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Visualization of image data from cells to

organisms

Thomas Walter!, David W Shattuck?, Richard Baldock?, Mark E Bastin?, Anne E Carpenter>,
Suzanne Duce®, Jan Ellenbergl, Adam Fraser®, Nicholas Hamilton’, Steve Piepers,
Mark A Ragan’, Jurgen E Schneider®, Pavel Tomancak!? & Jean-Karim Hériché!

Advances in imaging techniques and high-throughput technologies are providing
scientists with unprecedented possibilities to visualize internal structures of cells,
organs and organisms and to collect systematic image data characterizing genes and
proteins on a large scale. To make the best use of these increasingly complex and large
image data resources, the scientific community must be provided with methods to
query, analyze and crosslink these resources to give an intuitive visual representation
of the data. This review gives an overview of existing methods and tools for this
purpose and highlights some of their limitations and challenges.

By their very nature, microscopy and magnetic resonance
imaging (MRI) (Fig. 1 and Boxes 1 and 2) are dependent
on data visualization. Whereas in the past it was consid-
ered sufficient to show images (photographs or digitized
images) in the printed version of an article to illustrate an
experimental result, the presentation of image data has
become more challenging for three reasons. First, new
imaging techniques allow the generation of massive data-
sets that cannot be adequately presented on paper nor be
browsed and looked at with older software tools. MRI,
which is mostly used to acquire three-dimensional (3D)
imagery, has faced some of these problems for many years.
Second, the availability of high-throughput techniques
enables experiments on a large scale, generating large sets
of image data, and even though the readout of each single
experiment may be easily visualized, this is no longer true
for whole screens consisting of thousands of such experi-
ments. Third, microscopy and MRI are increasingly part
of a broader analytical context that may include quan-
titative measurement, statistical analysis, mathematical
modeling and simulation and/or automated reasoning
over multiple datasets reflecting different properties and
possibly resulting from different acquisition techniques at

different scales of resolution, often generated at different
institutions. This review describes how the visualization
challenges in these three areas are addressed for a range of
imaging modalities.

To be useful to the immediate research group and more
broadly to the scientific community, massive datasets must
be presented in a way that enables them to be browsed,
analyzed, queried and compared with other resources—
not only other images but also molecular sequences, struc-
tures, pathways and regulatory networks, tissue physiology
and micromorphology. In addition, intuitive and efficient
visualization is important at all intermediate steps in such
projects: proper visualization tools are indispensable for
quality control (for example, identification of dead cells,
‘misbehaving’ markers or image acquisition artifacts), the
sharing of generated resources among a network of col-
laborators or the setup and validation of an automated
analysis pipeline.

The first section of this review briefly describes issues
related to digital images. The second section deals with
visualization techniques for complex multidimensional
image datasets at relatively low throughput. Next, we
discuss typical visualization problems arising with an
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increase in scale: here, the challenges are to
provide tools allowing the user to navigate
through large image-derived datasets at dif-
ferent levels of abstraction and to develop
meaningful profiles and clustering meth-
ods. The last section deals with how images
can be shared with collaborators or with the
community. Finally, we conclude with the
need for integration and linking of different
image-based source data (including compu-
tational models) into a comprehensive view
of biological entities.

Accessing the images

Digital representation of images. The use
of digital images as a convenient replace-
ment for photographic film has paved
the way for the increase in the volume of
images produced. While we expect a digital
image to carry the same amount of visual
information as its analog counterpart, it is
amenable to faster and more complex pro-
cessing, and the task of viewing an image is
complicated by the lack of standard image
representation. Whereas photographic film
used to provide a common format for image
representation, digital images have different
formats with respect to the number of bits
per pixel or whether the encoded values are
signed or unsigned.

Although most image-handling software
programs support unsigned 8-bit images
(values between 0 and 255) and unsigned
16-bit images (values between 0 and 65,535),
care must be taken with more ‘exotic’ for-
mats, such as unsigned 12-bit images (val-
ues between 0 and 4,095) or signed 16-bit
images (values between —32,768 and 32,767),
which are routinely produced by modern
imaging equipment. If, for instance, an
unsigned 12-bit image is simply interpreted
as an unsigned 16-bit image, only ~6% of the
dynamic range will be used and the images
may appear ‘dark’. If the image is rescaled to
cover the maximal dynamic range (as it is the
default behavior of many image viewers), the
absolute intensity information is lost, which
makes any comparison between different
images impossible. Signed values are also
often misinterpreted by the image-handling
software (for example, negative values may be
ignored). Although the above may be trivial
issues for imaging experts, they are pitfalls
routinely encountered by biologists.

