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Advanced Medical Displays: A Literature Review of
Augmented Reality

Tobias Sielhorst, Marco Feuerstein, and Nassir Navab

Abstract—The impressive development of medical imaging
technology during the last decades provided physicians with an
increasing amount of patient specific anatomical and functional
data. In addition, the increasing use of non-ionizing real-time
imaging, in particular ultrasound and optical imaging, during
surgical procedures created the need for design and development
of new visualization and display technology allowing physicians to
take full advantage of rich sources of heterogeneous preoperative
and intraoperative data. During 90’s, medical augmented reality
was proposed as a paradigm bringing new visualization and
interaction solutions into perspective. This paper not only reviews
the related literature but also establishes the relationship between
subsets of this body of work in medical augmented reality. It
finally discusses the remaining challenges for this young and active
multidisciplinary research community.

. INTRODUCTION

EDICAL augmented reality takes its main motivation

from the need of visualizing medical data and the pa-
tient within the same physical space. It goes back to the vision of
having x-ray vision, seeing through objects. This would require
real-time in-situ visualization of co-registered heterogeneous
data, and was probably the goal of many medical augmented
reality solutions proposed in literature. As early as 1938, Stein-
haus [1] suggested a method for visualizing a piece of metal
inside tissue registered to its real view even before the inven-
tion of computers. The method was based on the geometry of
the setup and the registration and augmentation was guaranteed
by construction. In 1968, Sutherland [2] suggested a tracked
head-mounted display as a novel human-computer interface en-
abling viewpoint-dependent visualization of virtual objects. His
visionary idea and first prototype were conceived at a time when
computers were commonly controlled in batch mode rather than
interactively. It was only two decades later that the advances in
computer technology allowed scientists to consider such tech-
nological ideas within a real-world application. It is interesting
to note that this also corresponds to the first implementation of a
medical augmented reality system proposed by Roberts et al. [3]
in 1986. They developed a system integrating segmented com-
puted tomography (CT) images into the optics of an operating
microscope. After an initial interactive CT-to-patient-registra-
tion, movements of the operating microscope were measured
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using an ultrasonic tracking system. Early 1990s augmented re-
ality was also considered for other applications including in-
dustrial assembly [4], paperless office [5], and machine mainte-
nance [6].

While virtual reality (VR) aimed at immersing the user en-
tirely into a computer-generated virtual world, augmented re-
ality (AR) took the opposite approach, in which virtual com-
puter generated objects were added to the real physical world
[7]. Within their so-called virtuality continuum [8], Milgram
and Kishino described AR as a mixture of virtual reality (VR)
and the real world in which the real part is more dominant
than the virtual one. Azuma described AR by its properties of
aligning virtual and real objects, and running interactively and
in real-time [9], [10].

In augmented reality inheres the philosophy that intelligence
amplification (1A) of a user has more potential than artificial
intelligence (Al) [11], because human experience and intuition
can be coupled by the computational power of computers.

Il. OVERVIEW OF MEDICAL AR SYSTEMS AND TECHNOLOGIES

The first setup augmenting imaging data registered to an ob-
ject was described in 1938 by the Austrian mathematician Stein-
haus [1]. He described the geometric layout to reveal a bullet
inside a patient with a pointer that is visually overlaid on the
invisible bullet. This overlay was aligned by construction from
any point of view and its registration works without any com-
putation. However, the registration procedure is cumbersome
and it has to be repeated for each patient. The setup involves
two cathodes that emit X-rays projecting the bullet on a fluoro-
scopic screen (see Fig. 2). On the other side of the X-ray screen,
two spheres are placed symmetrically to the X-ray cathodes. A
third sphere is fixed on the crossing of the lines between the
two spheres and the two projections of the bullet on the screen.
The third sphere represents the bullet. Replacing the screen with
a semi-transparent mirror and watching the object through the
mirror, the third sphere is overlaid exactly on top of the bullet
from any point of view. This is possible because the third sphere
is at the location to which the bullet is mirrored. Therefore, the
setup yields stereoscopic depth impression. The overlay is re-
stricted to a single point and the system has to be manually cali-
brated for each augmentation with the support of an X-ray image
with two X-ray sources.

