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Abstract—We present a visualization design study of creating a
collaborative virtual reality (VR) system for radiation treatment
planning, with an emphasis on proton therapy. The goal is to
support teams of dosimetrists, physicians, and medical physicists
as they review and compare multiple possible patient-specific
treatment plans, which requires analyzing complex 3D spatial
relationships between a radiation dosage volume and anatomical
structures. The approach is a novel combination and refine-
ment of interactive visualization techniques including: networked
multi-user immersive visualization, interactive volume rendering
and slicing with 3D widgets and gestures, superimposed surface
rendering with GPU-accelerated curvature-directed lines, smart
cursors, teleporting, and avatars. These features are integrated
within a workflow that supports three complementary modes
of visual data comparison (juxtaposition, interchangeable, and
explicit encoding). Results and feedback from multi-year iterative
development with users and a summative field deployment in the
form of a mock plan-review meeting reveal several advantages
relative to current clinical practice and suggest directions for
future work.

Index Terms—Collaborative virtual reality, comparative visu-
alization, volume rendering, radiation treatment planning.

I. INTRODUCTION

NEARLY two million new cancer cases occur in the US
each year [56], and approximately 500,000 are treated

using radiotherapy [9]. Each individual radiation therapy treat-
ment plan can take up to 1-2 weeks to define [13] because
of the complex challenges in selecting the optimal treatment
parameters to ensure successful delivery of prescribed irradi-
ation to the target regions while minimizing the irradiation of
uninvolved tissues. Immersive virtual reality technology has
tremendous potential to increase both the efficiency and effec-
tiveness of the treatment planning process by facilitating the
understanding of, and communication about, the complex 3D
dose distributions predicted by multiple plans across myriad
regions within a patient’s body.

This paper describes our interdisciplinary team’s collabora-
tive process and reflections from a three-year project to explore
the potential of immersive visualization to address challenges
faced by medical researchers and clinicians at the Mayo
Clinic’s Proton Radiation Treatment Center in Rochester,
Minnesota, USA. For the visualization and virtual reality (VR)
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research communities, this paper can be viewed as a design
study, following the problem-driven research methodology
described by Sedlmair et al. [55]. Consistent with this framing,
this paper describes: 1. analyzing a specific real-world problem
faced by “domain experts” (a term used in the visualization
literature to describe expert collaborators who face complex
data understanding problems); 2. characterizing this problem
through an abstraction into tasks and data to establish the
requirements by which a design proposal should be judged, 3.
designing an interactive software tool to address this problem,
including discussion of alternative designs, 4. validating the
design through iterative development with domain experts and
a field deployment to provide evidence that the tool is useful to
the experts, 5. a reflection on lessons learned that can improve
current guidelines for effective immersive visualization.

II. BACKGROUND ON RADIATION TREATMENT PLANNING

Radiation treatment planning is difficult because it is im-
possible to achieve an ideal plan, delivering a full dose of
radiation to cancerous tissues and zero dose to healthy tissues.
Proton therapy is more precise than conventional therapy based
on X-ray beams and is, therefore, particularly suitable for
treating tumors near critical organs or in pediatric patients,
where minimizing radiation exposure to healthy tissues is
crucial. However, myriad uncertainties, from minute variations
in patient positioning to shortcomings in the precision with
which the biological effects of the radiation can be estimated
via different calculation methods, contribute to the complexity
of the process. The treatment planning process cannot be com-
pletely automated. An expert team of radiation oncologists,
dosimetrists, and medical physicists must consider numerous
complicated factors to make an optimal choice among possible
plans whose efficacy scores may be numerically equivalent.

Radiation oncologists—physicians who specialize in radi-
ation therapy—are mainly responsible for the prescription,
approval, and supervision of the treatment. Dosimetrists are
responsible for creating an optimal treatment plan that delivers
the prescribed dose to the tumor while minimizing dose to
surrounding healthy tissues using advanced treatment planning
software tools according to the radiation oncologist’s prescrip-
tion. Medical physicists develop planning tools and strategies
and are responsible for quality assurance of the treatment plan,
including dose calculation accuracy and safety review [54].

One essential aspect of the team’s process is the plan review
meeting. During these sessions, the team discusses various
treatment plans, evaluates and compares their effectiveness and
quality, and makes any necessary adjustments.
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Fig. 1: A medical physicist is joined by two collaborators during a radiation treatment plan review meeting. Four volume rendered treatment plans are visualized for
comparison inside portals arranged in a semicircle. The virtual environment includes a bimanual user interface and a variety of widgets for interactive data exploration,
including linked 2D Dose-Volume Histogram (DVH) plots (far right). The semicircular control table in the center holds four Plan Display Widgets for toggling plans and
visualization features and a Plan Clock for controlling several complementary visual comparison modes. A Structure Selection Menu is visible in the bottom right, and a
Bookmarks Menu is located just off screen to the left.

III. PROBLEM CHARACTERIZATION AND ABSTRACTION

Consistent with the design study methodology [55], we
present a characterization of the key domain expert problems
synthesized through the collaboration and map them to tech-
niques and challenges studied in visualization and VR. For the
current data pipeline, we learned that good tools and processes
are already in place to prepare medical imaging (CT and/or
MRI) volume datasets for each patient, including segmenting
the 3D boundaries of treatment regions and anatomical struc-
tures to avoid. Then, commercial software is used to develop a
first treatment plan based on the prescription from a radiation
oncologist. The prescription specifies how much radiation to
deliver to segmented 3D structures, and the plan specifies
how the mechanical device that delivers the radiation should
be oriented and activated to deliver the radiation. In proton
therapy, the increased precision that is possible adds degrees
of freedom to the search space for an optimal plan.

The next step is understanding how well the plan meets
the prescription and revising and developing alternative plans
to identify the best choice, and this is where we identified
the most potential benefit for advanced visualization. This is
an iterative and collaborative team process that can last one to
two weeks and requires close communication and coordination
between team members serving in the three key roles described
earlier: radiation oncologist, dosimetrist, and medical physi-
cist. Learning through many discussions and demonstrations,
we were able to abstract the team’s needs during this stage
into three specific requirements for a visualization system.