Image file formats. The fields of microscopy
and MRI both face significant challenges in the
sharing and processing of data owing to the
variety of digital file formats that are used.
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Figure 1 | Imaging techniques. (a) Brightfield microscopy: mouse embryo, in situ expression pattern
of Irx1, Eurexpress; scale bar, 2 mm. (b) Fluorescence microscopy: HT29 cells stained for DNA (blue),
actin (red) and phospho-histone H3 (green)’?; scale bar, 20 um. (c) Confocal microscopy: actin
polymerization along the breaking nuclear envelope during meiotic maturation of a starfish oocyte.
Actin filaments, red (rhodamine-phalloidin stain); chromosomes, cyan (Hoechst 33342 stain).
Projection of confocal sections, (image courtesy P. Lénart); scale bar, 20 pm. (d) Bioluminescence
imaging: 7n vivo bioluminescence imaging of mice after implantation of Gli36-Gluc cells’®, (figure
courtesy B.A. Tannous). (e) Optical projection tomography: mouse embryo, EMAP33:56; scale bar,

1 mm. (f) Single/selective plane illumination microscopy: late-stage Drosophila embryo probed
with anti-GFP antibody and DRAQ5 nuclear marker: frontal, caudal, lateral and ventral views of the
same embryo’’; scale bar, 50 pm. (g) Transmission electron microscopy: human fibroblast, glancing
section close to surface (image courtesy R. Parton and M. Floetenmeyer); scale bar, 100 nm.

(h) Scanning electron microscopy: zebrafish peridermal skin cells (courtesy R. Parton and

M. Floetenmeyer); scale bar, 10 ym. (i) microMRI: mouse embryo (source: http://mouseatlas.
caltech.edu/); scale bar, 5 mm. (j) T2-weighted MRI: human cervical spine (source: http://www.
radswiki.net/); scale bar, 5 cm. (k) Fluid attenuation inversion recover (FLAIR) image of a human
brain with acute disseminated encephalomyelitis. Bright areas indicate demyelination and possibly
some edema (image courtesy N. Salamon); scale bar, 5 cm. (1) Diffusion-weighted image of a human
brain after a stroke. Bright areas indicate areas of restricted diffusion (image courtesy N. Salamon);
scale bar, 5 cm. (m) Maximum intensity projection image of a magnetic resonance angiogram of

a (57BL/6J mouse brain acquired in vivo using blood pool contrast’® (image courtesy G. Howles);
scale bar, 5 mm. (n) 3D proton magnetic resonance spectroscopic imaging study of normal human
brain. Graph shows proton spectrum for the brain location identified by yellow markers on the
T1-weighted MRI (lower left) and N-acetylaspartate (NAA; lower right) images. Data acquired

using the MIDAS/EPSI methodology’® (image courtesy J. Alger); scale bar, 5 cm. (o) Functional
MRI activation map overlaid on a T1-weighted MRI: human brain (image courtesy L. Foland-Ross);
scale bar, 5 cm. (p) Direction-encoded color map computed from DTI. Red, left-right directionality;
green, anterior-posterior; blue, superior-inferior; scale bar, 5 cm.
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For microscopy images, no format has been adopted as a univer-
sal standard. Faced with a choice, many new users are unaware that
image quality is degraded when using a file format that relies on a lossy
compression algorithm (for example, JPEG). Image files can also hold
further information about the image. Instrument manufacturers use
either a proprietary format or a customized version of a pre-existing
extensible format (for example, TIFF) to include metadata such as
the time the image was acquired within the image file itself. These
embedded metadata usually do not survive conversion to another

BOX 1 MICROSCOPY TECHNIQUES

format. To address this important issue, the BioFormats project has
been working to create translators for a variety of image formats and
has accomplished this task for over 70 image file formats so far (http://
www.loci.wisc.edu/software/bio-formats).

However, most high-dimensional and high-throughput projects
require devising a system to store and query further metadata about
the images. For example, interpreting a time-lapse experiment requires
understanding which images represent which time points for which
samples, and there is no standard way of organizing the images to

Brightfield microscopy with colorimetric stains is the primary
technique for capturing tissue and whole organism morphology
(Fig. 1a). For high-throughput capture of in situ expression
patterns, automated bright-field microscopy has been used for
whole-genome projects such as the Allen Brain Atlas.

