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ABSTRACT

In clinical research on diagnosis and evaluation of brain tumors, longitudinal perfusion MRI studies are acquired
for tumor grading as well as to monitor and assess treatment response and patient prognosis. Within this work, we
demonstrate how visual analysis techniques can be adapted to multidimensional datasets from such studies within
a framework to support the computer-aided diagnosis of brain tumors. Our solution builds on two innovations:
First, we introduce a pipeline yielding comparative, co-registered quantitative perfusion parameter maps over
all time steps of the longitudinal study. Second, based on these time-dependent parameter maps, visual analysis
methods were developed and adapted to reveal valuable insight into tumor progression, especially regarding
the clinical research area of low grade glioma transformation into high grade gliomas. Our examination of four
longitudinal brain studies demonstrates the suitability of the presented visual analysis methods and comprises
new possibilities for the clinical researcher to characterize the development of low grade gliomas.
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1. INTRODUCTION

Magnetic resonance imaging (MRI) is used for evaluating brain tumors due to its high soft-tissue contrast.
In addition to morphologic aspects represented by conventional MRI, dynamic susceptibility contrast (DSC)
perfusion imaging enables the characterization of dynamic aspects, in particular the cerebral microvasculature
that is represented by the quantitative perfusion parameter relative cerebral blood volume (rCBV), see Figure 1.
DSC-MRI, in combination with conventional MRI, is a good presurgical indicator for glioma grade and may
identify the most malignant parts of a tumor for guiding stereotactic biopsy as well as to monitor and assess
treatment response and patient prognosis. Gliomas — tumors with a glial cell origin — are the most common
primary brain tumors, varying histopathologically from low grade gliomas (LGGs) to high grade gliomas (HGGs).

Grading of gliomas and thus the differentiation between LGGs and HGGs plays an important role for treat-
ment planning and patient outcome.! Further, LGGs may transform into HGGs at some point in time, and
an early detection of such a transformation is of significant clinical importance. If a surgical removal or radi-
ation treatment is not possible, e.g., due to the tumor’s location or patient’s request, patients with LGGs are
commonly subject to a life-long MRI monitoring. Here, the clinical research focus lies on the detection of LGG
transformation in longitudinal brain data acquired over several years.

Since tumor growth depends on angiogenesis, i.e., the formation of new vessels and/or the sprouting of
existing vessels, the increased cerebral microvasculature yields elevated rCBV values. Evaluation of rCBYV is a
clinical research focus. It is an important indicator for a patient’s survival and gliomas with high rCBV values
have a significantly faster progression time.? Since HGGs have in general foci of higher rCBV values, and rCBV
correlates with the tumor grade, rCBV is also employed for differentiation between LGGs and HGGs.2 4

For longitudinal studies, rCBV maps of different acquisitions have to be compared, which is a complex and
exploratory analysis task, due to the absence of standardized intensity values and the high variability of MRI
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scanners and patient data. As one challenge, intervoxel correspondence has to be established between scans
of different time steps. This is further complicated by tumor growth and increasing tumor heterogeneity. At
last, MRI scans from longitudinal studies are acquired over a period of several years and thus employ different
scanning protocols, image resolutions, and sequence parameters. This is in contrast to cohort studies, e.g., the
SHIP study,® where many patients are examined in a short time period and extra care is taken to avoid image
parameter changes. Currently, longitudinal studies are assessed with software intended for the diagnosis of a
patient at one point in time. Hence, no dedicated support for longitudinal studies, i.e., normalization of image
data and visual comparison of data from different points in time, is provided.

In this paper, we present a visual analysis approach for the investigation of longitudinal brain tumor perfusion
studies within a clinical research scenario. The approach comprises a preprocessing pipeline and the visual
analysis framework for the computer-aided evaluation of longitudinal brain tumors. The framework also includes
a new 3D parallel coordinates plot that provides a complete overview of all rCBV values at all time steps and

allows for fast detection of trends.
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Figure 1. MRI slices with a tumor (see arrow). For a single voxel (see arrowhead) of the DSC-MRI data, the time-intensity
curve is extracted and converted into the concentration-time curve (see diagrams). From the concentration-time curve,
the parameter CBV is extracted, yielding a CBV map (low values are mapped to blue, high values to red). Note the
varying data size, orientation, and image resolution.

