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Abstract

ConfocalVR is a virtual reality (VR) application created to improve the ability of researchers to study the complexity
of cell architecture. Confocal microscopes take pictures of fluorescently labeled proteins or molecules at different
focal planes to create a stack of two-dimensional images throughout the specimen. Current software applications
reconstruct the three-dimensional (3D) image and render it as a two-dimensional projection onto a computer
screen where users need to rotate the image to expose the full 3D structure. This process is mentally taxing,
breaks down if you stop the rotation, and does not take advantage of the eye's full field of view. ConfocalVR
exploits consumer-grade VR systems to fully immerse the user in the 3D cellular image. In this virtual environment,
the user can (1) adjust image viewing parameters without leaving the virtual space, (2) reach out and grab the
image to quickly rotate and scale the image to focus on key features, and (3) interact with other users in a shared
virtual space enabling real-time collaborative exploration and discussion. We found that immersive VR technology
allows the user to rapidly understand cellular architecture and protein or molecule distribution. We note that it is
impossible to understand the value of immersive visualization without experiencing it first hand, so we encourage
readers to get access to a VR system, download this software, and evaluate it for yourself. The ConfocalVR
software is available for download at http://www.confocalvr.com, and is free for nonprofits.

© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Microscopy is an essential part of cellular biology
research. A conventional wide-field optical microscope
uses a light source to excite fluorophores in the sample
and then collects the emissionwavelength light coming
from throughout the entire sample without depth
separation. In contrast, confocal microscopes collect
light from a single plane and eliminate out-of-focus
signals. Collecting the fluorescence from multiple
planes throughout the specimen creates a stack of
two-dimensional (2D) images referred to as an image
stack or z-stack. Each plane can be visualized
individually and shows fluorophore localization on the
x and y planes, without giving direct information about
localization along the z axis. This process can be
repeated using a different light excitation and selective
filtering to create a number of overlapping “channels”
uthor. Published by Elsevier Ltd. This
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(e.g., Ref. [1]) and can computationally reconstruct the
3D image of the specimen and project that image as a
2D view on a computer screen. The user then rotates
the structure by moving the mouse to display a
continuous series of 2D projections that the brain has
to integrate and interpret as a 3D object. The recent
developments of techniques collecting fast volumetric
information generate even larger volumetric informa-
tion which could be a challenge to visualize properly
[2–4]. VR technology provides a novel way to visualize
an image stack so that the full 3D structure is
understood quickly and intuitively even large volumes.
VR is a technology that enables the creation of

computer-generated artificial environments where the
user's sensesarestimulatedby light andsoundsignals.
The newest generation of VR technology provides
precise tracking of all rotations and translations of head
and hand movements, fast low-latency video update,
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2 ConfocalVR for Confocal Microscopy
accurate stereo audio generation, and wide field of
view, creating the sense that the user is viewing and
interacting with a real world.
Here we present ConfocalVR, a new VR application

created to improve the visualization of image stacks by
immersing the user in a virtual environment where they
can directly interact with the full cellular structure
through carefully designed interactive controls. While
in this paper the microscope used for development of
ConfocalVR is a spinning disk confocal microscopes,
any microscopy techniques generating z-stack image
data such as lightsheet, wide-field deconvolution
microscopy, total internal reflection fluorescence, and
structured illumination super-resolution techniques
can be used and ConfocalVR will enhance image
interpretation. We expect that VR-based tools like
ConfocalVR will become a standard part of the normal
lab workflow for all 3D microscopy.

Results

ConfocalVR overview

ConfocalVR, a software tool, has been built to
provide immersive 3D visualization of confocal micro-
scope image stacks. The stacks from the microscope
are preprocessed in ImageJ and then loaded into
ConfocalVR. The user puts on the VR headset and
picks up the hand controllers and immediately sees
Z-stack images
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Fig. 1. ConfocalVR overview. (a) This figure shows the st
environment. (b) Schematic of the detailed ImageJ/Fiji proces
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the image data as a fully rendered 3D image that can
be grabbed and rotated, moved and scaled, and
visually adjusted by using virtual slider controls. The
ConfocalVR processing steps are shown in Fig. 1a
and described below. (See Table 1.)