Widefield fluorescence microscopy is the most widely used
imaging technique in biology (Fig. 1b). Fluorescent markers
make it possible to see particular structures with high contrast,
either in fixed samples using immunostaining or in living cells
with expressed GFP-tagged proteins®3. The resolution is limited by
diffraction to about 200 nm.

Confocal scanning microscopy generates optical sections
through a specimen by pointwise scanning of different focal
planes and thereby reduces both scattered light from the

focal plane and out-of-focus light®4. The image quality of two-
dimensional images is therefore improved, and 3D images can be
taken (axial resolution is typically 2-3 times lower than lateral
resolution; see Fig. 1c). The method is also applicable to live
cell imaging. There are variants of this method increasing axial
resolution (for example, 4Pi microscopy)®.

Computational optical sectioning microscopy (COSM) achieves
optical sectioning by taking a series of two-dimensional images
with a widefield microscope focusing in different planes of the
specimen®4. Qut-of-focus light is then removed computationally.

Structured illumination microscopy acquires several
widefield images at different focal planes using spatial
illumination patterns®4. As the out-of-focus light is less
dependent on the spatial illumination pattern than the
in-focus light, combinations of different images at the same
focal plane under laterally shifted illumination patterns allow
computational attenuation of out-of-focus light.

Two-photon microscopy is similar to confocal scanning
microscopy but uses nonlinear excitation involving two-photon (or
multiphoton) absorption®. This allows the use of longer excitation
wavelengths, permitting deeper penetration into the tissue and—
owing to the nonlinearity—confines emission to the perifocal
region, leading to substantial reduction of scattering.

Super-resolution fluorescence microscopy groups several
recently developed methods in light microscopy capable of
significantly increasing resolution and visualizing details at the
nanometer scale. In stimulated emission depletion (STED)
microscopy®®, the focal spot is ‘narrowed’ by overlapping it
with a doughnut-shaped spot that prevents the surrounding
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fluorophores from fluorescing and thereby contributing to

the collected light. In PALM (photo-activated localization
microscopy)®’ and STORM (stochastic optical reconstruction
microscopy)®, subsets of the fluorophores present are activated
and localized. Iterating this process and combining the acquired
raw images yields a high-resolution image.

Bioluminescence imaging (Fig. 1d) is based on the detection
of light produced by luciferase-mediated oxidation of a substrate
in living organisms. Transfected cells expressing luciferase can
be injected into animals, or transgenic animals can be created
that express luciferase as a reporter gene. When such animals
are injected with a luciferase substrate, light is produced by

the luciferase-expressing cells in the presence of oxygen. The
bioluminescence image is often superimposed on a white-light
image to show localization of the light-producing cells.

Optical projection tomography captures object projections in
different directions as line integrals of the transmitted light®® (Fig.
1e). From these projections (corresponding to the ‘shadow’ of the
object), a volumetric model can be calculated by means of back-
projection algorithms.

Light sheet-based fluorescence microscopy uses a thin
sheet of laser light for optical sectioning and a perpendicularly
oriented objective with a CCD camera for detection of the
fluorescent signal. Single- or selective plane illumination
microscopy (SPIM)*° (Fig. 1f) adds sample rotation that
enables acquisition of large samples from multiple angles. Low
phototoxicity, high acquisition speed and ability to cover large
samples make it particularly suitable for in toto time-lapse
imaging of developing biological specimens, such as model
organism embryos, with cellular resolution.

Transmission electron microscopy (TEM) (Fig. 1g) uses
accelerated electrons instead of visible light for imaging. As a
result, the achievable resolution (typically 2 nm) is much higher
than in light microscopy. The method is not applicable to live cell
imaging, and the specimen preparation is technically very complex.
In electron tomography, the specimen is physically sectioned

and 3D images are obtained by imaging each section at progressive
angles of rotation, followed by computational reassembly to yield a
tomogram. Resolution ranges from 20-30 nm to 5 nm or less.

Scanning electron microscopy (SEM) (Fig. 1h) produces an
image of the 3D structure of the surface of the specimen by
collecting the scattered electrons (rather than the transmitted
electrons as in TEM). The resolution is typically lower than for TEM.
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reflect this information (typically, a time-lapse experiment is stored
as a stack of images, where the time information is encoded in the file
names). Hence, researchers must often rely on their notes to determine

what each image represents, which becomes
an issue, particularly when the data are to be
shared between collaborators. The most com-
mon practice is to duplicate images and share
metadata in spreadsheets, although a suitable
laboratory information management system
(LIMS) informatics platform could be used
for managing the metadata in a reliable and
convenient way. An attempt to overcome
these issues is the OMERO platform from
the Open Microscopy Environment (OME),
which provides a client-server system for
managing images and their associated meta-
data through a common interface!~>.