2. RELATED WORK

Basic visualization techniques for exploring tumor perfusion data were presented by Behrens et al.,® including
color-coded parameter maps. Covarrubias et al.! employ rCBV parameter maps to specify ROIs with high
rCBV values (also called hot spots), indicating tumor growth and malignancy. Wetzel et al.” analyze different
methods for creating a representative ROI regarding intra- and interobserver reproducibility, but a gold standard
for a cut-off value between LGGs and HGGs of a ROI's average rCBV value is still missing.® Covarrubias et
al.l suggest an rCBV value of 1.5 ml / 100 g and Law et al.* 1.75 mil / 100 g as cut-off value. These
cut-off values are reported to have high sensitivity but low specificity by Emblem et al.®> They suggest cut-
off values between 3.75 — 5.58 ml / 100 g after minimizing the number of glioma grade misclassifications and
maximizing the average sensitivity and specificity. Furthermore, Emblem et al. present a histogram analysis of
rCBYV heterogeneity leading to increased diagnostic accuracy and interobserver agreement. Lupo et al.” extract
the spatial heterogeneity of a brain tumor’s concentration-time curves to further distinguish microvasculature
characteristics.

For scientific visualizations, a 3D parallel coordinates plot has been presented by Wegenkittl et al.'® The
WEAVE system!! links scientific visualizations with multidimensional statistical representations by brushing
facilities applied to scatter plots. The SimVis framework'? extends this work, and was adapted to the visual
exploration of perfusion data by Oeltze et al.'?> Oeltze et al.'* also analyzed longitudinal ischemic stroke cerebral
perfusion data. Kohle et al.'® introduced an adapted volume rendering of breast MRI data that emphasizes
suspicious regions with an appropriate color scheme. Coto et al.'® present a multidimensional view system
with scatter plot-based selections for visual exploration of breast perfusion data, where cutaway views reveal the
suspicious breast tumor in its surrounding. Botha et al.!” present a system for analyzing and exploring medical
multi-field data and integrate techniques from pattern analysis to enhance the data exploration process. For
visual analysis of breast perfusion data regarding perfusion characteristics and tumor heterogeneity, Glafler et
al.18 and Preim et al.!® applied glyphs and region merging.



In clinical research regarding neurological impairments, longitudinal studies are becoming a standard ele-
ment.?° So far, visual analysis has seen limited use in medical research, although in many applications the
magnitude and heterogeneity of the data would strongly benefit from these methods. Steenwijk et al.2! apply
visual analysis techniques to cohort study image data to explore parameters across patients. In general, there
is a wide variety of visual analysis techniques for evaluating single perfusion studies. However, specific sup-
port for longitudinal studies is needed for the comparison of different points in time — taking into account that
imaging parameters may have changed. We want to investigate the applicability of visual analysis techniques
to longitudinal perfusion brain studies and investigate rCBV development as well as local tumor heterogeneity
approximated with the correlation of rCBV and relative cerebral blood flow (rCBF).?2

3. APPLICATION SCENARIO AND IMAGE DATA

This section introduces clinical research questions regarding LGGs, their development, and the image data for
which the visual analysis techniques were developed.

3.1 Clinical Research Questions

The comparison of rCBV maps is the most important question of our clinical partners. As a prerequisite,
preprocessing has to be carried out to incorporate rCBV maps from different perfusion scans. Since LGG
transformation relates to increased tumor heterogeneity, the evaluation of the tumor’s heterogeneity based on
quantitative perfusion parameters is another task. Tumor transformation is also related to tumor growth, which
should be visualized. In summary, there are four clinical research question and a last question covering our
application that consists of the problem-solving components:

1. How can a comparative rCBV evaluation be achieved for a longitudinal brain perfusion study?
2. When does the LGG transformation start based on the evaluation of rCBV maps?

3. How is the tumor’s heterogeneity characterized in terms of local rCBV and rCBF correlation?
4. How does the tumor grow and develop during the longitudinal study?

