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Multislice mapping and quantification of brain
perfusion MR imaging data: a comparative study
of homemade and commercial software

Umut Anoz, Kader Karli Oguz, Senem Senturk, Aysenur Cila

PURPOSE

We developed a homemade computer program for
analysis of perfusion weighted MR imaging (PW-MRI)
data in order to produce colored multislice rCBV, rCBF,
and MTT maps. We then compared those maps with
others produced by a commercially available program,
obtained from the same PW-MRI data, to determine
the feasibility of using our program in clinical practice.

MATERIALS AND METHODS

Studies of 20 patients were performed on a high field
MR scanner. Imaging protocol consisted of perfusion
study (EPI, TR/TE: 1430/46 msec, 10 mm gap, ma-
trix: 128x128, FOV: 240 cm, NEX: 1). Twenty ml of
Gd-DTPA was administered at a rate of 4-5 ml/sec be-
ginning at the 5th acquisition of 50 dynamic series.
MATLAB software was used for writing codes of both
mathematical equations and the graphical user inter-
face. All images were in DICOM standard. For valida-
tion of the results, all maps were compared with an-
other commercially available program, which is widely
being used in daily practice, and was installed on the
MR scanner. Ability to define the lesion contours and
extension, and artifacts at the bone-soft tissue inter-
face were the criteria used for statistical evaluation.

RESULTS

Field definition was equally good in 38% of the pa-
tient scans for both software programs; our home-
made software was better in 23% of the cases and
the commercial software was better in 31%. In 6%
of the results, either software program was not suffi-
cient. For the elimination of artifacts, our homemade
software was 100% successful in every case.

CONCLUSION

Our homemade program is a user friendly one that
gives comparable results with those of a commonly
used commercial one. However, this program should
be tested with different categories of diseases and a
larger patient population and then compared with
different commercial software programs to be vali-
dated more clearly.
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cently developed technique that can provide information about the

functional status of cerebral tissue with a high spatial resolution of
morphology and one which has been studied in various diseases of the
brain since 1989 (1-3). Using the signal change that brain tissue expe-
riences over time following administration of extracellular gadolinium-
based contrast agents, important hemodynamics such as cerebral blood
volume (CBV), cerebral blood flow (CBF), and mean transit time (MTT)
can be relatively measured and mapped (4). Several manufacturers have
developed special software programs to obtain these maps; however, tech-
nical personnel needs and high cost of the products have driven many
institutions to create their own programs (5, 6). We aimed to develop a
computer program, which could work with an MR scanner in an integrat-
ed structure, meet our own needs in a standard fashion, and have an open
code with which to make modifications that will be required for special
research situations when needed. In fact, a simple program that uses just
one slice was already developed by the authors and has been used in our
institution (7, 8). Lately, we aimed to improve the program in such a way
that multislice mapping would be possible with more functionality for
both the graphic user interface and mapping of the parameters.

In this study, we used this homemade program for analysis of PW-MRI
data to produce colored rCBV (r: relative), rCBF, and MTT maps, and
visually compared them to those obtained with a commercial program
from the same PW-MRI data to determine its feasibility in clinical prac-
tice.

Perfusion weighted magnetic resonance imaging (PW-MRI) is a re-

Materials and methods
Data acquisition

Studies of 20 patients were performed on a high field MR scanner (3T,
Allegra, Numaris/4, VA21C Release Software, Siemens, Erlangen, Germa-
ny). Imaging protocol consisted of perfusion study [echo planar imaging
(EPI), TR/TE: 1430/46 msec, 15 slices with a 5 mm thickness and 10 mm
interslice gap, matrix: 128x128, FOV: 240 cm, NEX: 1]. Twenty ml of
Gd-DTPA was administered at a rate of 4-5 ml/sec, beginning at the 5th
acquisition of 50 dynamic series.

