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Figure 1: One slice of an anatomical scan of a patella (a) and the corresponding T2 map (b) of articular cartilage investigated with Profile
Flags (c).

A BSTRACT

Graphics—Applications; J.3 [Computer Applications]: Life and
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This paper describes a tool for the visualization of T2 maps of knee
cartilage. Given the anatomical scan and the T2 map of the cartilage,
we combine the information on the shape and the quality of the cartilage in a single image. The Profile Flag is an intuitive 3D glyph
for probing and annotating of the underlying data. It comprises a
bulletin board pin-like shape with a small flag on top of it. While
moving the glyph along the reconstructed surface of an object, the
curve data measured along the pin’s needle and in its neighborhood
are shown on the flag. The application area of the Profile Flag is
manifold, enabling the visualization of profile data of dense but inhomogeneous objects. Furthermore, it extracts the essential part of
the data without removing or even reducing the context information. By sticking Profile Flags into the investigated structure, one
or more significant locations can be annotated by showing the local characteristics of the data at that locations. In this paper we are
demonstrating the properties of the tool by visualizing T2 maps of
knee cartilage.
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I NTRODUCTION AND M EDICAL BACKGROUND

The surfaces of knee joints are covered by a tissue with a complex
structure, called articular cartilage. Among the functions of the
cartilage are distribution of weight, frictionless motion and shock
absorption. Damage to the cartilage can be either post-traumatic
or degenerative, both may lead to osteoarthritis. In osteoarthritis,
softening of the cartilage is observed, causing the tissue to be less
resistant to load bearing. Ulceration and thinning of the cartilage
occurs in the next stage of osteoarthritis, leading to exposure of the
bear bone in the course of several years. Clinically, this is accompanied by pain, stiffness and progressive loss of function. Research to
find treatments to stop or even reverse these degenerative changes
are well in progress. Essential to a treatment at an early stage of
osteoarthritis is early detection of cartilage degeneration [4, 8, 5].
Important factors in the characterization of cartilage degeneration are thickness of the tissue layer and tissue quality, the latter
represented in water-content or T2 values. Both are important for a
quantitative and qualitative measurement, respectively, thus, allowing for follow up to the disease progression and to the response to
treatment. Since the cartilage is only a few millimeters thick, an accurate measurement of the thickness and of the quality of the tissue
is necessary for the early determination of a joint’s degeneration. A
change in cartilage thickness and its quality indicates the state of
the disease and can be used, e.g., for the estimation of the progress
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Figure 2: T2 map of the articular cartilage with three T2 profiles
(white lines). Notice their perpendicular alignment to the underlying
subchondral bone.

of osteoarthritis, or for the evaluation of the response to therapies.
Current MR cartilage-imaging techniques allow a detailed examination of the joint cartilage, including both thickness and quality of
the tissue. In general, two types of MR sequences are used: a highresolution anatomical scan (e.g., a 3D water suppressed sequence
or proton density weighted sequence) and a T2 map, representing
the tissue quality. The computation of T2 maps from spin-echo images is discussed in section 3.1. Figures 1(a) and (b) show one slice
of the anatomical scan and the T2 map of the patellar cartilage, respectively. While the anatomical scan gives the information about
the shape and thickness of the cartilage, in T2 maps the radiologists are searching for disruptions of typical T2 patterns. Therefore,
these two scans are usually studied on two linked screens in a sliceby-slice manner or by multi-planar reconstruction for radiological
assessment. This considerably reduces the spatial perception and
prolongs the examination time. A 3D representation of the cartilage anatomy is a valuable tool for radiologists, giving added 3D
information for a better localization of lesions. For a better communication with the orthopedists diagnostic information is illustrated
in one single image with anatomic correlation. This allows an easy
access to this information, for example during surgical procedures.
Integration of qualitative information as provided by the T2 map
into the 3D representation makes a tool like this even more valuable.
Our approach deals with combining the anatomical information
with the quality information of the cartilage. Although the knee is
fixed during the acquisition, these two sequences have to be registered by an affine transformation. It is based on local correlations [19] to compensate slight patient’s movements. Then, the
surface of the articular cartilage is reconstructed from the highresolution anatomical scan. In order to obtain the T2 map limited to
the interior of the cartilage, the previously computed segmentation
mask is applied to the T2 map.
Recently, the spatial distribution of the T2 relaxation times
within the cartilage has been widely discussed in medical literature [13, 14, 18, 12]. For the validation of the quality of the cartilage by means of disruptions in the T2 map, so called T2 profiles
are calculated. A T2 profile is the curve of varying T2 values along
a line that is perpendicular to the subchondral bone and ends at
the surface of the cartilage (see figure 2). For healthy cartilage the
T2 profiles have a typical characteristic shape. This is due to the
fact that for healthy cartilage the T2 values are arranged in layers
parallel to the subchondral bone. The T2 profiles in lesion areas
significantly deviate from these characteristic shapes. Multiple T2
profiles can be generated in order to obtain local characteristics for
comparison of different regions of the cartilage and comparison between specimens. Since several factors, e.g., the age or the physical