Requirement 1 (R1). The first is accurately visualizing spa-
tial relationships between the dose and patient’s anatomy,
including structures identified as targets and organs-at-risk.
Visualization researchers will recognize this human visual
perception problem: how do we optimize 3D computer graph-

ics renderings to help humans accurately judge how one 3D
form fits inside or overlaps another. Early research suggests
perspective-tracked, stereoscopic rendering helps and provides
guidelines on rendering styles that enhance perception of 3D
shape [25], [26], [39], but open research questions include: 1.
how to translate insights from these early perceptual studies
into a real-world context where many structures of interest are
likely to be displayed simultaneously, and 2. how to leverage
modern, GPU-accelerated VR rendering.

Requirement 2 (R2). The second requirement is supporting
collaboration. This requires overcoming some technical chal-
lenges around synchronizing data and displays. However, the
greater challenge is to design user interfaces and visualizations
to support natural collaborative workflows. Prior research
includes VR techniques that make it possible to manipulate in-
dividual views while maintaining awareness of the group [33]
or to simulate face-to-face interactions for training medical
teams [30]), but our focus is slightly different. We expect team
members’ roles to be asymmetric, and the most important
task to support is group discussions that regularly reference
spatial relationships. Rather than simulating the real-world
for clinician training or patient education, our solution might
benefit from features that are not possible in real-life, such as
each participant viewing the data from a different perspective.

Requirement 3 (R3). The third requirement is supporting
comparative data analysis. This is a critical topic in visual-
ization research that has been well-studied for 2D information
visualization [19] but less so for 3D and 4D spatial data [31],
[42]. Kim et al. [31] identify four fundamental approaches
to support visual comparisons of 3D data: Superimposition,
Juxtaposition, Interchangeable (animation over time), and Ex-
plicit Encoding. They suggest “hybrid” techniques may be
particularly useful, but this is an understudied area.
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IV. RELATED WORK

A. Related to R1: VR and Perception in Radiation Treatment

Preim et al. provide an introduction to visual computing
for radiation treatment planning in their recent book [50].
Specific to VR and AR technologies, Su el al. applied VR
to training medical practitioners [59] and Bannister et al.,
provide a more recent example [3]). VR and AR have also
been used to educate patients about radiotherapy and/or to
facilitate relaxation (e.g. recent examples [22], [62]).

Our area of interest is using VR for spatial analysis during
dose plan review. A 2019 state-of-the-art report [54] identified
eight prior works using VR, AR, or a holographic display in
this way [5], [14], [16], [17], [48], [59], [61], [63]. One of
the eight prior systems was evaluated in a multi-site study,
and the authors found, in part, that the radiotherapy plans
created using 3D visualization were “preferred in a majority
of cases over those developed with 2D displays” [14]. Our
work builds on these with several differences. First, seven
of the eight prior works are brief reports of three to five
pages each that do not describe or evaluate the computer
graphics and user interface design decisions in detail. The
eighth describes the multi-site study in detail but does not
make a visualization or user interface contribution. We present
a detailed technical description of the system and all major
design decisions backed by technical references. We even
explain the design rationale for the VR cursor used in our
implementation. Second, our work is a modern application
with features like side-by-side interactive volume rendering in
VR that are only made possible with modern hardware.

From a visual data analysis standpoint, the fundamental task
required for radiation treatment planning is understanding how
one volume or isosurface (representing the radiation dose) fits
within or overlaps with a second volume or segmented surface
(the patient’s anatomy) [25]. To date, the most perceptually
optimal rendering techniques for facilitating such surface-
inside-a-surface spatial judgments rely on non-photorealistic
techniques that render at least one surface with a special tex-
ture that is completely opaque in some regions and completely
transparent (see-through) in others [2], [25], [26]. The best
textures are computed so that the opaque regions are lines
that follow the gradient of surface curvature. This has two
perceptual benefits. First, the curvature-directed lines make
the shape of these complex 3D surfaces easier to understand.
Second, the fact that much of the surface is transparent
makes it easier to see the second surface inside the first [26].
While this technique has previously been applied with textures
generated offline, we introduce a GPU-based implementation.

B. Related to R2: Collaboration and Interaction in VR

Synchronous collaborative systems have been designed for
visualization with desktop displays to tabletop systems (e.g.
[11], [28], [58]), and the research has led to novel strategies
to support asymmetric roles within the group (e.g. [38]),
converging and diverging workflows (e.g. [60]), and more (e.g.
[10]). In immersive visualization environments, collaborators
often use individual displays; thus, the state of the visualization
must be synchronized across the displays. Another challenge

(and opportunity) is that collaborators can take on the same
perspective of the scene, as if everyone is sitting in the same
chair, or take completely different perspectives that may be
meters or kilometers away from each other in the virtual
world [64]. Representing the current state of the team is,
therefore, an important design consideration, often addressed
using avatars [4], [57]. Collaborative VR systems have been
developed to support users with symmetric roles (e.g. [33],
[34]). Another paradigm is for one collaborator to be an
instructor/guide while others follow (e.g. [12], [30], [36]). Our
system supports asymmetric collaborative workflows through
several features, e.g., we support both gesture- and widget-
based manipulation of the visualization volumes. Gesture-
based interactions tend to be faster but are not self-revealing,
so they are often preferred by frequent tool users whereas
widget-based techniques are preferred by novice and less-
frequent users [37].

The smart-cursors, widgets for system control and data
exploration, and linked 2D and 3D visualizations in our
implementation are well informed by research on spatial user
interfaces and immersive visualization and analytics [15],
[21], [35], [43], [49]. We consider the 3D user interface
representative of the state of the art.

C. Related to R3: Visual Comparisons of 3D Data (in VR)

Comparison is fundamental to data analysis and is an
essential task to support with visualizations across many
fields, including medicine [18], [19]. While comparison is
often explicitly supported with 2D visualization systems [42],
visual techniques designed specifically to support comparative
analysis are less common when visualizing 3D spatial data,
especially within VR environments.