5. How can visual exploration and analysis of longitudinal studies be carried out?

3.2 Image Data

Our case study consists of a selection of four patients fulfilling two special conditions: First, each patient had a
confirmed diagnosis of an inoperable grade II glioma, i.e., an LGG, and was thus monitored over several years.
Second, during this time period, a transformation into an HGG took place. We evaluated the brain MRI data
of these four patients resulting in four longitudinal studies L; — L4. For each study, up to five MRI protocols
including perfusion DSC-MRI sequences, T1 pre- and post-contrast, T2, and Fluid Attenuated Inversion Recovery
(FLAIR) MRI were acquired. Typical sequence parameters for the DSC-MRI perfusion studies are gradient-echo
echo planar imaging (GRE-EPI) with a temporal resolution TR = 1.4—1.72 s, echo time TE = 30—52 ms, image
matrix = 128 x 128, slice thickness = 6.5 mm, in-plane resolution = 1.8 mm x1.8 mm, number of slices = 12—19,
number of acquisitions = 50 — 75, and a total acquisition time ranging from 73 s to 119 s.

For each study, the point in time of the LGG transformation was estimated by an experienced radiologist.
The estimation is based on all MRI protocols — instead of the single perfusion scan — of all time steps for
each study. L; was acquired over almost three years at four time steps t; — ¢4 for monitoring of an LGG. The
transformation into an HGG started between ¢ and t5. The patient of study L, underwent surgical intervention
and the remaining LGG was monitored for four years. MRI data was acquired at five time steps and the LGG
transformation started between t3 and t4. L3 contains an oligodendroglioma, a glioma type exhibiting foci of
high CBV values irrespective of the tumor grade.?> MRI scans have been acquired at four time steps during
two and a half years. The transformation started between t3 and t4. L4 has been acquired at five time steps to
supervise an LGG over a time period of three and a half years. The transformation into an HGG started after t3.



4. VISUAL ANALYSIS OF LONGITUDINAL BRAIN TUMORS

Our computer-aided diagnosis of longitudinal brain tumor studies includes two innovations: a preprocessing
pipeline for the MRI perfusion scans and the framework containing the adapted visual analysis techniques.

4.1 Preprocessing Pipeline

Our preprocessing pipeline facilitates the comparison of a longitudinal study’s different perfusion datasets (with
possibly different image parameters) and comprises five steps, which are described in the following.

4.1.1 Co-registration of Perfusion Datasets

Motion artifacts in brain perfusion imaging typically result from patient movement. With the skull as static
reference object, rigid registration algorithms allow for co-registration of brain perfusion data. We co-registered
each study’s perfusion DSC-MRI datasets to the study’s DSC-MRI dataset acquired last in time with Rview
(rview.colin-studholme.net), employing a rigid registration algorithm.?* Thus, a concurrent analysis of all per-
fusion scans is supported.

4.1.2 Extraction of CBV and CBF maps

To assess CBV and cerebral blood flow (CBF), the distribution of the contrast agent is analyzed. The contrast en-
hancement results in time-intensity curves for each voxel (see Fig. 1). We employ the software package nordicICE
(NordicNeuroLab, www.nordicneurolab.com) to transform these curves into concentration-time curves, applying
the regularized singular value decomposition for deconvolution.?® The arterial input function was extracted from
the arteria cerebri media.?® Contrast agent leakage correction was carried out due to possible contrast agent
extravasation in regions of blood-brain-barrier disruption,?” caused by the tumor. CBV is approximated as the
area under the concentration-time curve and defined as the total volume of blood traversing a given region of the
brain, measured in ml of blood per 100 grams of brain tissue. CBF is defined as the volume of blood traversing
a given region of brain per unit time, measured in milliliters of blood per 100 grams of brain tissue per minute.
Although in ischemic stroke diagnosis, CBF is thoroughly analyzed, the role of this parameter in brain tumor
diagnosis has not been as extensively studied as CBV.! We investigate the correlation between CBF and CBV
for tumor heterogeneity evaluation. While a small decrease in CBF is expected as a consequence of normal
aging in a longitudinal study, the transformation from LGG to HGG is expected to involve significant stronger
changes. However, a gold standard for CBF and CBV evaluation seems hard to establish, due to different imaging
modalities, age, and gender.®

4.1.3 Normalization of CBV and CBF maps

For comparison of CBV and CBF values from DSC-MRI scans, normalization has to be carried out. We employ
the general approach, where CBV and CBF maps are normalized with the averaged white matter’s values of
the contralateral side,” yielding relative CBV (rCBV) and relative CBF (rCBF) values. Visual inspection and
ROI placement are realized with MeVisLab (www.mevislab.de), a platform for medical image processing and
visualization.