Image pre-processing

The confocalmicroscope generates themulti-channel
image stack of the specimen. This stack must be
converted to a format compatible with ConfocalVR,
during which you can adjust image characteristics on a
channel by channel basis. (Fig. 1b).
Once a multi-channel image stack is generated, the

data file is imported into ImageJ. ImageJ [5] is a
powerful and flexible open-access tool that (1) can read
awide variety of input image stack formats, (2) provides
interactive image adjustments, and (3) supports the
use of plugins and macros. The Bio-Formats plugin of
ImageJ can open the majority of confocal image
formats and display them as a multichannel image
stack called a hyperstack. Initially each channel of the
stack (e.g., fluorescent labeling) is a grayscale 8 or 16
bit image. To improve visualization of the image, the
brightness and contrast canbeadjusted prior to loading
into VR. The image is then transformed into a
composite Red Green Blue (RGB) image and saved
as a Neuroimaging Informatics Technology Initiative
(NIfTI) file, readable by ConfocalVR. Depending on the
amount of pre-processing required, and whether or not
Select
color 
channels

 
ess
ntrast

Convert 
to RGB

ConfocalVR

Save in
NIfTI 
format

Brightness

Contrast

Opacity

Image Depth

Cut Range Min

Cut Range Max

Ext Light Thrshld

Color Filters

eps from confocal image capture to visualization in a VR
sing steps.

isualization for Confocal Microscopy, J. Mol. Biol. (2018), https://

https://doi.org/10.1016/j.jmb.2018.06.035
https://doi.org/10.1016/j.jmb.2018.06.035


Table 1. Table summarizing all the features of ConfocalVR
application software

Slider controls

Control panel sliders parameters

Brightness
Contrast
Opacity
Image Depth
Cut Range Min
Cut Range Max
External Light Intensity
Red channel
Green channel
Blue channel

Controller button action

Controller button label Action

R Red Channel On/Off
G Green Channel On/Off
B Blue Channel On/Off
Recenter Recenter VR Position
Toggle Lighting Lighting On/Off
Toggle panel Control panel On/Off

Touch panel file actions

Touch panel label Action

Touch to save param Save parameter values from the control
panel to an editable text file

Touch to load param Load the parameter values from text file

Controller actions

Vibration felt at the contact of an object
Grab and move the Image
Grab and move the sliders of the control panel

Multi-user features

See avatars representing the position of head and hands of all
other users in shared VR room

Conference call style, full bi-directional audio to all others
Private named shared VR room selection

3ConfocalVR for Confocal Microscopy
you used a macro, these steps take from 10 s to a few
minutes.
The file is then read by ConfocalVR and the cell

image is rendered into the VR headset. ConfocalVR
will load imagesup to approximately 1000H×1000W×
100D pixels and only takes a few seconds. The image
size is important in that the VR systemmust be able to
update the image view at a rate of at least 90 frames
per second (fps). This gives a smooth visual rendering
without jitter or lag which “breaks” the immersive
experience (video available at http://www.confocalvr.
com). As commercial VR systems performance
continues to improve, larger data sets will be able to
be visualized. Inside ConfocalVR, the NIfTI file is read
and converted to voxels (3D pixels) and displayed in
front of the user. The user perceives the image as
having real physical dimensions, so the cell image
Please cite this article as: C. Stefani, et al., ConfocalVR: Immersive V
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looks like it is filling about a cubic meter volume in front
of you. The image, along with an interactive control
panel for adjusting image viewing parameters, sits
stationary, a half-meter belowand in front of the viewer.
User testing and feedback revealed that the ability

to adjust visualization parameters within the environ-
ment was key to improving interpretation of the 3D
structures, thus leading to the careful design of an in-
VR-space user control panel described below.