Post-processing mapping of the PW-MRI data

Following data acquisition, three slices from the higher probability re-
gion of the lesions were selected for calculation. Then, all the images were
saved in JPEG lossy compression with 200% zoom factor format (256x256

(U.A. DX gumuts@hacettepe.edu.tr) and Radiology (K.K.O., S.$.,
A.C.), Hacettepe University School of Medicine, Ankara, Turkey. ~ matrix) in DICOM (Digital Imaging and Communications in Medicine)
standard format. DICOM is used for digital images in the field of health
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sciences, especially in radiology, and stores whole properties of a study
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PERFUSION MAPPING SOFTWARE
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Figure 1. Main window of the homemade software. On the left, patient data list, AIF (arterial
input function) graph, and ROI selection and information are displayed. On the right, a
cerebral blood flow map (rCBF) of a selected slice is presented.
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Equations 1, 2 and 3.

and patients in 123 different categories.
Codes for both image processing and
the graphic user interface were written
with MATLAB software (Release 6.5,
Mathworks Inc., Natick, MA, USA).
One of the important perfusion pa-
rameters we studied, CBF, shows the
net blood flow through the voxel (2,
9, 10). In calculating CBF, we used
model independent (deconvolution)-
transform approach (11). In this ap-
proach, both arterial input function
(AIF), which is selected by the user,
and a concentration-time graph of
the tissue are automatically calculat-
ed pixel by pixel through all images.
Following Fourier and inverse Fourier
transformations of the graphs, the
height of the result shows the CBF
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value of the pixel (Equation 1, see the
box above).

Another important perfusion param-
eter, CBV, can be determined from the
ratio of the area under the tissue and
AIF curve. As arterial measurements
are not readily quantifiable due to
the limited spatial resolution, relative
CBV measurements are determined by
simply integrating the area under the
concentration-time curve (12). Accord-
ing to a recent study (13), numerically
integrating the area of the tissue curve
over the full time range represents one
of the most accurate methods of deter-
mining relative CBV. In our study, area
under the concentration-time graph of
the tissue also gave the CBV measure-
ment (Equation 2, see the box above).

The last important parameter that
we focused on, MTT, shows the time
that it takes a volume of blood with a
certain flow to pass through the voxel
(2, 9). From the central volume theo-
rem (14), division of the CBV by CBF
value yields the MTT values for each
pixel (Equation 3, see the box at left).

All calculations were orderly per-
formed from the first row of the first col-
umn to the last row of the last column
in the image matrix. For each pixel, an
intensity graph was obtained through
the whole image series. The resulting
image was constructed from the calcu-
lations of the graphs that corresponded
to the same pixel coordinates with the
image series throughout the complete
image matrix. At the end of the calcu-
lation, the final perfusion parameters’
maps were obtained by applying the
colormap to the image matrix.

Our program has been developed for
easy use, both for physicians and MR
technologists. Thus, from the begin-
ning of the procedure, the program
directs users with a text message in
each step of the calculation until the
end. There is a main window that cov-
ers the all functions of perfusion map-
ping. This window contains the four
main sections: an instruction part, pa-
tient information table, AIF field, and
region selection field (Figure 1). A list
that shows patient information such
as name, age, date of birth, study date,
and slice thickness is prepared accord-
ing to physicians’ preferences. With
the advantage of open source coding
and working with the images in DI-
COM standard, any information about
the patient can be edited, or omitted
from the list.

The program was designed in a way
that insures each step’s instructions
are followed by the user, and colored
rCBV, rCBF, and MTT maps can be
obtained. For starting a calculation of
three slices, the user must select one
of them as the starting slice. Manual
contour drawing is needed to exclude
the bone, and this process is applied
to the other two slices automatically.
For our study, the selection of the slices
for each case was based on a predicted
location of the lesions, either from
previous conventional MR images of
the cases, especially of mass lesions, or
diffusion-weighted imaging (DWI) in
cases of acute stroke, or information
given by the physician who performed
the clinical examination.
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After slice selection, the user must
select the AIF for calculations of CBF
and MTT. When the AIF selection but-
ton is clicked, the computer’'s mouse
becomes the origin point of the coordi-

Table 1. Criteria for data comparison

1 Homemade software is better
2 Commercial software is better
3 Both are good
4

Both are not good

Table 2. Patients in the study

Patient

No. Pathological condition

1 Developmental venous malformation
2 Acute MCA infarction

3 Acute L-MCA infarction

4 Acute R-MCA infarction

5 Moyamoya disease, R-MCA infarction
6 Severe vascular stenosis

7 R- MCA aneurysm

8 Giant R-ICA aneurysm

9 Pre-stenting evaluation-acute infarction
10  Post-stenting evaluation-acute infarction
11 Primitive neuroectodermal tumour