4.1.4 Exclusion of Vessels and Adapted Smoothing

Next, vessels were excluded from the rCBV and rCBF maps, since brain vessels exhibit higher values than the
surrounding tissue. They can be identified and removed based on the earlier and stronger contrast enhancement
in the DSC-MRI data. We extracted a vessel mask with nordicICE based on the cluster analysis of the estimated
perfusion-related parameters to separate vessels (both arteries and veins) from other tissue. For each rCBV and
rCBF map the corresponding vessel mask is applied. Afterwards, a 3 x 3 modified average filter is applied to
smooth the data as well as to reduce holes caused by the vessel mask. This filter empirically accounts best for
rCBV changes due to noise or subtle artifacts. The modified filter only averages over non-vessel voxels in the
3 x 3 neighborhood of the current filter kernel. Hence, outliers, i.e., isolated voxels with rCBV values higher
than a certain threshold, are removed. We employed the .995 quantile of each rCBV map as cut-off value.



4.1.5 Extraction of Tumor Masks

In a last step, a tumor mask for each of the perfusion datasets was created. Hence, the T2 and FLAIR images
were co-registered to the perfusion datasets acquired at the same point in time of the studies with Rview. Next,
binary tumor masks based on hyperintense areas in T2 and FLAIR data for each study’s time step were extracted
and applied to the rCBV maps. Tumor mask creation was manually carried out and validated by an experienced
radiologist.

4.2 A Framework for Visual Analysis of Longitudinal Brain Tumors

Based on the preprocessed longitudinal scans, we developed a framework for the longitudinal evaluation of brain
perfusion data. The framework contains color-coded 2D and 3D visualizations, a local heterogeneity map, and
a parallel coordinates plot view.

4.2.1 Direct 2D and 3D Visualizations

The 2D and 3D visualizations directly map each voxel’s rCBV value to color and are explained in more detail
below.

2D rCBV Maps. For direct rCBV extraction, a standard 2D slice view of the brain tumor with voxelwise
rCBYV is presented. All tumor slices of a study’s scans are provided. We apply a modified rainbow color scale
from blue to red, see Figure 2, based on the color scale suggested by Wetzel et al.” Red highlights critical rCBV
values (values > 5), and suspicious rCBV values greater than 1 are mapped to cyan. Although rainbow color
scales do in general lack an intuitive visual interpretation of the data’s order, they support visual clustering.
Hence, regions with mostly red colors (and thus high rCBV values) or blue regions can be observed. Based on
the rCBV maps a selection of voxels, — the rCBYV threshold selection — can be defined. This selection consists of
all voxels with an rCBV value greater than a user-defined threshold and can be combined with all other views.

0

Figure 2. 2D rCBV maps of all slices (horizontally aligned) of study L, for all four time steps (vertically aligned) of the
study. At t; and t4, the tumor is covered by four and six slices, respectively. Note the hot spot with high rCBV values
(arrow). The encircled regions exhibit lower rCBV values.

3D Overview. The 3D overview provides a direct volume rendering applying the same color scale (see Fig. 2)
for highlighting tumor voxels. A linear opacity transfer function assigns a-values of 0.2 to low rCBV values
<1 and a = 1 to rCBV values > 5. The brain (extracted from the perfusion dataset with thresholding) is
displayed as isosurface context object and the tumor is revealed by cutting the isosurface, see Figure 3. The 3D
overview visualizes the tumor’s progression as well as its spatial localization in the brain. However, only limited
information about a tumor’s malignancy can be provided, since no exact quantification of rCBV hot spots is
possible. The 3D overview reveals the spatial variability of rCBV hot spots. They may occur at slightly different
positions across all scans of a longitudinal study due to tumor growth (see Fig. 3).