According to a survey on comparison techniques for spatial
3D and 4D data [31], only 2 of the 41 systems identified utilize
VR. Extending the classification introduced for 2D visual com-
parisons [19], the survey classified visual comparison tech-
niques into four fundamental approaches: Superimposition,
Juxtaposition, Interchangeable (animated over time), and Ex-
plicit Encoding. The authors call specifically for new research
on combining multiple approaches within the same applica-
tion. Our approach is a hybrid, combining Interchangeable,
Juxtaposition, and Explicit Encoding and drawing inspiration
from multiple prior VR systems. First, like the Bema system,
which uses an Interchangeable approach with an interactive
timeline control to animate between the different phases of
an archaeological site [32], our system includes interactive
(and automatic) animations between different radiation plans.
The theory is that the animated movement only in regions
of difference draws the eye to these areas [41]. Second, our
system uses a Juxtaposition approach inspired by the Worlds-
in-Wedges [46] technique, where multiple data instances are
arranged around the user in pie-slice shaped volumetric portals
that support linked or individual 3D interactions. We demon-
strate how Explicit Encoding can be integrated with Worlds-
in-Wedges by interactively selecting one pie-slice to act as the
basis for comparison with the others.
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V. DETAILED TECHNICAL SYSTEM DESIGN

Fig. 1 provides a high-level orientation to the major compo-
nents of the system, and this section describes the visualization
algorithms and user interface in detail. The system runs on
current generation VR, AR, and MR head-worn displays and
assumes users provide input via two handheld controllers,
each with one trigger button and one grip button. In addition,
for the dominant hand, the interface also utilizes the small
joystick control and “A” and “B” buttons found on most current
commodity VR controllers. The application is implemented in
C# using the Unity game engine with the Built-In Rendering
Pipeline and a variety of custom user interface techniques
and compute and rendering shaders as described in the next
sections. A desktop-level graphics card is required; so, a
tethered desktop-streaming mode is used for headsets with
integrated processors, such as the Meta Quest devices. When
users enter the virtual environment, they select the dataset to
load using a menu, and this creates a preliminary visualization
similar to that shown in Fig. 1.

A. Interactive Widgets and 3D Data Exploration

Many of the interactions utilize a Smart Cursor and a
pointing metaphor. Our implementation is based upon the
Bendcast technique [51] with the added feature that the laser
pointer can bend to snap to the closest selectable object. The
technique has been described [37] as the pointing analog of
the 3D Bubble Cursor [20]. The cursor is controlled via the
6 degree-of-freedom tracking input from the dominant hand.
Visual feedback changes dynamically as the cursor snaps to
different widgets as seen in the accompanying video.

View/volume manipulation. Volume rendering cubes can be
adjusted via two complementary techniques. The first uses 3D
widgets displayed on the volume cube for scaling, rotating,
and translating the cube. These are activated by snapping
the smart cursor to the appropriate widget then holding the
trigger button. To increase precision and reduce fatigue, all
three widgets are controlled through small, relative movements
of the controller with visual feedback provided in both the
volume visualization space and the small control space. This
control space is facilitated by a center of movement close
to the controller, calculated as a set distance based on the
direction vector from the widget to the volume rendering
cube’s center. The second technique, designed for users with
more VR expertise, is a bimanual manipulation similar to
SmartScene [23] and Spindle [44]. Here, translation is ac-
complished by holding a single grip button (either on the left
or right hand). Holding the second grip button then activates
a combined rotation and scaling mode. In all cases, when
multiple volume cubes are displayed, their transforms are
linked so that manipulating one causes the others to update.

Slicing Planes. The volume cube includes CT slicing planes
aligned with the sagittal, axial, and coronal anatomical planes,
and these can also be adjusted interactively by grabbing them
with the smart cursor and then moving within a small local
control space. While grabbing a slicing plane, tapping the
thumbstick in the left or right direction changes the half of

Fig. 2: The Visualization Shortcuts Palette floating above the non-dominant hand
includes the Dose Range Slider (colored gradient), CT Range Slider (gray-scale
gradient), and toggles for rendering of anatomical context (bottom icons).

Fig. 3: Left: Each selected structure is linked with a DVH plot, and each DVH
plot has a dosage range slider. Right: Editing the dosage range alters the transfer
function for the linked structure.

the volume rendering that is clipped from view. A crosshair
is drawn at the intersection of the three planes, and this is
also an interactive widget that can be grabbed with the smart
cursor. Moving the crosshair in one plane causes the CT slices
for the other two planes to move accordingly.

Visualization Shortcuts Palette. The most important visual-
ization and system controls are available for quick access as
virtual palettes that can float above the user’s non-dominant
hand. A close-up of the palette is pictured in Fig. 2. All of
the buttons and sliders are activated using the smart cursor, as
demonstrated in the accompanying video.

2D plots and menus. Smart-cursor-based interactions are used
to work with all of the menus and 2D plots. These include
the Structure Menu (far right in Fig. 1), which is used to
toggle visibility of anatomical and radiation structures. An
interactive DVH plot is also displayed for each active structure
(Fig. 3). The X-axis represents the relative dose in percent or
absolute radiation dose in Gray (Gy). The Y-axis represents
the absolute or relative volume of the structure that receives at
least the dose indicated on the X-axis. Each plot contains one
curve for each treatment plan, and clicking the curve toggles
the visibility of the corresponding plan in the 3D view. A
structure-specific dose range slider is also included, as shown
in Fig. 3. Menus are also used to save and load the current
state of the visualization.

B. Comparison Modes

In the Juxtaposition comparison mode (shown in Fig. 1),
multiple treatment plans are visualized side-by-side. This
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Fig. 4: In Differences (Explicit Encoding) mode, the reference volume (far left) keeps its original purple-green colormap, while the difference volumes employ a divergent
blue-yellow colormap, with blue showing cooler dose and yellow showing higher dose.

Fig. 5: In Interchangeable mode, all of the side-by-side volume rendering instances
collapse into one single instance. This instance animates through the different
plans (top images). The Plan Clock on the table indicates which plan is being
visualized (bottom images). Here we have circled some areas of subtle differences
in the volume that could catch the eye when viewed in VR.

mode also supports an Explicit Encoding of difference, which
is activated by clicking the “DIFF” toggle below the nameplate
for one of the plans. This makes the plan the reference for
comparison, and the visualization for every other plan is
updated to display a voxel-by-voxel difference of the plan
minus the reference plan. Fig. 4 demonstrates the effect.

The Interchangeable comparison mode (Fig. 5) is controlled
with the Plan Clock widget, which includes an On/Off button
on the side of the semicircle table directly facing the user. In
this mode, the side-by-side volume renderings are collapsed
into one that animates through the individual plans. The
Play/Pause button toggles automatic animation. Alternatively,
pressing the thumbstick in the direction of the plan you wish
to see controls the animation manually. The clock hand always
points to the plan that is currently displayed.