Commercial microscopy and image analy-
sis software companies often engage in for-
mat ‘wars), whereas open-source solutions
struggle to bridge the gaps among the many
proprietary formats. A movement toward
universally adopted standards, with a degree
of data integration like that which has been
achieved for genome sequences (for example,
GenBank) and microarray data (for example,
MIAME), must become a common goal of
industry and academia.

MRI is an inherently digital medium and
similarly faces problems with file formats.
Acquisition systems from different scanners
often use proprietary file formats. Though
clinical scanners support the DICOM stan-
dard managed by NEMA, the Association of
Electrical and Medical Imaging Equipment
Manufacturers, writing a validly formatted
DICOM image file is neither practical nor
required for many academic imaging projects.
In addition, emerging imaging techniques are
often not fully standardized within DICOM,
and implementation of the standard varies
by scanner vendor. As a result, investigators
often rely on file formats that are both sim-
pler and better able to capture the parameters
required for their particular domains. The
Analyze 7.5 file format (Analyze Direct) has
been widely used in many software packages,
but its interpretation often differs among
these. As a result, ambiguities arise regarding
the orientation of the stored data, and great
care must be taken to ensure that the right
and left sides of the image volume are inter-
preted correctly. Furthermore, the Analyze
format is not designed to store much of the
metadata that is contained in DICOM or
other proprietary formats.

The NIfTI file format* (http://nifti.nimh.
nih.gov/nifti-1/) was recently developed
to address many of these problems and is

rapidly becoming the standard in the neuroimaging community. It
is supported by many of the popular image analysis suites and pro-
vides unambiguous information about image orientation, additional

BOX2 MAGNETIC RESONANCE IMAGING TECHNIQUES

Magnetic resonance imaging uses the intrinsic nuclear magnetization of materials to
probe their general physical and chemical structure. A sample to be imaged is first
placed in a strong static magnetic field. Gradients in the static field force the Larmor
frequency (resonance frequency) of the sample’s atomic nuclei to be a function of their
spatial position within the sample space. The sample is then excited by a carefully
crafted radio frequency electromagnetic pulse that deflects the magnetic moments
of the sample’s nuclei away from their steady-state orientation. The relaxation of
the magnetic moments back to their steady state creates a radio frequency echo that
is detected by an acquisition system. The composition of the material, the spatially
dependent Larmor frequency and the magnetic pulse itself determine the characteristics
of that echo. Variations in the power, orientation and duration of the radio frequency
pulse allow different tissue properties to be probed while retaining some details of
differentiation (different composition) and position. Paramagnetic T1 contrast agents,
such as gadolinium, may be injected into the subject. The agent alters the relaxation
characteristic of water, and the image appears hyperintense in areas of contrast agent
concentration; applications include vascular imaging (Fig. 1m) and detection of active
tumors or lesions. Some of the widely used acquisition methods are described below.
Clinical MRI devices typically use static field strengths in the range of 1.5-3T and have
resolutions on the order of 1 mm. Small-animal scanners apply the same principles but
use stronger field strengths (typically in the range 7-11T) and are capable of resolutions
on the order of tens of microns.

T1 applies a short excitation time and a short relaxation time; fat appears bright, water
appears dark. In brain images, white matter appears bright, gray matter slightly darker
and cerebrospinal fluid very dark (Fig. 10).

T2 typically uses a long excitation time and a long relaxation time; fluid (for example,
cerebrospinal fluid) appears bright in these scans, and fat is less bright (Fig. 1j).

T2* (usually pronounced “T2-star”) is observed in long-excitation-time gradient echo
images; contrast is sensitive to local magnetic field inhomogeneities produced, for
example, by iron oxide T2 contrast agents and air-tissue interfaces.

Proton density information is obtained from scans with a short excitation time and a
long relaxation time, or by extrapolating relaxation-weighted datasets back to zero time.

Fluid attenuation inversion recovery (FLAIR) pulse sequences suppress the fluid
signal, which allows otherwise hidden fluid-covered lesions to be observed (Fig. 1k).

Magnetic resonance angiography uses the water proton signal to produce millimeter-
scale images of arteries and veins without the addition of contrast agents.

Magnetic resonance spectroscopy acquires localized spectra from a defined region
within the sample, with spectral peaks indicating the presence of various metabolites or
biomolecules such as lactate, creatine, phosphocreatine and glutamate (Fig. 1l).