ConfocalVR user interface

The specific design and layout of the user interface
and user experience (UI/UX) was driven by following
a rapid prototyping cycle with the developer provid-
ing running prototypes that the researcher could
immediately use on real image stack data. This
provided continuous feedback on the strengths and
weakness of ConfocalVR's current capabilities and
allowed us to focus on key features that were of
highest value to the scientists. The controls de-
scribed below are a product of this iterative design
process.
Figure 2a is a snapshot of the virtual environment of

ConfocalVR; shown is the 3D volume image, the
visual parameter sliders, and the controllers. When
started, the application provides a file browser for you
to select the image to be viewed. The VR headset is
put on and the two hand controllers are picked up as
you enter the virtual room. Using the controllers, the
researcher can reach out and grab the image, rotate it,
and bring it closer and farther from their face. They can
then reach down to the image parameter sliders and
grab the control-sphere and drag it left and right to
adjust the parameter. Figure 2b shows the organiza-
tion of the control panel inside the VR environment.
Either hand controller can grab the virtual sliders using
the trigger button. A vibration felt in the controller
(primitive haptics, but useful) indicates that your hand
is in contact with the sliders. The user is able to control
Brightness, Contrast, Opacity, Depth, CutRangeMin,
CutRangeMax, External Light Intensity, and the Red,
Green, andBlue color channel. Figure 2c indicates the
range and the default of each parameter. Several
image control buttons were added directly on the
(virtual) controllers to facilitate the UX (Fig. 2d). The
user can (1) turn off/on each color channel individually
(Fig. 2d, top), (2) toggle off/on the external lightning,
(3) re-center the user in the VR room, and (4) toggle
off/on the control panel (Fig. 2d, bottom).
Finally, we added two extra virtual touch-panels to

the right of the control panel to be able to save the
parameter settings to a file so the researcher's
preferred settings can be reloaded automatically the
next time the image is loaded.
Three primary visual renderings modes were imple-

mented, each of which provides unique insight into the
image structure: (1) translucent, (2) illuminated, and
(3) cut-range. Translucent is the default initial mode
isualization for Confocal Microscopy, J. Mol. Biol. (2018), https://
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Fig. 2. ConfocalVR VR space and controllers. (a) Snapshot of the ConfocalVR space. (b) Representation of the control
panel sliders. (c) Representation of front and side views of HTC Vive controllers; shows the localization of the trackpad and
the trigger. (d) Representation of the buttons available on the trackpad, as they appear in ConfocalVR. Buttons of controller
1 turning on/off the three color channels, red (R), green (G), and blue (B). Buttons of controller 2: “Toggle Lighting” turn on/
off the lighting function, “Oculus re-center” allow the user to re-center the room in front of him/her, “toggle panel”make the
control panel appear/disappear allow for focus on the image.
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giving youa low-opacity view into the cell (Fig. 3a). This
mode is useful to determine which elements are inside
and outside others, and to see areas of colocalization
(Fig. 3b). In the illuminatedmode, a virtual external light
is used to create iso-surfaces that clarify boundaries
between cell structures (Fig. 3c). By using the lighting
intensity slider, you can quickly sweep through
hundreds of virtual iso-surfaces and really begin to
understand contact points. By using the cut-range
controls, you can quickly cut back the noise in the
image by varying the minimum level below which you
will not display the volume element, or you can vary the
Please cite this article as: C. Stefani, et al., ConfocalVR: Immersive V
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maximum cut level to drop over-saturated voxels from
the image (Fig. 3d). This leads to an interesting banding
effect that in some cases makes the cell component
boundaries clearer. By using these modes together,
you can get the clearest understanding of the overall
localization of your molecule of interest.