C. Collaborative Data Analysis

Each user runs a separate instance of the VR application,
and these client applications each connect using the TCP
network protocol to a separate server written in C++ for
synchronization (whose implementation can be found on the
ivlab Github page, under the MinVR3-UnityPackage reposi-
tory). All users have individual control of their view via head-
tracking. Users can also control their personal view of the data
by reorienting the volume data using the widgets or gestural
interfaces. Control of the finer aspects of the visualization state
are assigned to one “driver” at a time. Control can be passed
to a new driver using the System Palette, available on the non-
dominant hand, similar to the Visualization Shortcuts Palette.

Fig. 6: Top left: Selecting another user’s avatar teleports to their view with a gentle
animated transition. Top right: Whenever an avatar would block the view of the
data, a dithering effect gradually fades the avatar from view. Bottom: User 1 (blue)
and User 2 (red) have each placed a crosshair within the volume visualized in the
left portal, and the same spatial locations are identified in all other portals.

Each user is represented by an avatar, and it is possible
to teleport to another user’s view with an animated transition
(Fig. 6 top row). Two simple annotation tools (crosshairs and
an extendable pointer) facilitate collaborative discussion of
spatial features identified in the data (Fig. 6 bottom). The
extendable pointer is activated by clicking an icon floating
by the non-dominant hand. Its length can be adjusted using
the thumbstick and it does not snap to nearby widgets.

D. Interactive Volume Rendering

We employ a raycast-based approach to volume rendering;
the final output color for each pixel is determined by stepping
along a ray cast into the volume and accumulating color via a
transfer function. However, we add several optimizations and
application-specific features.

Signed-distance fields. The volume renderer makes exten-
sive use of 3D Signed-Distance Fields (SDFs) to achieve
performant volume rendering of multiple proton dosage vol-
umes side-by-side in VR. The SDFs are calculated in a
pre-processing step and automatically saved to disk so the
calculation is only required once for each new dataset loaded.
The first SDF of interest is the Plan Distance Field, which
describes the approximate distance from every empty voxel
to the nearest non-empty voxel. This SDF is generated for
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Fig. 7: The GPU pipeline for generating curvature-directed streamlines, applied to an SDF of the Stanford Bunny. Arbitrary points are densely sampled across the entire
surface of the SDF (A) and then transformed into a uniform distribution via Poisson disk sampling (B). The gradient is computed at every voxel in the volume (C), which
in turn is used to derive the first principal directions and curvatures for each voxel (D). Finally, streamlines are generated on the GPU by tracing along the first principal
directions, scaling width and length by first principal curvatures (E).

each plan using the Jump Flood Algorithm. By sampling the
Plan Distance Field at each step taken along each ray cast,
the volume renderer can not only determine when the current
voxel is outside of the dosage and skip all transfer function
calculations, but also increase the size of the next step. We
found both optimizations to be critical.

Structure aware rendering. The volume rendering is de-
signed to leverage the structure contouring that the treatment
team already carefully conducts, and these are also used to pre-
process volume data. For each structure of interest, the system
expects a sequence of contour loops defining the edges of the
structure. During pre-processing, these contours are read into a
custom GPU data structure and a compute shader is dispatched
to generate a Structure SDF for each structure by determining
the distance from each voxel to the nearest contoured loop of
points, flipping the sign of the distance if it is inside a loop.
These SDFs are also automatically saved to disk.

With no structures selected (default) the volume rendering
displays data from all non-empty voxels as determined using
the Plan Distance Field. (With a toggle on the Visualization
Shortcuts Palette, this default can also be switched to display
only the voxels within the special structure named “Body”.)
When users select one or more structures from the Structures
Menu, the rendering changes to only display voxels within
these structures. The SDFs of the selected structures are
combined with a real-time calculation on the GPU to create a
single Combined Structure SDF, which is then applied to the
volume rendering as a smooth mask by ignoring the dosage
wherever the Combined Structure SDF has a value greater
than a specified threshold. In general, a threshold of zero
is used; however, positive values have the visual effect of
“inflating” the structures, and we have mapped this to a useful
interactive control demonstrated in the accompanying video.
Squeezing the elastic-feedback trigger button on the dominant
hand gradually inflates the structure to see the dosage nearby.

While the Visualization Shortcuts Palette includes sliders
that control the global transfer functions, it is also possible to
set a custom Structure Dosage Range. This requires assigning
each voxel to a structure, and this is accomplished using the
Jump Flood Algorithm [52] to create a mask volume where
each voxel stores a code identifying the nearest structure. This
approach works even for “nearby” voxels when structures have
been inflated. In the case where voxels belong to multiple

structures, the most recently selected structure is assumed.

Anatomical context. Rendering anatomical context from
CT data within the dosage volume also requires some pre-
processing. First, a copy of the CT data are downsampled to
be the same size as the dosage volume. Second, we compute
the gradient at each voxel in the downsampled volume using
a simple central difference. The downsampling improves per-
formance by reducing the cache miss rate on the GPU, while
pre-calculating the CT gradients avoids redundant calculations
each frame during volume rendering.

During rendering, if a given point within the volume has
a CT gradient above a specified threshold and the gradient is
orthogonal to the view direction within a separate specified
threshold, then this is considered a silhouette edge. Since
this effect is intended only to add subtle context to the
visualization, the renderer simply classifies the location within
the volume as bone, soft tissue, or airway based on Hounsfield
units, and then blends white, red, or blue color with the dose
color for the location. Visibility for these three anatomical
layers can be toggled on the Visualization Shortcuts Palette.

Supporting volume-to-volume comparisons. Additional
logic is required to support the Interchangeable and Explicit
Encoding comparison modes. When Explicit Encoding mode
is entered, a compute shader is dispatched to calculate the dif-
ference volumes for each plan by subtracting the selected plan
from them, and an atomic min/max difference is computed in
the process. Although similar functionality could be obtained
by pre-calculating these differences, computing the min/max
difference every time the primary difference plan is changed
or a structure/plan is selected or deselected, makes it possible
to indicate the min/max difference for the current state of the
visualization by displaying it on the Difference Range Editor,
which replaces the Dose Range Slider on the Visualization
Shortcuts Palette when the difference comparison mode is
active. This widget includes functionality to stretch the bounds
of the divergent colormap used in difference mode and to mask
any dosage below a specified difference value.

