The usual parameters  are Cerebral Blood 
Flow (CBF), Cerebral Blood Volume (CBV), Mean Transit Time (MTT) and Time 
To Peak (TTP) [14]. CBV is the percentage of blood per unit volume of tissue. In 
infarct penumbra CBV is usually normal or high due to auto-regulation mechanism 
but low in the infarct core. CBF represents the time a certain amount of blood takes to 
pass the cerebral blood vessels and arrive to the veins, in infarct penumbra and infarct 
core this value is low because of the artery obstruction. MTT is the time between the 
inflow and outflow blood flow in the brain. TTP is the time elapsed between the 
injection of the contrast material and the appearance of a maximum concentration in 
the cerebral blood vessels [6-8, 13, 15-17]. 

Regardless of the clinical relevance of these measures [6, 15], their actual use lacks 
an independent and reproducible validation namely because the measurement process 
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and algorithms often depends on closed commercial applications use or in human 
expertise making it difficult to compare objectively the different methods [18-20]. 

The objective of this work is to present the most relevant methods used to calculate 
perfusion related parameters and describe our framework that defines a reproducible 
and traceable processing pipeline that can support visual and quantified comparison 
between them. 

2 Methods 

In this section we present the methods described in the literature for calculating 
Cerebral Blood Volume (CBV), Cerebral Blood Flow (CBF), Mean Transit Time 
(MTT) and Time To Peak (TTP). 

2.1 Cerebral Blood Volume (CBV) 

Cerebral Blood Volume is the percentage of blood per unit volume of brain tissue, 
according to Axel [21] the CBV can be determined using the following equation:  
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The integral of the concentration indicates the fractional vascular volume, this 
volume represents the ratio between the area under the concentration curve of the 
contrast material Ct(t) through the brain tissue and the area under the curve of the 
artery Ca(t) or vein Cv(t), if Blood Brain Barrier (BBB) is still intact the results are the 
same. The integral can be replaced by a sum as we are in discrete time [21-22]. 

In another method proposed by Klotz and König [22], CBV is determined using 
maximum values concentration tissue and vein, according to equation (2): 
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2.2 Cerebral Blood Flow (CBF) 

Cerebral Blood Flow represents the time that a certain amount of blood takes to flow 
through the brain vessels and arrive to the veins. 

CBF can be obtained using Fick’s method, calculating the derivation of 
concentration curve. This method is simple but relies on the assumptions of single  
blood inflow and outflow [23]. In this method, the CBF is given by equation (3) 
where parameter tmax represents the instant of maximum slope (maximum derivation 
in upslope segment of the curve, see Fig. 1) of the curve. 

If the maximum tissue slope is reached before venous outflow starts Cv(tmax) = 0 
and equation (3) turns into equation (4). 
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This method does not require correction for recirculation of contrast material and 
the results derived from a short period of time reducing possible patients movements, 
however, it is more susceptible to noise  and require a pre-processing step to reduce 
noise in input data [22]. 

Another method widely used is based on deconvolution. The main advantage is the 
possibility to reduce administration rates of contrast material since delay and 
dispersion of the contrast material is corrected using the residue function. The 
Singular Value Decomposition (SVD) is generally used in most commercial 
applications as it is less sensitive to variations in vascular anatomy because of the 
assumption of the single point of input and output blood [23-24].  

The variation of contrast concentration tissues can be described in function of 
arterial input function (AIF), the residue function and CBF (5). 

CBFtRtCtC at ⋅⊗= )()()(  . (5) 

The residue function R(t) represents the fraction of the contrast material that 
remains in the tissue at time t. The final CBF in each voxel is the maximum value of 
R(t) [25]. In our implementation, we compute R(t) using SVD. Since the 
concentration analysis performed for small time intervals Δt, we can consider the 
residue function and arterial flow as constant and can use the following approach: 
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For simplification we can assume: 

cbA =⋅  . (7) 

Where b are the values of the residue function and c is the concentration in tissue. 
Equation (7) is solved using SVD. The method uses three matrices: V, W and UT, 

where W is a diagonal matrix, V and UT are orthogonal matrices, UT denotes a 
transpose matrix. 

cAbcbA ⋅=⇔=⋅ −1  . (8) 
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Ostegaard et al. [26] assumes Ca(t) and R(t) varies linearly with time, and the 
elements aij matrix A are: 
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To minimize the oscillation of R(t), a cutoff threshold level of 20% of the 
maximum value of the diagonal matrix W is used [26-28]. 

2.3 Mean Transit Time (MTT) 

The Mean Transit Time is the average time necessary for the blood to flow through 
the brain. 

Using the first moment of the curve (equivalent to the center of gravity of the 
shape defined by the time concentration curve, see Fig. 1 [12]), MTT can be 
calculated using the equation (13): 
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Another method proposed by Axel [21] is the area of the curve divided by its 
height according to the equation (14), where height is the difference between Cmax 
and Cmin for each voxel. 
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In this equation we must translate the curve to zero because in PCT the values of 
the curve do not start in zero, the concentration in baseline is zero however we have a 
different contrast value. 

Based on central volume principle MTT can be defined by the ratio of CBV and 
CBF [25]. 

CBFCBVMTTMTTCBVCBF // =⇔=  . (15) 

Finally, according to Phillips the MTT can also be defined as the width of curve at 
half of the maximum value [13]. To estimate the width of the curve the average 
perfusion value between the upward and downward curve slopes is used as reference. 
This value is used to determine the points in both curve slopes that will be used to 
calculate the time difference that is the actual estimation of the MTT (see Fig. 1). 