Functional MRI (fMRI) measures the signal change that occurs when blood is
deoxygenated; neuronal activity relates to increased oxygen demand, allowing
maps of activation to be made by examining the blood oxygenation level-
dependent (BOLD) signal (Fig. 10).

Diffusion MRI uses the reduction in the detected MR signal produced by diffusion of
water molecules along the magnetic gradient. Areas with lower diffusion are affected
less than areas with high diffusion, producing brighter signals (Fig. 11). Performing
multiple acquisitions with different gradients and field strengths allows models of the
directionality of the local diffusion properties to be resolved in the form of diffusion
tensors (DTI) or more complicated patterns (Q-Ball and DSI). The diffusion properties are
governed by local physical structures in the material. (Fig. 1p).
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Figure 2 | Visualization of high-dimensional image data. (a) SPIM scan of autofluorescent adult Drosophila
female gives an impression of 3D rendering in maximum intensity projection (image courtesy D.J. White);
scale bar, 100 pm. (b) Maximum-intensity projection of tiled 3D multichannel acquisition of Drosophila
larval nervous system; scale bar, 400 pm. (c) The corresponding 3D rendering in Fiji 3D viewer; borders

of the tiles are highlighted; scale bar, 100 um. (d) Visualization of gastrulation in Drosophila expressing
His-YFP in all cells by time-lapse SPIM microscopy. The images show six reconstructed time points covering
early Drosophila embryonic development rendered in Fiji 3D viewer. Fluorescent beads visible around sample
were used as fiduciary markers for registration of multi-angle SPIM acquisition; scale bar, 100 pm. (e,f)
Two consecutive slices from serial section transmission electron microscopy dataset of first-instar larval
brain. Yellow marks, corresponding SIFT features that can be used for registration; yellow grid, position

and orientation of one of the SIFT descriptors; inset, corresponding pixel intensities in the area covered by
the descriptor; scale bar, 1 pm. (g) Multimodal acquisition of Drosophila first-instar larval brain by confocal
(red, green) and electron microscopy (underlying gray). The two separate specimens were registered

using manually extracted corresponding landmarks (not shown). Main anatomical landmarks of the brain
correspond in the two modalities after registration (white labels). (Electron microscopy images courtesy A.

Cardona; confocal image courtesy V. Hartenstein). Scale bar, 20 ym.

cells and annotations of subcompartments
or tissues. Care must be taken in the inter-
pretation of visualized samples, analysis
results and derived measurements, as each
acquisition method has its own resolution
limitation, and therefore not all biological
structures might be imaged at sufficient
resolution to show relevant detail. Last but
not least, intuitive visualization using simu-
lated behavior of biological entities can aid
understanding of scientific methods, mod-
els and hypotheses not only for scientists
themselves but also for the general public.
Visualization and analysis of many complex
datasets are beyond the capabilities of exist-
ing software packages and rely on cutting-
edge research in computer graphics and
computer vision fields.

In most biological experiments, visual-
ization means displaying the variations in
several channels over the spatiotemporal
dimensions. As standard computer moni-
tors can only display two spatial dimensions
directly, some sort of data reduction must
be applied to visualize multidimensional
images. The simplest solution is to display
only selected dimensions from the multidi-
mensional dataset at a time—for instance,
one two-dimensional image—and allow
the user to interactively change the remain-
ing dimensions. Because computer mem-
ory becomes limiting for large datasets,
multidimensional image browsers must
ensure that only data that are being viewed
are loaded into memory. Proper memory

codes that describe aspects of the image including its intent and a
standardized method for adding extensions to the format. Although
standardized formats address many interoperability issues, significant
challenges remain in digitally describing the full experimental para-
digm used to collect the data. For example, functional MRI stimulus
paradigms must typically be hand coded into an application-specific
proprietary format for statistical analysis. Similar issues appear in the
analysis of dynamic contrast enhanced images, diffusion images and
other new scanning techniques.

Visualization of high-dimensional image data

As technology develops, images are carrying more and more infor-
mation in the form of additional dimensions. Typically, these
dimensions correspond to space (3D imaging techniques; Fig.
1c,e—f,i—p), time (for example, live cell imaging, functional MRI;
Fig. 10) and channels (for example, different fluorescent markers,
multispectral imaging; Fig. 1b,c,f). Emerging microscopy tech-
niques, such as single plane illumination microscopy (SPIM; Fig.
1f) or high-throughput, time-lapse live cell imaging, combine all
these dimensional expansions and generate massive 3D, time-lapse,
multichannel acquisitions. High-dimensional visualization is not
limited to raw image data; it can also be useful for understand-
ing features derived from the image data, such as segmentations of
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management is particularly important for
online browsing applications that must minimize the amount of

image data transferred between the client and the server®.