Figure 3. 3D view of tumor growth of L, at ¢1 (left), t2 (center), and ¢3 (right). The brain is depicted as context object
and the tumor is emphasized with a cut-out technique.

4.2.2 Visual Analysis of Local Tumor Heterogeneity

In clinical research, tumor growth and malignancy are associated with increased tumor heterogeneity due to
necrosis mainly in the tumor center. Also, some neoangiogenetic tumor parts are expected to exhibit increased
heterogeneity. For an assessment of local heterogeneity, approximated as correlation of rCBV and rCBF, we
extract the local correlation coefficient (LCC) measure.?® An important property of LCC is the independence
of scaling of the data value range. Thus, the LCC maps are independent of rCBV and rCBF normalization
factors, which had been used to normalize CBV and CBF maps. We apply LCC to the preprocessed rCBV and
rCBF parameter maps, yielding a color-coded 2D LCC parameter map, see Figure 4. LCC values of 1 indicate
an increasing linear relationship. Values = 0 illustrate a missing linear dependency. We apply a heat color map
from dark red to bright orange to map increasing values of LCC.

LCC

Figure 4. LCC parameter maps of L;. Heterogeneous areas are mapped to dark red. The encircled regions at time steps
ts and t4 exhibit low rCBV values, see Figure 2.

4.2.3 The rCBYV Profile Parallel Coordinates Plot

A parallel coordinates plot allows for the exploration of multivariate data, where each axis presents a data
dimension. We adapt the parallel coordinates plot as follows: For each voxel, the rCBV values over time (i.e.,
the scans at different time steps of a study) are extracted, yielding rCBV curves. In Figure 5, the rCBV profile
view of L; is presented (the same color scale is applied, recall Fig. 2). According to discussions with our clinical
partners, the rCBV changes, i.e., the voxel’s rCBV differences between two subsequent time steps were of great
interest resulting in the rCBV change profile view, see Fig. 5. Hence, shadows support depth perception, and
the rainbow color scale’s hue changes support the differentiation between rCBV values. The data’s order can
be easily inferred from the curves’ height. In addition, height lines support direct quantitative rCBV or rCBV
change extraction, whereas curve differentiation is supported by contour lines and Fresnel shading.

To obtain groups of similar curves, we tested different strategies to sort the curves. We empirically determined
the best result (i.e., the lowest amount of occlusions of curves in the background and the easiest detection of
trends) with a sorting based on the squared differences of each rCBV change curve’s integral. The order is
applied to both rCBV profile views. Tumors with larger extents and thus a larger amount of voxels yield a
higher number of rCBV change curves, which may lead to visual clutter. To reduce the curve number, the user
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Figure 5. The rCBV profile view (left) with all voxels’ rCBV curves. The rCBV values are color-coded (a) and height
lines support direct measurement (b). Differentiation of curves is supported by dark contour lines (c), with Fresnel
shading attached to (d). The rCBV change profile view presents the rCBV parameter curves’ differences (right). Thus,
all differences are mapped to zero for t;.

can apply the rCBV threshold selection, and only curves that have at least one rCBV value greater than this
threshold are included. In addition, the rCBV profile views allow for the rCBV curve index selection. Hence,
all voxels with a corresponding curve index inside the selected range of curve indices are combined. The curve
indices are sorted depending on the rCBV profile view. Although the rCBYV profile views allow for simultaneous
display of all voxels’” rCBV changes, the spatial connectivity of the voxels is lost, as the voxels’ order purely
depends on the rCBV curves, and not on their spatial position.

4.3 Combination of Visual Analysis Techniques

The presented techniques can be combined via the rCBV threshold selection and the rCBV curve index selection.
Then, a tumor voxel is only mapped to color or represented as curve when it is part of all chosen selections.
Furthermore, the 2D views can be combined with lenses to allow for simultaneous evaluation of rCBV and LCC
values.

5. EVALUATION

In this section, the studies I, — L4 were discussed with two physicians regarding the clinical research questions
(recall Sec. 3).