Multi-scientist collaboration support

Because it is essential to be in VR to get the
immersive view of the cellular architecture, it was
found to be important to allow multiple scientists to
isualization for Confocal Microscopy, J. Mol. Biol. (2018), https://
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Fig. 3. ConfocalVR image example. (a–d) This image was obtained by immunofluorescence of LC3 (autophagy
compartment) of a B cell (red), in contact with an apoptotic cell (green). Both cell nuclei are in blue. You can see that the B-
cell is able to internalize pieces of apoptotic cell and traffic it inside autophagic compartment. This essential mechanism
was discussed in a previous publication [4] and serves as an example here. (a) Translucent mode in low opacity allows the
user to see inside the cell by transparency. (b) Same conditions as panel A but with reduced level of blue. You can then
clearly see a piece of green apoptotic cell, inside LC3 (red) compartment by transparency (yellow). (c) External lighting
mode. You can see that adding lighting helps reveal the overall structure of the two cells. The “bridge” between the cells
becomes particularly clear (white arrow). (d) Cut-range mode shows another way to observe the boundaries of the signal,
by representing iso-surfaces much like a typical topographic map.
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be in the same environment at the same time. We
added a multi-user capability allowing a secure
shared VR room to be setup for multiple scientists
(up to 4) to occupy at the same time. Scientists can
be distributed globally; the only requirement is
internet access through your local firewall security.
Each user can view and manipulate the image, while
also communicating with each other via the micro-
phone and headphone that are integrated into each
of their VR headsets. To increase the immersive
effect, each user views the other represented by a
simple avatar that tracks motions in real time.
Although visually simple, there is a surprisingly rich
exchange of non-verbal communication between the
scientists based on the movement and gestures of
just hands and head. All this leads to the ability to
present and share images and insights with others in
your field.
Please cite this article as: C. Stefani, et al., ConfocalVR: Immersive V
doi.org/10.1016/j.jmb.2018.06.035
Discussion

ConfocalVR exploits the emergent capabilities of
low-cost consumer-grade virtual reality (VR) systems
to fully immerse the user in viewing the 3D image. This
allows the user to directly see the 3D cellular
architecture and explore protein localization. By
following the rapid-prototyping principles of software
development, we quickly explored a number of ways
to display and interactwith the image. It was found that
a volume-based representation was superior to a
surface renderedmodel, as toomuch information was
lost in the process of thresholding intensities to define
surfaces. The ability to reach out and grab the image
enabled amuch richer and faster understanding of the
overall cell architecture. The researcher could quickly
see something interesting in the image and as quickly
as you can bring your hand to your face you could be
isualization for Confocal Microscopy, J. Mol. Biol. (2018), https://
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looking directly at the point of interest. Because of the
rich connection between fluorescent tags and color
mappings that were defined in the ImageJ prepro-
cessing step, it is important to be able to rapidly adjust
the color mix with slider-controls that lets the user
sweep red, green, or blue from zero to max intensity,
again as quickly as you can move your arm. Adding
the ability to blink each of the color channels off and on
via a virtual button on the hand controller, you could
switch the tag associated with the nuclear wall off and
on and study exactly which cell components were
inside or outside this wall. Similarly, by blinking the
color associated with tags on vesicles or DNA, you
could see both overall distribution through the cell, as
well as colocation of key elements. As the images
being studied may have varying resolutions (voxel
size), it was useful to provide the ability to dynamically
re-scale the cell image by reaching out with both
hands, holding the hand controller trigger, andmoving
your hands apart or together, zooming the image in
and out as you do so. For high-resolution images, this
allow you to focus in on details that might have been
missed otherwise.
Altogether, this full suite of controls over image

parameters, displayed in 3D, while filling your whole
field of view, and the ability to quickly and intuitively
adjust these parameters seem to enable a much
faster and more complete understanding of the
confocal image stack.
It is interesting to note that a ConfocalVR system

hardware requires an investment of only about ~$2500
compared to the ~$500,000 cost of the confocal
microscope. A 0.5% additional investment for a high
return in increased interpretability of the images.
Some challenges remain to be addressed:

• Depending on the experiment and lab equipment,
the data file format, the number of channels, and
the order of the channels are all potentially
variable. This makes it difficult to write image
pre-processingmacros that will work for all labs. It
will be important to facilitate the processing of
multiple data format as well as meta-data.

• In the future, we think it will be necessary to add
the ability to control more than three channels
inside the VR space. In ImageJ, you can make
adjustments to each of many channels indepen-
dently. To move that image into ConfocalVR, you
have to compress multiple channels into a three
channels composite RGB format. At this point,
you can only make further adjustments on those
three channels, so some anticipation of the
mapping of channels to colors is warranted.
Particularly, considering the increasing availability
ofmultiple color labels for proteins andmolecules.