3D visualization techniques
Multidimensional images can typically be observed as a collection
of separate slice planes, but often dimensions are combined using
various projection methods to form a single display object (Fig. 2).
For two-dimensional display, one spatial dimension can be collapsed
by an orthographic projection (for example, maximum intensity
projection), creating a partially flattened image (Fig. 2a,b). The pro-
jection can also be applied along any other axis, such as time (creat-
ing a kymogram) or joint display of color-coded channels. A more
advanced technique, the perspective projection, preserves the 3D
appearance of the object in the two-dimensional projection image
(Fig. 2c). In perspective projection, the geometry of the image is modi-
fied to have the x and y coordinates of objects in the image converge
toward vanishing points, whereas in the so-called isometric projec-
tion, the original sizes of the objects are preserved. Perspective views
look more realistic, but isometric views are useful if the image is to be
used for distance measurements.

Projections can be combined with other techniques from computer
graphics, such as wire frame models, shading, reflection and illumina-
tion, to create a realistic 3D rendering of the biological object. When
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only the outer shape of the 3D object needs to
be realistically visualized, surface rendering
of the manually or automatically extracted
outlines of organelles, cells or tissue can
help in assessing their topological arrange-
ment within the 3D volume of the imaged
specimen. In contrast, when the interior of
3D objects is of interest, ‘volume rendering’
coupled with transparency manipulations or
orthogonal sectioning is required.

In direct volume rendering, viewing rays
are projected through the data®. Data points
in the volume are sampled along these rays,
and their visual representation is accumu-
lated using a transfer function that maps the
data values to opacity and color values (Fig.
3a). The transfer functions can be adjusted
to emphasize different structures or fea-
tures and may introduce color or opacity
changes as a function of the local intensity
gradient. Similarly, the intensity gradient
vector can be used to emulate the effect of
external light sources interacting with tis-
sue boundaries. Although direct volume
rendering can be computationally expen-
sive, the advent of high-powered graphical
processing units has allowed many software
tools (for example, OsiriX, ImageVis3D in
SCIRun, 3D Slicer’:3, VTK (Tables 1 and 2))
to provide these capabilities interactively on
personal computers.

Direct volume rendering has the advantage
of requiring little preprocessing to produce
high-quality renderings of multidimensional
data and is best suited for data in which the
structures of interest are readily differenti-
ated by the pixel intensity. When this is not
the case, further analytical techniques are
required to clearly visualize these structures.
It is also possible to view all three spatial
dimensions at once. In stereoscopic views,
an image is presented to the right eye and the
same image rotated by a small angle is pre-
sented to the left eye. This can be achieved by
presenting the two images in the two halves
of the monitor or by superimposing the two
images with a small relative shift. The final
frontier in this area is volume visualization of
biological image data that combines various
visualization approaches and couples them
to virtual reality environments to allow not
only seamless navigation through the data
but also intuitive interaction with the visual-
ized biological entities.

Treatment of the time dimension

The changes along the time axis in dynami-
cally changing biological specimens are best
visualized by assembling a static gallery of

Figure 3 | Visualization of anatomical features in MRI. (a) Volume rendering of a difference image
computed from a pre- and post-gadolinium contrast scan. Brighter areas indicate a concentration of
gadolinium, emphasizing the vasculature. (b) Time-lapse imaging of a subpopulation with Alzheimer’s
disease showing loss of cortical gray matter density at 0, 6, 12 and 18 months®. Blue, no significant
difference in cortical thickness from elderly control subjects; red and white, significant differences in
cortical thickness (image courtesy P. Thompson). (c) Cardiac MRI analysis using anatomical scans and DTI
of an ex vivo rat heart8.. Color encoding of the DTI indicates the direction of the primary eigenvector:

x direction, green; y, red; z, blue. (d) Visualization of a human brain DTI field during a fluid deformation
process for image registration82. Orientation and shape of each ellipsoid indicate the pattern of diffusion
at that location. Color encoding: low diffusion, green, to high diffusion, red. (e) Interactive visualization
of high angular resolution diffusion imaging (HARDI) data using spherical harmonics?’. Each shape
represents the orientation distribution function measured at that point, which indicates the probability
of diffusion in each angular direction. Colors indicate direction of maximum probability: red