12 Hemangioblastoma

13 Hemangioblastoma

14 Glioblastoma multiforme

15  Medulloblastoma

16  Astrocytoma

17 Meningioma

18  Metastasis

19 Metastasis

20 Metastasis

R: right, L: left, MCA: middle cerebral artery

nate system. By using the left and right
buttons of the mouse once, the user
marks the point of the diagonal cor-
ners of a square or rectangular shape
for specifying the region of interest
(ROI). In this study, AIF was measured
from the middle cerebral artery (MCA)
by both our homemade program and
a commercial program. The calculation
of AIF was done through all perfusion
images of the selected area. After the
selection of AIF region, the plot of that
area is shown on the graph with ROI
properties that show the total pixel
number and the size of the area in x
and y directions. This function can op-
erate in a continuous fashion so that
the user can choose the most suitable
AIF graph to study.

After selecting the AIF function, the
user must mark the borders of the brain
parenchyma in order to eliminate the
artifacts caused by the brain-bone in-
terface. This can be done by manually
drawing the contour of the brain paren-
chyma, regardless of the shape. Then,
that contour is copied onto the same
area on the other slices automatically,
rather than having to select each slice
individually.

After getting the inputs from all three
steps, the program is then ready for the
calculations. With a click of the ‘Start’
button, all results of the CBF, CBV, and
MTT for each selected slice are prepared
in a few minutes and the user can see the
percentage of the remaining calculations
by following the text field. Within the
program, there are different colormap
choices for the results. “Jet color map”,
which ranges from blue to red, and pass-
es through the colors cyan, yellow, and
orange, and uses 64 elements to display
wider bands of color was preferred in
this study to obtain comparable results
with the commercial program.

Mathematical values of any desired
rectangular or square area, in all color

Table 3. Summary table for all patients” total CBV, CBF and MTT maps’ comparison

according to field-definition evaluation

Comparison of field-definition (see Table 1)

Parameter (number of 1 2 3 4
patients)

CBV (20) 6 (%30) 4 (%20) 10 (%50) 0 (%0)
CBF (20) 3 (%15) 6 (%30) 9 (%45) 2 (%10)
MTT (20) 5 (%25) 9 (%45) 4 (%20) 2 (%10)
TOTAL (60) 14 (%23) 19 (%31) 23 (%38) 4 (%6)
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maps, can be obtained by region se-
lection as described above. The same
properties of the region in x and y di-
rection can be observed from the ROI
properties table as well. For compat-
ibility with other common programs,
results can be saved as other image
formats (JPEG, TIFF, or DICOM) in the
same directory as the patient images.

Evaluation of the maps

PW-MRI data of 20 patients were
processed by both our homemade
software and a commercially available
program, which has been used in daily
practice in our institute. Colormaps
thus obtained were evaluated visually
for each patient by two trained neu-
roradiologists, separately and then by
consensus. Two different properties
were rated by the reviewers: ‘field-defi-
nition’ for the identification of abnor-
malities, especially from the adjacent
parenchyma with normal perfusion,
and ‘artifacts’ at the bone and soft tis-
sue interfaces. For each of the two eval-
uation categories, the evaluators chose
from 1 to 4, as explained in Table 1.
For enhanced testing of our program’s
performance, patients with a variety of
diseases were studied.

Results

Studied patients included one with a
developmental venous anomaly, nine
with other vascular conditions such as
infarction, Moyamoya disease, vascu-
lar stenosis, post-stenting evaluation
with acute ischemic lesions, and ten
with neoplasms of the brain. Table 2
shows the pathological conditions or
reasons for studying the patients. The
evaluation results obtained by neuro-
radiologists are summarized in Table
3. As an example, all the results for all
three slices of one patient (patient 17)
are shown in Figure 2. Different exam-
ples from the results of both the home-
made and commercial software can be
compared in Figures 3-7.

While field definition was equally
good in 38% (n=23) of the patients, us-
ing both software programs, our home-
made software was superior in 23%
(n=14) of the cases and the commercial
software was better in 31% (n=19), for
all perfusion maps. In 6% (n=4) of the
results, both software programs were
not sufficient for delineation of abnor-
malites.