In the Interchangeable comparison mode, the volume ren-
derer samples from two plan dosage volumes at every step,
mixing between the dosage values. The Interchangeable and
Explicit Encoding modes can be active at the same time.

Curvature-directed structure rendering. The volume ren-
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dering is combined with a perception-enhancing non-
photorealistic surface rendering technique to display the
bounds of selected structures. The approach is a modern inter-
pretation of prior research on curvature-directed texturing [27]
and generates streamlines procedurally on the GPU following
the process illustrated in Fig. 7.

Evenly spaced streamlines improve the perceptual effec-
tiveness of the technique so the first step (Fig. 7 A-B) is to
generate a random even distribution of points on the surface
to act as seed points for the streamlines. We follow the
approach suggested in Bowers et al. [6] to generate a Poisson
distribution in real time on the GPU; however, instead of
generating our initial large set of random points from triangles,
we work directly from the Structure SDF using a compute
shader that interpolates neighboring voxel positions to generate
points that lie along the isosurface of the structure.

Next, we compute the first principal direction along with the
first principal curvature for each voxel in the structure SDF,
following the approach described by Interrante [24]. We begin
by calculating the gradient of the SDF at every voxel (Fig. 7
C), and then use those gradients to create a 2D orthonormal
basis in the tangent plane at each voxel from which we can
derive the principal direction (Fig. 7 D) by diagonalizing the
second fundamental form.

Our GPU-based algorithm then runs a compute pass over the
set of streamline starting points, determining the min and max
first principal curvature for just these points. These extreme
values are useful for adjusting the visual attributes of the
streamlines (e.g., color, width) based on the local curvature.

Finally, a compute shader generates streamlines outward
in both directions from each starting point using the fourth
order Runge-Kutta method to integrate a path along the first
principal direction. The principal direction from the previous
step is used to maintain heading, and the traced point is
projected onto the surface after each step using the gradient of
the SDF and the distance to ensure streamlines remain fixed
to the surface of the structure. Streamline length and width is
determined by remapping the first principal curvature value of
the starting point using the previously calculated min and max
values. Since the triangles for the streamlines are generated
directly on the GPU, they can be quickly rendered.

This technique is highly dependent on the distance at which
the gradients are sampled when computing the first principal
direction and curvature: too large of a distance and the surface
is likely to be considered uniformly curved, too low of a
distance and the slightest of changes in the gradient from
voxel-to-voxel will create artifacts in the final image. We
pre-compute an “ideal” sampling distance for each structure
by calculating the coefficient of variation in first principal
curvature values for a series of increasing sampling distances
and selecting the distance for which first principal curvatures
have a coefficient of variation closest to one. Good default
values for all other streamline rendering parameters, such
as line length, line width, and line spacing, are calculated
as scalar multiples of this sampling distance. However, the
application also includes an interactive panel where users can
fine-tune the rendering in real time by adjusting the streamline
length, streamline width, poisson disk sampling radius, and the

Fig. 8: Three axis-aligned planes are rendered on the far sides of the volume data
cube, one each for the sagittal, coronal, and axial planes. The volume is also cut
by a sagittal plane. Every plane includes: 1. A uniform thickness outline for all
currently selected structures, 2. The dose at that slice rendered in color, 3. CT
data at the slice rendered in grayscale.

distance at which curvature is sampled. The front and back
faces of the streamlines are rendered in different colors to
further enhance shape perception.

Slicing plane rendering. Slicing planes can be drawn on the
three planes of the volume cubes that are farthest away from
the viewer and/or directly within the volume. In both cases,
the renderings include uniform thickness outlines around the
selected structures and support blending the CT data rendered
in grayscale with the dose rendered in color (Fig. 8).

Rendering uniform outlines around the structures is not
trivial. A simple threshold based on distance from the structure
surfaces in the Combined Structure SDF is insufficient since
the Combined Structure SDF is inherently 3D. Instead, the
CT slicing plane shader explicitly checks whether the given
pixel is within a uniform distance of the structure by searching
within its own 2D plane.

For slicing planes, only the pixels that contain structure
outlines or visible dosage are rendered to ensure the CT
occludes as little of the volume as possible. To correctly handle
occlusion, each slicing plane is rendered with an additional
shader pass to first record the depth of each visible pixel in
the slice. Using these data, the volume renderer is able to
ignore pixels occluded by planes in front of the volume and
terminate volume traversal early when hitting planes inside of
the volume itself. The volume rendering can also be clipped
to hide the volume in front of or behind each slicing plane.

VI. VERIFICATION VIA FIELD DEPLOYMENT

Now, after describing the technical system design and
detailed design choices, we return to the interdisciplinary
collaboration and efforts to verify that the system is useful. It
is important to note that in a typical design study methodology,
there are multiple levels of verification [55]. In our case, the
major features, user interface design decisions, and rendering
techniques were verified in a lightweight manner during it-
erative development with multiple cases of anonymized data
provided by the two “domain experts” who attended regular
project meetings over multiple years to provide feedback.
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This section describes a complementary, more formal,
summative verification via a one-day field deployment. The
verification is not a controlled experiment, and it comes with
some limitations. However, we believe it provides a useful as-
sessment in the context of this interdisciplinary problem-driven
research project. Our goal is to provide documentation of how
one radiation treatment team used the system in a challenging
scenario that mirrors their normal clinical practice as much
as possible given workplace constraints. We acknowledge that
because the user feedback comes from one of the co-authors
and his colleagues, this creates a demand characteristic [7] that
could lead to confirmation bias. Furthermore, the small sample
size of expert users may affect the generalizability of the
observations drawn from this deployment. To mitigate these
limitations, we avoid reporting generic or unsupported claims
(e.g., “this software is great”, “the user interface is intuitive”)
and focus on documenting domain-specific discussions and
insights. In this reporting, some medical terminology will
likely be new to visualization and VR researchers, but we
include these details as part of the documentation of how this
team of experts used the software to conduct their expert work.