proportions of the patients, are significant for the thickness and the
T2 relaxation times, a normalized profile can be computed. It yields
the T2 times for the normalized distances between the subchondral
surface (distance 0.0) and the articular surface (distance 1.0). This
enables a comparison of spatial variation of two profiles with different lengths.
The main contribution of this paper is the introduction of the
Profile Flag, a novel user interface for investigating T2 maps (see
figure 1(c)). This glyph enables probing of the T2 maps within the
articular cartilage. It provides information about the thickness as
well as the quality of the cartilage. The Profile Flag improves on
two ineffective steps in the workflow of articular cartilage inspection in clinical practice. Firstly, by browsing the T2 profiles on a
reconstructed surface of the cartilage, the radiologist does not need
to switch between two screens in order to observe both, the thickness changes and the quality within the cartilage. Moreover, by
using multiple Profile Flags, the disruptions in the structure of the
T2 map and, thus the deviation from a ”healthy” profile can be visualized in an intuitive way. Secondly, the commonly used procedure of communication between the radiologist and the orthopedist
involves marking and printing out all slices including the identified lesion. Using the Profile Flag, the investigating radiologist can
simply annotate the affected regions on a reconstructed surface by
showing the local characteristics of the cartilage in one single image.
The paper is structured as follows. Related work on volumetric data interaction and annotation is reviewed in section 2. Then,
the necessary environment for the visualization of the T2 maps are
sketched in chapter 3. In the central section 4 of the paper, we discuss the different setups of the Profile Flag. Results are shown in
section 5. In chapter 6 we discuss possible extensions to the Profile
Flag. Finally, we summarize and conclude the work in section 7.
2

R ELATED W ORK

There is a large body of work discussing the annotation of volumetric data. Every feature can be annotated by a rectangular caption, which is located outside the volume in image space. Each
caption is assigned to one pre-defined feature in the data. Usually,
the main issue of papers from this track is the arrangement of the
rectangles with the purpose of avoiding overlap in image space [6].
Bell et al. [2] address the above mentioned issues in a virtual 3D environment. Several groups are discussing glyphs with picking and
manipulating capabilities in virtual environments [17].
Recently, the use of advanced interaction tools is gaining popularity beyond what is already available in medical workstations. Besides the commonly used cutting planes (or even, arbitrary cutting
objects), McGuffin et al. [10] presented an interactive tool for investigation of volumetric data based on different kinds of deformations and layerings of the objects. More application-specific glyphs
have been presented by Huitema and van Liere [7] for molecular data, comprising translation and measurement capabilities. In
Preim et al. [15], measures like distances or angles, can be determined by an intuitive interface.
In flow visualization, de Leeuw and van Wijk [3] present a glyph
for the visualization of multi-dimensional data. The glyph can be
located at an arbitrary position and it visualizes the local characteristics of several flow attributes.
In our previous work [11], we discuss the visualization of the
thickness of femoral cartilage. Since the femoral cartilage constitutes a curved structure, we concentrate on visualizing the thickness
information by unfolding the cartilage. In this paper we focus on
the patellar cartilage, which is a flat structure when no lesions are
present. Thus no deformations are necessary to represent the thickness in a reliable way. Moreover, given the current scan resolution,
the patellar cartilage is thick enough for observing spatial variations

Figure 3: Spatial variation in T2 as a function of normalized distance
from the subchondral bone (0.0) to the articular surface (1.0) for the
patella. The selected profile is depicted in red.

of the T2 times within the cartilage.
3

C ARTILAGE I NVESTIGATION E NVIRONMENT

In this sections we shortly present two aspects, which are closely
related to the investigation of the T2 maps. First, the computation
of the T2 maps from a series of spin-echo images is described. In
the second subsection, we discuss the graph of profiles, a depiction
that provides statistical information by showing a series of profiles
from all over the cartilage surface.
3.1