2.4 Time To Peak (TTP) 

Time to Peak is the time of the contrast material to reach a concentration peak in the 
cerebral blood vessels after the injection. Phillips [13] ignore the delay from the 
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injection of contrast material until it reaches the cerebral tissue but others authors [6, 
12] correct the concentration curve to remove the injection delay.  

In our implementation, we determine the instant where the concentration in the 
artery reaches its peak, after that the curve is back-tracked from the maximum to the 
arrival time (arrival time is the instant of time corresponding to the arrival of contrast 
material to cerebral tissue). This implementation corrects the injection delay. TTP is 
the time between the arrival of contrast material to the tissue and the moment where 
the concentration is maximum (see Fig. 1). 

3 Methods Comparison and Results 

Our main objective was to define an automatic processing pipeline that calculates 
and displays the perfusion related parameters with reduce human input – selection of 
artery and vein references. This ensures that, regardless of the method considered, the 
final visualization results will not be user dependent and quantified measure can be 
mapped directly to original data. The pipeline starts with the selection of both artery 
and veins two reference voxels that will be used as static reference along the 
following stages.  

3.1 Pre-processing 

To minimize noise and smooth the vein and artery contrast concentration curve an 
initial filtering of the image data using Simple Moving Average (SMA) is applied 
(Fig. 2). The objective of this step is to minimize the presence of noise in the image 
data namely due to equipment, patient movements or to the effect of discretization 
when sampling the data [17, 27].  

 
Fig. 2. Time concentration curve for artery and vein, without filter in A and filtered data using 
SMA in B. 

SMA filter was chosen among others (Simple Moving Average, Moving Median, 
smoothing) because it was a good trade-off between simplicity and results. 
Preliminary tests with a 7 seconds window centered in the current time (t-3, t+3) 
shows that SMA can remove noise and smooth with low processing time. The 
perfusion parameters are calculated for each voxel after removing non brain tissues 
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(e.g. bone). Non brain tissues are removed using the minimum and maximum values 
of Time Concentration Curves as references: all values above the maximum value and 
below 80% of the minimum value are considered as non brain tissue.  

3.2 Post-processing 

To ensure a good contrast on the images without any manual adjustment by the users, 
we applied a window level correction, the image is truncated with the maximum value 
corresponding to the maximum value obtained in artery voxel (in the current method 
not in the concentration curve) in the artery and the minimum is a global minimum in 
the image. By using an automatically generated reference we maintain a clear map 
between transformed and original perfusion values. 

To enhance visually the different brain tissues (e.g. gray vs. white matter) and 
structures (e.g. brain tissues and ventricles) - expected to present different values 
regardless of the perfusion parameter in consideration - we also applied a histogram 
equalization method. The result of this step is emphasized in Fig. 3. The OpenCV 
library [29] was used to calculate histogram information as well as SVD (see 2.2) for 
visualization purposes, VTK was used [30]. 

3.3 Results 

We have tested this pipeline in several perfusion CT exams and the results are 
presented for the same dataset for the CBV methods, CBF and MTT in Fig. 4 in the 
next page. All the images presented are the final visualization results with no user 
intervention except the selection of the voxel references (artery and vein). 

4 Conclusion 

This paper describes a first step in deploying a framework to perform quantified 
comparisons between different existing methods used in the literature to estimate 
perfusion related parameters methods. Our main objective was to define an automatic 
processing pipeline that calculates and displays the perfusion related parameters with 

 
Fig. 3. Comparison between CBV before and after postprocessing: initial CBV image (left) 
and after hitogram equalization (right). The histogram distribution is also presented for both 
images. 
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reduce human input – selection of artery and vein references - while keeping a map 
between the several calculated parameters and the original perfusion data. By using as 
unique references along all the processed the artery and veins perfusion values to 
rescale the different methods parameters, a comparison is possible either quantified or 
visual. Given the clinical relevance of visualization of the results, our method also 
provides a standardized post processing stage, where regardless of clinicians own 
preferences (e.g. window levels, lookup tables, scales), we provide a  reproducible 
baseline representation that enables the visual comparison of different methods – 
critical to have a clinical comparison using standard inter-rater agreements evaluation 
(e.g. [18]). 

This work can have an impact in clinical practice with special emphasis in the 
acute stroke management by contributing to define which methods are more clinically 
relevant and, in consequence, quantify relevant stroke related features like the 
penumbra or unrecoverable brain tissues. 

At this stage, some details were overlooked in the present work that are part of 
planned future work. On the technical side, a more thorough analysis on the filter 
selection is planned. Currently we use the SMA filtering but other methods exist that 
may exhibit better results. The delay between injection and arrival of contrast material 
may also result in inaccurate CBF and MTT, we plan to study its impact using SVD 
method with delay-corrected SVD (dSVD) namely trying corrections by shifting the 

Fig. 4. The perfusion parameters estimation methods for CBV: (A1) using Axel method 
(equation 1), (A2) using Klotz and König method; for CBF: (B1) using SVD method; 
(B2) using Fick’s method; (B3) using central volume principle; and for MTT: (C1) using 
Axel method; (C2) using Phillips method; (C3) using central volume principle. Images 
A3, B4 and C4 are the original image given by medical equipment for each of the 
parameters. 
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concentration curve in time [28]. We also need to quantify the effect of post 
processing enhancements on the clinical decision process to avoid inducing erroneous 
clinical interpretations. 

The present work will support such comparisons both quantified (by using 
quantified comparison between different methods features) and clinical to assess the 
clinical value of the results within a diagnosis context vs. the actual solution based on 
proprietary systems.  
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