5.1 How can a comparative rCBYV evaluation be achieved?

With the presented pipeline, a concurrent evaluation of each study’s perfusion scans can be achieved. User
interaction is only necessary during ROI placement in the contralateral healthy brain tissue. The pipeline can
be applied to all brain DSC-MRI datasets independent of MRI scanner or specific scanning protocol parameters.
Also, distortion of a ROI’s rCBV values due to vessel voxels is prevented.

5.2 When does the LGG transformation start based on the evaluation of rCBV maps?

In general, rCBV maps are evaluated with the hot spot method. If the hot spot’s average rCBV value is greater
than a certain threshold, e.g., > 1.5,! the tumor is expected to be an HGG. The transformation of the LGG
of L; started between t; and t3, since a hot spot occurs at to with an average rCBV value > 1.5. The patient
of Ly was monitored after surgical intervention. In Figure 6(a), the development of the recurrent LGG can be
observed: First, there is a lesion dominated by radiation necrosis and low rCBV values. Next, the rCBV view
at t4 reveals some rCBV hot spots, whereas at t5 increased extents of hot spots with higher rCBV are visible.
The reported rCBV differences of oligodendrogliomas in comparison to other brain gliomas is reflected by Lg,
since foci with high rCBV values do occur at all time steps (see Fig. 6(e)). Study L4 comprises an LGG, whereas
between t3 and t4 more hot spots with increased rCBV values occur, (see Fig. 6(i)). However, in clinical research,
it is not always clear at which extent and number of hot spots and which threshold of rCBV a glioma is graded
as HGG.134 Furthermore, the normalization of rCBV with a possibly too low or too high normalization factor
(extracted on the contralateral brain side) could strongly hamper this analysis and ROI placement suffers from
interobserver variability.” These limitations also hold for our parameter maps.



5.3 How is the tumor’s heterogeneity characterized in terms of local rCBV and rCBF
correlation?

To support stereotactic biopsy, the most malignant tumor parts have to be determined. These parts are charac-
terized by areas with increased angiogenesis and therefore with highest rCBV values. Furthermore, our clinical
research partners presumed increased heterogeneity and thus uncorrelated rCBV and rCBF values for these
parts. The LCC maps of Ly are presented in Figure 4 and of Ly-L, in Figure 6. Hence, also the combination of
LCC maps and rCBV maps via lenses is demonstrated. Two facts can be observed: First, with increased tumor
growth, heterogeneous areas in the tumor center become visible, which may be caused by necrotic areas. Second,
at the tumor’s boundary, uncorrelated areas of rCBV and rCBF exist. During tumor growth, necrotic areas in
the tumor center show up with typical low rCBV values, see the encircled regions in Figures 2 and 4. Necrotic
tumor parts typically exhibit low rCBV values. For stereotactic biopsy, these parts should be explicitly spared.
In contrast, areas with high rCBV and high heterogeneity in terms of LCC should be aimed at. These areas can
be defined by applying an rCBV selection first. Next, a ROI is set in the remaining rCBV map (see Fig. 6(c)).
Another finding of the LCC maps is the lack of relationship between LGG transformation and the amount of
LCC approximated heterogeneity.

5.4 How does the tumor grow and develop?

For a qualitative overview of tumor growth, the 3D view is provided (see Fig. 3, Fig. 6(d)(h)(1)). Hence, no
quantitative evaluation is possible. Quantitative information is provided in the 2D parameter maps and the rCBV
profile views. Furthermore, the rCBV profile views provide a fast overview of significantly changing rCBV values
and thus a possible LGG transformation. This relationship is illustrated in Figure 6(m)-(o), where the rCBV
values and the rCBV changes of L4 suddenly increase after t3, matching the estimated transformation point in
time. Due to the large tumor extent of Lg, a reduction of the number of curves is necessary, see Figure 6(p)-(r).
Still, no rapid rCBV value increase can be observed due to the oligodendroglioma type.