Computation of the T2 map

As mentioned above, two MR acquisition sequences are used for
the quantitative and qualitative measurements, respectively. The
surface of the articular cartilage is generated from the anatomical
scan, while the T2 map is calculated from a sequence of spin-echo
images. The T2 map represents the tissue quality. A set of spin-echo
images Mi is acquired by varying the echo time ti . Then, the T2 map
is calculated by fitting a non-linear mono-exponential curve on a
voxel-by-voxel basis. The signal intensity of each voxel V ( j) of an
i
image Mi can be approximated by V ( j) ≈ V0 ( j) · exp( T−t( j)
), where
2
V0 ( j) is the intensity of the voxel at echo time ti = 0 and T2 ( j) is the
relaxation time constant. We are fitting a curve through a weighted
least squares approach. This is done by minimizing the sums of the
squares of deviations between measured and expected values over
ti
2
all sequences: min ∑N
i=0 (ln(V ( j)) − ln(V0 ( j)) + T2 ( j) ) wi . N is the
number of sequences and the wi are the weighting constants determining how strong the image Mi affects the curve. The approach is
chosen because of its high accuracy/computational cost ratio [9].
3.2

Graph of Profiles

A graph of profiles (see figure 3) is the first indicator of irregularities in the structure of the T2 map. Since the shape of a T2 profile
is dependent on several factors like the age or the physical proportions of the patient, a default T2 profile cannot be determined.
Moreover, chemical shift artifacts at the bone/cartilage surface introduce longer T2 values at this boundary. The shape of the curve
thus depends on the segmentation technique [16]. Therefore, the
graph of profiles is crucial to provide a statistical reference for the
radiologists. A set of uniformly distributed profiles is computed for
the entire surface starting from the subchondral bone. Each profile
is shown in the graph in order to give an overview of all profiles.
Such a simultaneous representation of many profiles discriminates
the ones with suspicious characteristics as outliers. During browsing the profiles with the Profile Flag, the currently investigated profile is emphasized in red, while the remaining profiles yield a statistical information on the shapes of all the other T2 profiles. Figure 3
shows a graph of profiles of a healthy specimen.

Figure 4: Profile Flag: a 3D glyph for probing of profiles. The glyph
is located on the surface of the investigated structure, perpendicular
to its surface. It consists of the banner, the range selector, the needle
and the cutting plane.
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P ROFILE F LAG

So far, we have discussed the generation of the T2 maps, which are
investigated in a slice-by-slice manner in clinical practice. In this
section we are presenting the Profile Flag for probing of the T2 maps
by browsing the reconstructed surface of the cartilage. The Profile
Flag is a bulletin board pin-like interface for probing and annotating
of underlying data. In order to visualize the corresponding profile,
the Profile Flag is located on the surface of the cartilage. Since the
T2 profiles are defined along lines perpendicular to the subchondral
bone interface, the Profile Flag is aligned with the normal vector
of the surface at that position. During the investigation, one can
drag the Profile Flag along the entire surface of the inspected object. Multiple Profile Flags can be stuck into the object in order to
visualize multiple profiles or to emphasize the difference between
two or more profiles. A Profile Flag consists of four components:
the banner, the range selector, the needle and the cutting plane (see
figure 4). In the following the components of the Profile Flag and
interactions therewith are discussed.
4.1

The Needle

The needle is located beneath the surface of the inspected object. It
defines the position of the reference profile. Two types of needles
can be defined: a needle with a fixed length and a needle with an
adaptable length. The fixed length needle samples the underlying
volume at equally spaced intervals starting from the subchondral
bone (see figure 5(a)). It yields the measured values in relation to
the distance from the subchondral bone. In the investigation process of the cartilage, such a needle is designed for measuring the
(absolute length) T2 profiles. If a needle with an adaptable length is
applied, the needle measures the normalized profile. It can be seen
as a needle scaled to the thickness of the cartilage at the currently
investigated point (see figure 5(b)).
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4.3

The Banner

The banner represents the information defined by the position
of the needle and the range defined by the range selector. For
normalized profiles, the top of the banner corresponds to the
subchondral surface, while the bottom of the banner corresponds to
the articular surface (see figure 7). The banner is always facing the
camera. This avoids projective distortions and thus distortions of
the visualized information. On the banner the profile information
is shown in one of several ways:
• single profile banner: by setting the radius R to 0 only the
reference profile at the needle is shown (see figure 8(a)).
• single averaged profile banner (R > 0): this type of banner
averages all profiles within the radius R and shows only one
averaged profile.
• multiple profiles banner (R > 0): in addition to the reference profile, all profiles within radius R are taken into account.
In order to avoid visual clutter by showing all profiles in the
neighborhood, only the minimal and maximal values from all
profiles are rendered in green (see figure 8(b), (c)). The green
lines are not existing profiles but enclosure lines of all profiles
in the investigated neighborhood.