A. Data Preparation
We designed the field deployment scenario to mimic a

typical plan review meeting by using anonymized real clinical
data from a former patient. To provide an extra challenging
case for visual comparisons, the data are from one of the final
steps in the planning process, where the team has already
converged on optimal angles and settings for radiation delivery
and is now comparing four different physics simulations of
how the dose will move through the tissues of the body. This
means the cross-plan differences visualized should be subtle.

The first (primary) plan is the dose calculated analytically
by the commercial treatment planning system (TPS). The other
plans are the results of a Monte Carlo (MC) calculation. The
first of these, designated MCD, takes into account the biolog-
ical material in which radiation energy is deposited (muscle,
fat, bone, air). The second, MCW, calculates dose assuming
that the patient is composed of water of varying density. The
third, MCB, approximates the biological effectiveness of the
protons used to deliver the dose.

The anatomical data are from a CT image in DICOM format
with 292 512x512 pixel 12-bit images and a structure set
defining region of interest contours. There are 108 structures
including 12 target structures (the tumor and associated mar-
gins as defined by the Radiation Oncologist), 68 organ-at-risk
(OAR) structures representing the healthy tissues surrounding
the targets, and 28 optimization structures created by the
dosimetrist to guide the TPS plan optimization algorithm. The
plan-specific data come from separate data files, also in the
standard DICOM format so they are easily registered to the
anatomy. Each file consists of a contiguous 236x136x276 32-
bit array of dosage pixel data. Finally, each plan includes
summary statistics for each of the 108 segmented structures
(total volume; min, max, mean, modal, and median dose
received) and tabular data for each of the 108 segmented
structures (Dose [cGy], Relative Dose [%], Structure Volume
[cm3]) for creating Dose-Volume Histogram (DVH) plots.

We emphasize that the visualization system can be easily
integrated with the team’s normal workflow and applied to
other treatment plans as needed because all of the data
described thus far are generated and saved in standard file
formats during the team’s normal workflow. To use the new
data for the plan review meeting, we simply loaded the files
onto three computers (specs detailed under Apparatus) and
started the visualization software. From the main menu, we
selected the folder containing the CT, plan, DVH and structure
data files. Since this was the first time the data was loaded
on each computer, this initiated the data preprocessing step
to calculate the signed distance fields and other derived data
needed for visualization. The preprocessing took 45 seconds
to complete on each computer the first time the new data were
loaded into the app.

Computationally, the largest contributor to the preprocessing
time (we estimate 90%) is calculating the signed distance field
for each structure from its DICOM contour information. Our
compute shader implementation on the GPU makes this fast–
less than 0.5 seconds per structure, which compares to minutes
per structure for a CPU implementation we created during our
early development.

B. Methodology

We reserved a conference room at the treatment center
for a full day. We setup a three-person collaborative VR
environment in the room and also projected a view of the
virtual scene using the projector installed in the room. This
made it possible for observers to follow and contribute to the
discussion of up to three participants wearing headsets. We
knew that multiple physicians were interested in participating,
and it was likely that at least one would be able to join a
mock plan review during the afternoon, but we could not be
completely certain because their clinical obligations would be
their first priority. To maximize the opportunities for feedback,
we, therefore, planned to have all other personnel and systems
ready for the afternoon window, and early in the day we ran
a tutorial for the medical physicist and dosimetrist.

The tutorial was loosely scripted, starting with demonstrat-
ing basic controls for 3D selection and view manipulation and
then handing control to the participants who were instructed to
try rotating, translating, and scaling the volume visualizations
and then moving a slicing plane.

Participants. In the afternoon, we conducted a mock plan
review with one physician joining the dosimetrist and medical
physicist who participated in the morning tutorial. The medical
physicist, who is also a co-investigator on the project and
paper co-author, was the local organizer for the day. As a
key member of the team, they attended biweekly meetings
and helped to shape the design of the tool throughout the
three-year project; however, they had never before attempted
to use the tool for a plan review. They assumed their typical
medical physicist role for the plan review. The dosimetrist and
physician had each briefly tried early versions of the tool and
provided feedback during two prior site visits. The quotes and
discussion reported in this section come from this team of
three participants.
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Fig. 9: An observation that confirms an expected trend. Left: When the MCB plan is selected as the reference for the difference comparison mode, the TPS plan updates
to display MCB − TPS, which evaluates to a negative value for much of the volume. This is expected; TPS should be “cooler” than MCB. Right: Conversely when
reference is switched to TPS, it is clear that MCB is “hotter”. The cool-warm divergent color map applied to the difference volumes is shown in the top center.

Measures. We encouraged the participants to talk aloud as
they worked, recorded the session for note-taking purposes,
and took additional written notes as the team worked. When
discussing insights from the data analysis, we draw upon con-
ventions used in data visualization research to define insight as
“an individual observation about the data by the participant, a
unit of discovery” [53]. Researchers have demonstrated we can
learn about the quality of visualizations by characterizing the
insights expressed by users as they work (e.g., via a talk aloud
protocol) using criteria, such as the time taken to reach the
insight, the domain value, whether the insight leads to a new
hypothesis or direction of research, and whether the insight is
directed versus unexpected or broad versus deep [47], [53].

Apparatus. Three first-generation Meta Quest VR headsets
were used to create the collaborative VR system. Each headset
was run in a tethered mode driven by its own dedicated
external computer with an Intel Core i7-12700 2.10 GHz pro-
cessor and NVIDIA GeForce RTX 3060 Ti (8 GB). The three
computers were connected to a network switch so they could
synchronize the state of the visualization via a local network
with one computer running the command-line synchronization
server in the background and each VR application acting as
a client. In addition to the perspective-tracked, stereoscopic
view in each headset, one of the desktops also rendered a
non-tracked 3D view of the scene, which was projected on
the conference room’s screen. All participants were seated.

C. Documentation of the Plan Review Meeting

Training and time to first insight. During the morning
training tutorial and after demonstrating how to translate
and rotate the volume visualizations, application control was
handed off to the dosimetrist who tried this and moving the CT
plane widget. Within 1.5 minutes, they began to identify other
software features, such as clipping the volume at a slicing
plane. As a group, we discussed the interactive dose range
sliders; then, in response to a question, we described and tried
the toggles for the three views of anatomical context. At eight
minutes into the training, the discussion began to turn from
understanding features to exploring the data. The conversation
included: D (for dosimetrist): “This is something you might

want to see, where it is enhancing between the two plans.”
MP (for medical physicist): “Yes!” Then the two worked
together to reason through how this could be accomplished.
They asked a clarifying question about whether by dragging
both handles on the dose range sliders they could make the
blue (low dose regions) disappear entirely and suggested a new
feature to show the dose values as a percentage in addition to
the absolute dose. Then, they continued to refine the view.