5.5 How can visual exploration and analysis of longitudinal studies be carried out?

A possible user scenario is carried out in the following way: First, the preprocessing pipeline provides co-
registered rCBV parameter maps. Now, the clinical researcher starts with the spatial 3D cut-out view for a first
overview. Next, the datasets are analyzed in the rCBV profile curve view and the 2D rCBV maps. Hence, the
transformation time step can be estimated by examining the rCBV curves, the rCBV change curves, or scalar
values of rCBV. The analysis involves combinations of the rCBV threshold selection and the rCBV curve index
selection (see Figures 6((c),(g),(k), and (0)) to determine the most malignant tumor part for tumor grading or
stereotactic biopsy.

In summary, for all tumors but the oligodendroglioma of Ls, the transformation time step (which initially
was estimated also based on structural MRI sequences) could be approximated with the application employing
only the perfusion datasets (recall Sec. 3.2).

6. CONCLUSION

We presented an application for the evaluation of longitudinal brain perfusion studies focusing on the development
of LGGs within the context of clinical research. A preprocessing pipeline enables the simultaneous evaluation of
tumor localization, size and rCBYV wvalues of all perfusion scans. The visual analysis techniques include linked 2D
parameter maps, a 3D overview and the new 3D rCBYV profile view that represents all rCBV values of all voxels
at all time steps. Once the user examined the LGGs temporal development and the point in time of a starting
LGG transformation, the analysis can be restricted to foci with high rCBV values and local tumor heterogeneity.
Combination of the different views as well as selecting a set of voxels which may represent the most malignant
tumor part is carried out with lenses in the 2D views, the rCBV threshold selection, and the rCBV curve index
selection. The resulting voxel set can be used for ROI placement for tumor grading or stereotactic biopsy.

Without our application, a clinician would have to mentally integrate scans of the same study acquired at
earlier time steps to evaluate the LGG progression. In addition, the application prevents vessel voxels to be inte-
grated in ROIs and thus avoids distortions of rCBV averaging. Our clinical partners do especially like the rCBV



change profile view depicting each voxel’s rCBV changes, due to their ability to visualize the temporal develop-
ment. Hence, the tumor changes are analyzed for a retrospective evaluation. However, with the heterogeneity
analysis based on the LCC, additional information is provided to guide a stereotactic biopsy.

Our framework is a prototype application for clinical research and may be adapted to longitudinal studies of
breast and prostate tumors, where perfusion data is acquired for diagnosis and treatment monitoring. Due to
the growing number of longitudinal medical image data and the general need of comparison of sequenced image
data, e.g., cohort study data, we expect an increasing demand for visual exploration and analysis of this kind of
medical data.
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Figure 6. Presentation of the visual analysis techniques applied to La-Ls4. To improve readability, the first and the last
2 tumor slices of Ly and L3 are not presented. In (a), (e) and (i) the rCBV maps with corresponding LCC maps in (b),
(f), and (j) are depicted. In (d), (h), and (1), the 3D overviews are presented.

The combination of (a) and (b) via a lens for a selected slice (marked with *) is depicted in (c), revealing a hot spot
with increased local heterogeneity at the tumor’s boundary. In (a) and (d), increased rCBV values and larger hot spots
(marked with arrows) at t4 and ¢5 are revealed. In (g), the combination of (e) and (f) via a lens for a selected slice
(marked with *) is depicted, revealing a hot spot with increased local heterogeneity in the tumor’s center. In (¢) and (g),
the rCBV threshold selection (rCBV threshold = 1.5) is applied, mapping lower rCBV values to gray. In (k), the rCBV
curve index selection is applied to the slices marked with * in (i). Only the voxels, which were selected in the rCBV
profile view in (0), are mapped to color. The region marked with an arrow exhibits only moderate rCBV, but these voxels
belong to the selected curve indices. Thus, this tumor part may be one of the most malignant parts, since these voxels
correspond to rCBV curves with the highest curve indices, i.e., the highest integrals. The rCBV profile view (m) and the
rCBV change profile view (n) reveal increased rCBV values and changes, marked with arrows, after ¢t3 — matching the
estimated transformation starting time. In (o), an rCBV curve index selection is carried out by applying the selection
plane (see arrows) such that from the 600 rCBV curves with highest integral 300 curves are selected. The selection is
then applied to all other views, see the rCBV map in (k).