1.0

(b)
Figure 5: Two types of needles: (a) needle with a fixed length is
probing the values at regularly spaced intervals and (b) an adaptive
needle is sampling the measured values along the normalized distance
from the subchondral bone A to the articular surface B.

• The deviation profile banner illustrates the difference of profiles from a reference profile. The reference profile is straightened and coincides with the vertical axis (see figure 8(d)). The
other profiles undergo the same transformation. Thus the deviations from the reference profile are easily perceived. A deviation profile can be used to show the profile variance within
a single neighborhood. Another possibility compares two different cartilage regions with two Profile Flags. The first Profile Flag defines the reference profile, e.g., in a healthy region.
The second Profile Flag shows then the difference profiles in
another (possibly suspicious) region (see figure 8(e)).
These banner types are a small collection of conceivable definitions of a set of profiles. Further possibilities include occurrencebased profile displays and reference profiles with statistical annotations (mean, variance).
4.4

(a)

(b)

Figure 6: Two setups of the range selector. If the radius is set to
0 (a), only the reference profile is measured, setting R > 0 (b), all
profiles within the neighborhood are visualized on the banner. The
profile at the needle is shown in red. The green lines delimit all
profiles in the neighborhood.

4.2

The Range Selector

The range selector enables the definition of the size of the investigated neighborhood. While the reference profile is defined by the
position of the needle, the range selector determines the size of the
interesting neighborhood through the radius R of the cone. All profiles located within this range are visualized according to the type
of the banner (see section 4.3). If the radius is set to 0, only the
reference profile will be visualized (see figure 6).

Cutting Plane

The cutting-plane component of the Profile Flag is an extension of
the multi-planar reconstruction, a tool which is usually applied for
inspection of T2 maps. Since we are primarily interested in those
cross-sections of the data that include the reference profile, the needle should be included in the cutting plane. In order to investigate
the entire neighborhood of the profile, the plane can be rotated by
an arbitrary angle around the needle (see figure 9). Notice that,
when the cutting plane is shown, the needle is not rendered in order
not to hide the reference profile at the cross-section.
Moreover, the interaction with the reconstructed surface of the
cartilage can facilitate the initial setting of the position and rotation
of the desired cutting plane. Therefore, the cutting plane is defined
by a point on the needle and a normal vector, independently from
the rotation of the object. The normal vector of the plane has to be
perpendicular to the direction vector of the needle. To choose the
normal vector facing the camera, it should be located in the plane
defined by the direction vector of the needle P and the viewing vector V. Thus, the normal vector can be calculated by N = (V ×P)×P,
where V is the viewing vector from the camera to the location of the
profile and P is the direction vector of the needle.
The following two modes for interaction with the cutting plane
are:
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Figure 7: One slice of the T2 map with one profile (left) and the corresponding banner (right). When measuring a normalized profile, the top
of the banner (right) corresponds to the bone/cartilage (B) interface, while the bottom of the banner represents the articular surface (A).
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Figure 8: According to the type of the banner, the profiles defined by the needle and the range selector are visualized: (a) single profile banner,
(b) multiple profiles banner (radius = 1mm), (c) multiple profiles banner (radius = 3mm), (d) deviation profile banner (radius = 0mm), (e)
deviation profile banner (radius = 1mm).

• rotation of the cutting plane around the needle:
This mode is convenient for rotation with small angles. The
oblique position of the cutting plane produces projection distortions which grow with increasing rotation angle (see also
figure 9(c) and (d)).
• rotation of the object around the needle:
The second mode is designed for rotation with an arbitrary
angle. The cutting plane remains parallel to the image plane
and does not change its position in image space during the interaction. One can easily observe the entire neighborhood of
the current profile. On the other side, a disorientation may occur while rotating the clipped reconstructed surface (see also
figure 9(e) and (f)).
5

R ESULTS

In this chapter we shortly discuss three scenarios of data annotations with the previously described Profile Flag. Figure 10 shows
two possibilities of annotations of the quality of articular cartilage.
Figure 10(a) contains two Profile Flags visualizing a healthy (left)
and a suspicious profile (right). Moreover the left Profile Flag can

be set as a reference Profile Flag (figure 10(b)). Then, the right
Profile Flag measures the deviations to the profile defined by the
reference Profile Flag. Figure 11 visualizes also the profiles in the
neighborhood of the reference profile. Notice, that while the reference Profile Flag visualizes the minimal and maximal T2 values
within the defined area, the right Profile Flags depicts the minimal
and maximal deviation from the reference Profile Flag. An arbitrary
number of Profile Flags can be stuck into the surface of the investigated object. Figure 12 shows an articular cartilage with three
annotated profiles. The middle one defines the cutting plane, which
shows a cross-section of the T2 map including the profile defined by
the reference profile.
6