At about 12.5 minutes since starting to work with the tool,
there was a clear articulation of a first insight while comparing
the TPS dose to the MCB MP: “...in this case (Fig. 9 left),
the biological plan is the reference and in the physical plan
the dose is cooler, which is what you would expect to see.”
D: “Yes, in the righthand side one.” MP: “Now, if you click
the button to set [the physical plan] as the reference... there
we go (Fig. 9 right)... Now, we are seeing the biologic dose
relative to the [physical] and all of it is orange because all of
it is hotter than [the physical], which is what you expect to
see.” As the team members expressed, the observation that the
MCB dose is generally “hotter” than the TPS is correct and
expected. This is a broad insight, stating a general trend, and
the domain value is low because it is a simple observation
of an expected trend. However, confirming the expected is
exactly the right place to start. The tutorial continued on for
approximately 10 minutes after this, covering the full set of
features as they worked with the data visualization.

Beginning the plan review and identifying hot spots. Later
in the day, joined by the physician, the mock plan review
began with a question, D: “Doctor, what would you like to see
first in terms of the dose distribution?” The physician replied,
P (for physician): “Let’s walk through the dose levels.”
The group then spent 4.5 minutes selecting and deselecting
structures, adjusting slicing planes, and toggling the visibility
of the slicing planes and volume to review dose coverage
of the target volumes. There was little discussion at first–
it seemed to take some time to get the right view to start
the discussion or possibly to determine how to re-imagine the
typical plan review process with 3D visualization. Then, the
dosimetrist said, “There we go,” and the discussion honed in
on determining how much of the volume was receiving 70 Gy
of radiation as supported by dragging the dose range sliders
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Fig. 10: The team investigated two hot spots that are clearly visible in this 3D
structure. During discussion a 3D crosshair marker (cyan color) was placed within
the right side of the volume to highlight a point of interest.

to display just the relevant portion of dose.
At six minutes into the meeting, the discussion characterizes

how the three communicated about the spatial features they
observed, both verbally and by pointing with the virtual
cursors. MP: “So, now we are looking at 67 to 76... this would
be a great view to look at coverage. Because, we would be able
to say we have the whole target easily getting at least 95%.”
P: “Yes, and can you localize on the point, like those two
posterior points that are 6700?” [pointing with smart cursor]
D: “You’re saying these two little–the islands, right there.”
[placing their cross-hair cursor while speaking] P: “Yes, how
do we [focus on / zoom in to] that?” D: “Let me grab the axial
plane...” P: “Yes. Keep going [sliding the plane through the
volume].” MP: “There it is.” P “Yes. Why are those there?”

The data exploration had revealed two “hot spots”, small
regions with higher than expected dose, and the three were
beginning to explore in more detail. They toggled the visibility
of several structures within the dataset, including one of the
target volumes, CTV63. The visualization they created is
similar to that in Fig. 10. MP: “I appreciate that in the 3D,
without having to scroll up and down through the 2D, you
can [see the hot spots] right away.” P: “Yes.” MP: “Those hot
spots are right there at the bottom of that lower-dose CTV.”

The discussion turned to suggestions for new features,
including complementary linked 2D views that face the viewer
separate from those surrounding the 3D volume. This would
help to contextualize the new 3D visualizations relative to
the 2D images that are used in the current process. This
discussion occurred as the dosimetrist continued to explore
and move slicing planes through the plan. Then, the physician
said, “Keep going. You were going from posterior to anterior...
And, then can you turn on the structure in 3D? Let’s look
at the constrictors or the cricopharyngeal inlet in this view...
See, there are areas anteriorly that jump out, right here.”
[pointing] MP: “A little more dose than you expect?” P: “Yes.”
Participants told us that it is not that these hot spots would have
been missed in the traditional 2D planning process, but with
the 3D visualization they were identified more quickly and
easily, specifically they said they were “immediately evident”.

A new way to look at bioenhancement. Another period of

Fig. 11: With the TPS dose as reference (left), we can see the MCB dose (right)
includes hotter and cooler regions. Focusing in on the regions that are hotter by
7.5Gy or more, we see yellow and orange areas of bioenhancement, not just
around the ctv7000 structure depicted with red lines but also through much of
the larger ctv5705 structure depicted with white lines.

rich discussion occurred 5 minutes later, or about 20 minutes
in total into the meeting. The team was comparing the TPS
dose to the MCB with an explicit encoding of dose difference,
similar to the visualizations in Figs. 4 and 11. The discussion
began with the medical physicist stating an expected trend–
they expect to see most of the bioenhancement (visualized as
yellow-orange regions in Fig. 11 (right)) on the edges of the
high-dose treatment volume (visualized as green in Fig. 11
(left)). The physician then states the unexpected trend that
can also be seen in the figure, “but some of it is outside of
that, [as shown] in the coronal [slice], right?” MP: “Yes.” The
team spent several minutes using the visualization to explore
these regions of high absolute difference in dosage. The
current clinical tools do not provide a volumetric visualization
or calculate an absolute difference across the full-volume.
So, much of the discussion focused on what the difference
visualization reveals and how this new information might be
used in the planning process. At one point, the physician
summarized, “What is happening in this plan that jumps out
that we [would not] see without that [difference comparison
mode] is that ... it’s biologically hot but we [would not notice
this as quickly] because it’s biologically hot in the lower dose
volume.” MP: “You are right.” The treatment plans include
many sub-volumes that often overlap, and what the team found
is that the difference between the two methods of calculating
dosage (TPS and MCB) was relatively high in a volume
where the absolute dosage was low. These dose variations are
subtle and may not be medically significant, but the example
demonstrates that the tool supports insights that are unexpected
and suggest a deep understanding of the data visualized. This
insight required observing trends across multiple structures
and plans then synthesizing this new information with expert
knowledge of the physics and treatment process.