For the second criterion, elimination
of artifacts arising at the edges from

Arioz et al.



bone-brain interfaces, our homemade
software was 100% successful in every
case. Naturally, selection of the brain
parenchyma at the beginning of the
calculations contributed to this result.

Discussion

Perfusion is defined as the volume of
blood that passes through a mass of tis-
sue per unit of time. Cerebral perfusion
is the steady-state delivery of oxygen
and nutrients from blood to cerebral
tissue through the capillaries. Since
cerebral tissue can get its metabolic
needs via perfusion, determination of
the perfusion state of the tissue can
give an indirect measure of the meta-
bolic activity of that tissue. Physiologi-
cally, it must be in the range of 40-60
ml/100g/min for an adult brain (15).
Low perfusion might result in cellular
ischemia, and high perfusion might be
associated with hypervascular lesions
such as some tumors (9). Since the first
application of PW-MRI on MR, an in-
tense interest has been focused on vari-
ous diseases that can lead to change in
perfusion of the brain parenchyma, in
addition to acute stroke, in which tis-
sue at risk is identified (16). During this
period, the gold standard for perfusion
calculation remains positron emission
tomography (PET) (17). PET, however,
is available only at a limited number of
institutions and requires a prolonged
scanning period and repeated arterial
blood sampling (18). PW-MRI, due to
the wide availability of scanners, and
both the short acquisition times and
Figure 2. Patient 17. Giant parafalcine meningioma. All three slices for rCBV (top series), the high resolution that provides en-
rCBF (middle series), and MTT (bottom series) maps are seen. The mass has high blood hanced morphological data, has been
volume and moderate blood flow with a prolonged MTT. found to possess superior features in

Figure 3. a-c. Patient 1. Relative cerebral blood volume map of a patient with a giant developmental venous anomaly (DVA) associated with
cortical dysplasia. Transverse T2-weighted MR image (a) shows DVA and cortical dysplasia. rCBV map from homemade software (b) and rCBV
map from commercial software (c) are shown.
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Figure 4. a-c. Patient 12. Transverse post-contrast T1-weighted MR image shows a cystic mass with a mural-enhancing nodule at the medial
aspect of cerebellum (a). Corresponding rCBV and rCBF maps of the mass demonstrated with the homemade (b) and the commercial (c)
computer software. The maps from the homemade software show the mural nodule more clearly, and the artifacts at the brain parenchyma
and bone interface are reduced in the homemade software. The mass was diagnosed as hemangioblastoma histopathologically.

Figure 5. a-c. Patient 10 with a small ischemic area.

Trace image of diffusion-weighted MR imaging on the
left and apparent diffusion coefficient (ADC) map on
the right show the right frontal acute ischemic lesion
(a). Top (b) rCBV, rCBF, and MTT maps are from our
homemade software. Bottom (c) maps, in the same
order as above, are from the commercial software.
Although our program furnished valuable information
about the ischemic area, field definition was better in
the maps produced with the commercial program.
However, with respect to artifacts in the surrounding

area, the results of our product were better.

comparison to PET and SPECT in many
diseases (19).

There are commercially available
computer software programs for quali-
fication and relative quantification of
PW-MRI data. However, these products
are expensive and rigid, not allowing
modifications to be made according
to the special interests and needs of
physicians. As a result, there has been
a great deal of research on developing
homemade programs in this field (5, 6,
20). Although our software is simple to
operate by both MR technologists and
physicians, it still needs to have full
integrity with MR scanners. Neverthe-
less, flexibility to make changes based
on special needs, quick calculation of

the results, and the mathematical in-
formation of ROIs are its important
features.

In this study, we chose to assess the
criteria separately instead of giving the
total percentage values statistically. Ac-
cording to the field definition compar-
ison, successful results of our program
covered 61% (23% plus 38%) in total
and gave 23% better results. Moreover,
according to useful results and from the
view of applicable results, our program
gave 96% success (except 4% worse
results for both software programs) in
perfusion parameter mapping). For the
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second criterion, i.e., artifacts, our pro-
gram demonstrated superiority and a
great advantage over the commercial
one. In 100% of the results of the per-
fusion parameters, our program gave
clearer and more suitable results. Con-
sidering that radiological work depends
directly on image quality, this property
has an important impact on diagnosis
by radiologists.