• Cellular protein organization and architecture is a
highly dynamic system. It will be interesting to
develop the possibility to observe and interact with
a 4D system (3D and time). Some capabilities to
Please cite this article as: C. Stefani, et al., ConfocalVR: Immersive V
doi.org/10.1016/j.jmb.2018.06.035
view imagestacks inVRhavebeen integrated into
the most recent versions of ChimeraX [6];
however, the in-VR-space UI is not as well tuned
to the UX. InViewR, a commercial product, has
also recently come available that includes 4D
support.

• VR observation allows you to visualize cellular
structures more accurately. It will be interesting
to develop a set of tools to obtain metric data
while in VR space, like distance, colocalization,
or pixel intensity. This could be particularly
valuable to precisely identify full-volume region
of interest as well as exact distance in 3D.

In the interpretation of multi-channel confocal
microscope image stacks, VR technology has proven
valuable. VR headsets are getting better and cheaper,
and more companies are bringing products to market.
At the same time, the software development tools and
code libraries aremaking it easier and faster to develop
new applications. ConfocalVR was developed by one
developer and one scientist over a 6-month period, on
a part-time basis.
Based on the experience with ConfocalVR, the

increasing power VR compute engines (Graphics
Processing Units), and the dropping cost of fully
functional 6-degree-of-freedomVR systems, it is likely
that VR technology will become a standard part of
molecular biologist's research toolkit.
Materials and Methods

Microscope and imaging software

A detailed protocol has previously been described
[7]. Briefly, immunofluorescence studies were per-
formed on cells fixed with 4% paraformaldehyde.
LC3 was labeled using primary and secondary
antibodies coupled with Alexa 546, and cell nuclei
were stained with Hoechst 33342. Cells were
imaged through a 100× oil objective and Nikon Ti
(Eclipse) invertedmicroscopewith UltraviewSpinning
Disc (CSU-X1) confocal scanner (PerkinElmer).
Images were captured with an Orca-ER Camera
using Volocity (Perkin Elmer).

VR environment

Unity3D (https://unity3d.com) is the VR development
environment used to build the ConfocalVR application.
Thebasic ability to render 3Dvolumeswasbuilt upusing
several Unity Assets (libraries). Within the 3D Unity
development environment, the key assets that were
used and their interconnections are shown in Fig. 4. The
Volume Viewer Pro asset handles the conversion of a
NIfTI-formatted image-stack into a 3D volume graphics
object which can then be viewed and manipulated in VR
isualization for Confocal Microscopy, J. Mol. Biol. (2018), https://
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Fig. 4. ConfocalVR Unity development environment. Schematic representation of the Unity 3D environment developed
for ConfocalVR. Squares represent assets. Double arrows represent the C sharp code needed to interconnect assets.
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(https://assetstore.unity.com/packages/vfx/shaders/
fullscreen-camera-effects/volume-viewer-pro-83185).
The SteamVR asset provides all the low-level routines to
connect to the VR hardware (https://github.com/
ValveSoftware/openvr). It provides a standard application
programming interface (API) and handles compatibility
withdifferentVRsystems, suchasHTCVive,OculusRift,
andMicrosoft Mixed Reality. VR Toolkit (VRTK) provides
a high-level interface for the creation and manipulation of
virtual objects (https://github.com/thestonefox/VRTK). It
supports virtual actions like touching and grabbing which
are used to build up the in-VR-spaceUI/UX.PhotonUnity
Networking (PUN) is an asset that enablesmultiple users
to connect to the same application and share user
motions and audio (live voice) (https://www.
photonengine.com/en/PUN). ThePlayOVRasset provid-
ed a simple interface between VRKT and PUN (https://
github.com/quintesse/PlayoVR).

Image preprocessing tool

Image stack pre-processing was performed using
ImageJ distribution (http://rsbweb.nih.gov/ij) [2] and
Fiji (http://ji.sc/wiki/index.php/Fiji) [8]. Furthermore,
images were processed with the ImageJ LOCI Bio-
Formats (http://www.loci.wisc.edu/bio-formats/
about) and NIfTI INPUT/OUTPUT (https://imagej.
nih.gov/ij/plugins/nifti.html) plugins.
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