After the mock plan review meeting, the participants invited
several of their colleagues to try the tool. Physicians and
dosimetrists who had seen earlier versions of the software
(e.g., before the networked collaboration was introduced,
before the visual comparison modes) remarked that the tool
had advanced significantly. We heard, “this is now beyond a
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Fig. 12: A comparison of rendering quality and performance with and without the
foveated rendering strategy.

proof of concept.” A number of future refinements and appli-
cations to other clinical scenarios were also suggested. Most
of the refinements are for small changes, such as including
percentage in addition to absolute values on the dose slider.

D. Evaluating Performance and Foveated Rendering

During the mock plan review scenario, with the three Meta
Quest 1 devices running in tethered mode and the maximum
1440x1600 resolution per eye, the hardware capped the fram-
erate at 72 Hz, and the rendering appeared to consistently
reach this maximum speed. However, later, after upgrading to
the Meta Quest 3, which has a higher resolution of 2064x2208
pixels per eye, we noticed the framerate did drop below 72
Hz, motivating the foveated rendering feature described here
and a formal evaluation of rendering performance.

Foveated rendering strives to maintain a high quality ren-
dering in the focal region of the eye(s) and decrease rendering
quality in the periphery. It has been employed previously
for volume rendering (e.g., [1], [8], [40]) and is a common
technique for VR rendering both with and without eye tracking
[29], [45]. Our approach does not use eye tracking. We use a
35-degree focal area, meaning that for eye, all pixels within
17.5 degrees of center of the filmplane are rendered at full
quality. Then, for each pixel beyond this circle, the rendering
quality is decreased smoothly by increasing the step size used
in the volume rendering ray traversal in proportion to the
pixel’s distance from the focal region. The effect is seen in
the middle row of Fig. 12–note the subtle difference in the
small inset images, which zoom in on pixels in the periphery.

To evaluate the rendering performance, we ran a systematic
test with the same data and visualization settings as in Fig. 11.

We used the default settings for the Meta Quest Link software
with the exception of disabling Asynchronous SpaceWarp and
collected framerate data in repeated trials while varying two
parameters: (1) number of plans displayed simultaneously,
which we varied, just as in the mock plan review meeting,
from 1 to 4, and (2) scale of the plans, which we varied
from 1 (matching real-world size) to 4 (a reasonable maximum
for comfortable viewing). Since the framerate can vary as the
head moves and new volumes come into view, we moved the
headset consistently during each trial by placing the headset
on a tripod that is rotated by hand to focus on one plan for
5 seconds, then rotate to focus on the next plan, and so on
for all of the plans displayed in trial moving from left-to-
right, then repeating the pattern moving from right-to-left. To
avoid frame-to-frame noise, we calculated the framerate as
the average of 1.0/Time.deltaTime (as reported by Unity each
frame) within consecutive 0.5 second intervals and write these
averages to a file. This yielded hundreds of framerate samples
per trial; thus, we report per-trial medians, interquartile ranges,
and outliers in the box-and-whisker plots in Fig. 12.

Using the foveated rendering technique (plotted in blue in
Fig. 12), the framerate consistently reaches 72 Hz (the default
max framerate for Meta Quest Link), only dips below for data
points designated as outliers, and never decreases below 60
Hz. Without foveated rendering (plotted in red), the framerate
reaches 72 Hz when visualizing up to four volumes at a scale
of 1.0, but it begins to drop when two volumes are visualized at
a scale of 3.0, three volumes at a scale of 2.0, or four volumes
at a scale of 1.5. In the extreme cases, the framerate can drop
by 50% or more. Our data show a lower cap at 36 Hz, but
we believe this is a nuance of working with the proprietary
Meta Quest Link software—we assume it is dropping frames
in these situations and the true framerate is lower.

The performance of the rendering techniques introduced
in this paper is closely correlated with the resolution of the
displays as well as the number of volumes rendered simul-
taneously and the scale of the volumes. Also, the techniques
combine well with foveated rendering as one way to increase
performance to support higher resolution displays.

VII. FUTURE WORK AND CONCLUSION

While frame rate has been reported, we acknowledge that
latency data has not been measured. Two kinds of latency data
could be relevant for future study: tracking and networking.
With tracking latency, a dedicated camera setup could be
developed to record real-world hand movements and compare
those with their virtual counterparts. For networking latency,
to date, we have only deployed the system on local networks,
but the potential to do remote collaborative treatment planning
is exciting. All data are cached locally and all rendering is
performed locally; so, these aspects should translate naturally.
Separating the clients by distance would add latency to the
network-based synchronization of the visualization state, and
this may require extensions to the user interface to maintain
effective collaborative workflows.

The most impactful future work may come from scaling the
comparative visualization up to tens or hundreds of plans. The
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clinical team has developed multicriteria optimization tools
for generating and working with such ensemble datasets, and
we envision the immersive visualization could be linked with
complementary views of the ensemble and machine learning
that guides users toward the most interesting subsets of plans
to compare through immersive visualization.

We conclude that in the context of this radiation treat-
ment planning center at the Mayo Clinic, the collabora-
tive immersive visualization system described in this paper
shows promise as a powerful tool for dosimetrists, medical
physicists, and physicians to analyze treatment plans. The
expected benefits relative to the team’s current practice include
noticing patterns more efficiently (e.g., locating hot spots),
understanding the “big picture” (i.e., how plans impact the
many structures within a treatment volume), and facilitating
discussion of spatial data features. Despite the application-
driven and context-dependent nature of this design study,
we can synthesize several guidelines for visualization and
VR researchers and practitioners. Adding to the scientific
and theoretical discussion of how to most effectively design
interactive 3D visualization systems like this, we provide the
following guidelines: 1. Combine smart cursors and easily
understandable widget-based user interfaces with bimanual
and gestural user interfaces that are less self-revealing but are
fast for expert users. 2. Combine 3D visualization with linked
complementary 2D visualizations (e.g., DVH plots, slicing
planes). 3. Combine GPU-accelerated volume and surface
rendering techniques to help users accurately perceive dose
distributions within and near anatomical structures. 4. Sup-
port visual comparison through juxtaposition, interchangeable
views that animate over time, explicit visual encodings of
calculated differences, or, ideally, combinations of these ap-
proaches. The work also extends well-established perception-
enhancing spatial visualization styles (e.g., curvature following
lines) by introducing modern GPU-based implementations
that enable interactive rendering with dynamic updates and
superimposed volume rendering.
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