In the next decades, different technologies followed that
allow for medical augmentation of images. This section will
introduce them as seven fundamental classes, including their
specific limitations and advantages. Each subsection begins
with the definition of the respective category. Fig. 15 gives a
short overview on these technologies.
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Steinhaus' publication on a needle tip augmentation

Sutherlands "Ultimate Display" - optical see-through HMD

Magnetic resonance imaging (MRI) available on market

First laparoscopic cholecystectomy with a video endoscope

First video see-through technology for AR, medical HMD augmentation

1900 ¥ 1896 Invention of X-ray imaging
—— 1938
1910 —— 1955 First mobile C-arm
1920 — 1967 2D real time ultrasonography available on market
— 1968
1930
—— 1974 Computed tomography (CT) available on market
1940 1980
1982 Neuronavigation system reported
1950 1985  First augmented operating microscope
1960 1987
1970 1992
1995 First augmented stereo operating microscope
1980 1997 First augmented endoscope
——— 1998 First AR window
1990
/— 1999 First camera augmented C-arm
2000 Y 2000

First augmented binoculars, first augmented ultrasound device

Fig. 1. Inventions timeline of selected imaging and AR technology [2] © 1968 IEEE.
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Fig. 2. Early suggestion for overlay of imaging data by Steinhaus [1] in 1938. Computation-free calibration (left and middle) and visualization (right) of the

proposed setup.

We start with devices that allow for in-situ visualization. This
means that the view is registered to the physical space.

A. HMD Based AR System

The first head-mounted display (HMD)-based AR system
was described by Sutherland [2] in 1968 (see Fig. 3). A stereo-
scopic monochrome HMD combined real and virtual images
by means of a semi-transparent mirror. This is also referred to
as optical see-through HMD. The tracking was performed me-
chanically. Research on this display was not application driven,
but aimed at the “ultimate display” as Sutherland referred to it.

Bajura et al. [12] reported in 1992 on their video see-through
system for the augmentation of ultrasound images (see Fig. 4).
The system used a magnetic tracking system to determine the
pose of the ultrasound probe and HMD. The idea of augmenting

live video instead of optical image fusion appears counterpro-
ductive at first sight since it reduces image quality and intro-
duces latency for the real view. However, by this means the real
view can be controlled electronically resulting in the following
advantages:

1) No eye-to-display calibration is needed, only the
camera-to-tracker transformation has to be calculated,
which may remain fixed.

2) Arbitrary merging functions between virtual and real ob-
jects are possible as opposed to brightening up the real view
by virtual objects in optical overlays. Only video overlay
allows for opaque virtual objects, dark virtual objects, and
correct color representation of virtual objects.

3) By delaying the real view until the data from the tracking
system is available, the relative lag between real and virtual
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Fig. 3. The first (optical see-through) HMD by Sutherland [2].

objects can be eliminated as described by Bajura et al. [13]
and Jacobs et al. [14].

4) For the real view, the image quality is limited by the dis-
play specifications in a similar way as it is for the rendered
objects. Since the color spectrum, brightness, resolution,
accommodation, field of view, etc. are the same for real
and virtual objects, they can be merged in a smoother way
than for optical overlays.

5) The overlay is not user dependent, since the generation of
the augmentation is already performed in the computer, as
opposed to the physical overlay of light in the eye. The re-
sulting image of an optical see-through system is in general
not known. A validation without interaction is hardly pos-
sible with optical overlays.

In 1996, in a continuation of the work of Bajura et al. [12],
[13], State et al. [15] reported on a system with 10 frames per
second (fps) creating VGA output. This system facilitates hy-
brid magnetic and optical tracking and offers higher accuracy
and faster performance than the previous prototypes. The speed
was mainly limited by the optical tracking hardware. Nowa-
days, optical tracking is fast enough to be used exclusively. The
continued system has been evaluated in randomized phantom
studies in a needle biopsy experiment [16]. Users hit the targets
significantly more accurately using AR guidance compared to
standard guidance.

In 2000, Sauer and colleagues [17] presented a video see-
through system that allowed for a synchronized view of real
and virtual images in real-time, i.e., 30 fps. In order to ensure
that camera images and tracking data are from exactly the same

Fig. 4. First video see-through HMD: Augmentation of ultrasound slices [12].
© 1992 ACM.

point of time the tracking camera and the video cameras are
genlocked, i.e., the tracking system shutter triggers the cameras.
Their visualization software waits for the calculated tracking
data before an image is augmented. This way, the relative lag is
reduced to zero without interpolating tracking data. The system
uses inside-out optical tracking, which means that the tracking
camera is placed on the HMD to track a reference frame rather
than the other way around (see Fig. 5). This way of tracking
allows for very low reprojection errors since the orientation of
the head can be computed in a numerically more stable way than
by outside-in tracking using the same technology [18].

Wright et al. [19] reported in 1995 on optical see-through
visualization for medical education. The continuation of the
system [20] augments anatomical data on a flexible knee joint
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