In a previous study, we worked on
CBV, MTT, and time-to-peak (TTP) (7,
8). The drawbacks of that study was the
inability to define AIF, lack of CBF map-
ping, and working with a single slice.

Arioz et al.



Figure 6. a-c. Patient 14. Transverse post-contrast T1-weighted MR image (a) shows a right frontal glioblastoma multiforme. Corresponding
rCBV and rCBF maps of the mass obtained from the homemade software (b) and the commercial one (c). The results are quite comparable,
except that there are fewer artifacts in the homemade software.

Figure 7. a-c. Patient 18.
Transverse post-contrast T1-
weighted MR image shows a right
parietooccipital metastasis (a).
Top row (b) demonstrates the
homemade rCBV, rCBF, and MTT
maps, and bottom row (c) shows
the commercial software maps of
a lung metastasis. The mass shows
high rCBF, rCBV, and prolonged
MTT at the periphery. The results
were quite comparable, except
that the field definition in MTT
was inferior with the homemade
software.

In this current research, we developed
a program to overcome the disadvan-
tages encountered in our earlier study.
Although we present a three-slice-
evaluation report here, our program
has the ability to perform whole-brain
evaluation with little change, thanks
to its open source code.

Another challenge of our study was
to implement AIF. The necessity to
measure the signal response in the

Volume 11 ¢ Issue 4

arteries feeding the tissue of interest,
so as to differentiate arterial concen-

trations from tissue concentrations,
makes measurement of AIF inevitable.
Because a real sampling of the arterial
blood is not performed, estimation of
the concentration of contrast agent is
one of the most challenging issues of
PW-MRI studies. AIF signal must have
an intrinsic linear relation to the blood
gadolinium concentration and should

be measured with minimal dispersion
and delay compared to the input artery
immediately feeding the tissue of inter-
est. High signal-to-noise ratio, intrin-
sic signal linearity, accurate temporal
resolution, spatial resolution, no signal
aliasing, same scale as tissue curve, and
minimal dispersion and delay are some
requirements for determining the AIF.
Among the various AIF imaging meth-
ods studied, each has advantages and
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some disadvantages. The ability to spa-
tially resolve the arterial lumen is im-
proved using larger arteries such as the
internal carotid artery (ICA) or the mid-
dle cerebral artery (MCA). However, an
AIF sampled in a smaller artery would
have less dispersion and delay (21).

Another issue with PW-MRI is that
it gives the relative amounts of blood
volume and blood flow. Examining
cerebral tissue without disease at the
corresponding location of the opposite
hemisphere can give an idea about the
relative measures of these parameters.
In this study, we did not measure the
ratios of these values because we did
not aim to explain what changes in
perfusion state of the tissue occur in
diseases, but only focused on the feasi-
bility of our homemade software.

A graphic easy-to-use interface that
precisely instructs the user while the
program is running has been developed
for our software. This is important be-
cause physicians who handle PW-MRI
data analysis may be unavailable at the
time of immediate evaluation of the
data following acquisition. Therefore,
anyone who is familiar with a personal
computer (PC) can analyze the data.

Decreased susceptibility to subjective
threshold settings and standardization
of the colors of perfusion maps with
already established specific colormaps
are other advantages of our program
for PW-MRI data analysis. As explained
previously in the Methods section,
users are directed step by step by text
messages throughout the post-process-
ing procedure. This provides for less
training time and quick adaptation of
the users to the program.

In this study, evaluation of the arti-
facts at the brain parenchyma and bone
interface revealed that the homemade
software greatly eliminated much of
the artifacts and resulted in clearer im-
ages in all cases. Our program’s ability
to manually define the brain contours
has exploited this property.

The main limitation of our software
is that it still needs to be completely
integrated with the MR scanner. The
need to transfer MR images to another

computer medium relatively limits its
use and increases the time between
the data acquisition and the resultant
maps. However, once transferred to
a PC next to the scanner or a remote
location, the total time for analysis of
three slices is approximately three min-
utes, which is no longer than needed
by the commercial software.

In conclusion, our homemade pro-
gram is a user friendly one that yields
comparable results with those of a
commonly used commercial one. We
believe our program should be tested
with different categories of diseases on a
larger patient population. Those results
should then be compared to the results
obtained with other commercial soft-
ware programs to validate our program
more clearly.
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