D ISCUSSION

The basic concept of the Profile Flags offers many opportunities.
Here we discuss some of the possible extensions and applications
of the Profile Flag.
• Profile Flag as an Annotation Tool
By sticking one or more Profile Flags into the inspected structure, one can easily annotate regions of the object, which con-

(a)
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Figure 9: The reconstructed surface (a) of the articular cartilage including one Profile Flag. The cutting plane (b) is generated by taking into
account the viewing vector and the needle position of the observed profile. Figures (c) and (d) demonstrate the rotation of the cutting plane
around the needle at +40 and −40 degrees, respectively. Notice the distortion of the resulting T2 map caused by the rotation. Figures (e) and
(f) show the rotation of the reconstructed surface around the needle at +40 and −40 degrees, respectively. The cutting plane remains parallel
to the image plane.

tain suspicious internal characteristics. In clinical practice,
this step is crucial for transmitting the diagnosis from the inspecting radiologist to the orthopedist, who is performing the
arthroscopy. This can be achieved in an efficient way by highlighting the damaged regions of the object in conjunction with
the anatomical context.
• Automatic Positioning of Profile Flags
Additionally to browsing the profiles, one can think of an automatic positioning of the Profile Flags. This can be a preprocessing step before starting the investigation of the structure. In case of cartilage imaging, one profile, comprising a
healthy behavior, can be determined. The following investigation of the cartilage would include the browsing of the carti-

lage with the deviation profiles, which show only the variation
from the reference profile. This step would involve a sophisticated statistical analysis, since the T2 profiles differ among
the population.
• Seeding of Profiles
When inspecting an object with a curved surface, one can easily miss a profile with an important characteristic. This is particularly the case when using the Profile Flag for probing of
profiles within a certain neighborhood. Thus, the density of
the Profile Flags should be adapted to the curvature of the surface in order not to miss any area. A similar issue has been
discussed by Vilanova et al. [1] for virtual colonoscopy.

(a)
Figure 11: The reference Profile Flag (red) is located at a position
of a healthy profile. Additionally, the extent of the profiles within
the selected range is shown. The right profile (yellow) is showing the
deviations from the reference Profile Flag. Again, the neighborhood
of the current profile is visualized.

(b)
Figure 10: A disruption (right Profile Flag) in the pattern of the
T2 map can be annotated in two ways. Figure (a) shows two Profile
Flags, where the left one show a healthy profile, while the right Profile
Flag shows a suspicious profile. On the other hand, the left Profile
Flag in figure (b) is set as a reference Profile Flag. The right one
shows the deviation of the probed profile from the reference Profile
Flag.

• Restriction of Profiles
Additionally, the set of selected profiles can be restricted by
a certain condition. For instance, restricting the maximum
deviation for the multiple profile banner in any point causes a
reduction in the number of profiles to the ones, which fulfill
this criterion. This could involve modification of the shape of
the range selector by pointing only to a subset of all previously
selected profiles.
• Application Areas
In this paper we demonstrate the use of Profile Flags for probing of T2 maps. However the application of the tool is not limited to the investigation of knee cartilage. Other areas include
visualization of 3D structures which have spatial or temporal curves associated to each 3D location. Examples include
dense geologic data or time dependent series of dynamic contrast enhanced MRI for mammography.
7

S UMMARY AND C ONCLUSIONS

In this paper we have presented the Profile Flag - a glyph for probing of underlying curve data. The Profile Flag consists of four com-

Figure 12: A T2 map annotated by three Profile Flags stuck into
the reconstructed surface of the articular cartilage. A cutting plane
is showing a cross-section of the T2 map of the Profile Flag in the
middle.

ponents: the banner, the range selector, the needle and the cutting
plane. It can be moved along the reconstructed surface of the cartilage by giving immediate feedback on the local characteristics of
the underlying data. Since the essential information is rendered
outside the investigated structure, there is no need to reduce the
information about the shape or anatomy of the inspected object.
Moreover, several regions of the object can be annotated, by using
either the absolute or the relative representation of the measured
quantity. We have presented the application of the Profile Flag in
a medical environment for the investigation of knee cartilage. Besides observing the shape and the thickness of the cartilage, the
radiologist can inspect the change in the quality of the cartilage by
probing of the T2 maps. The result of the inspection is the reconstructed surface of the object with annotated lesions, which can be
easily interpreted by the orthopedist. The application of the Profile
Flag is not restricted to a medical domain. Other applications areas
include probing of curve data in structures, where the reduction of
the context information is undesirable.
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