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Evaluating the Performance of Augmented Reality in Displaying 3D

Holographic Models Derived from MR Techniques
Frank Chang

Objective: The primary objective of this study is to investigate the performance of augmented reality
(AR) in representing and displaying 3D holographic models derived from 3D MR acquisitions. In

addition, the existing picture archiving and communication system (PACS) will be examined as well.

Methods: A compatible phantom model for the 3.0T standard bore GE MRI scanner was used and fiducial
markers set at various known distances were placed on the surface of the model. The distances were
measured using a digital caliper, establishing the reference gold standard. Five separate configurations
were created using the same phantom model by rearranging the fiducial markers. A set of six total
measurements between fiducial markers were made in each configuration: two along the x-direction, two
along the y-direction, and two along the z-direction. Four different 3D MR sequences were implemented
to scan each configuration. The resulting 3D MR images of each sequence for every configuration were
stored as digital imaging and communications in medicine (DICOM) files and sent to PACS. The
corresponding six distances were then measured using the built-in PACS ruler tool. Open-source 3D
rendering software programs were used to translate the DICOM files into 3D models, which were then
loaded onto an AR platform. The 3D models were displayed as holograms and the overlaid distances
between the fiducial markers were measured using a physical digital caliper. Since the assumptions for
parametric statistical analysis were violated, the nonparametric statistical method was adopted to examine

the statistical differences among the three groups (gold standard, PACS, and AR).



Results: The results showed no statistically significant difference between AR measurements and gold
standard measurements (p = 0.6208). However, a statistically significant difference between PACS

measurements and gold standard measurements (p = 0.0118) was present.

Conclusion: Distance measurements in AR models derived from MRI scans show no statistically
significant difference compared to gold standard measurements. AR can be used to accurately measure

distance for surgical planning and clinical use.
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Chapter 1

Introduction

Augmented reality (AR) is a powerful application that allows physicians to visualize and interact with
patient data. By definition, augmented reality is a real-time interactive experience of the real-world
environment using computer-generated perceptual information. The information can be overlaid by
adding to or masking from the real-world environment. It is important to note that AR is different from
virtual reality (VR). VR is also a real-time interactive experience using computer-generated perceptual
information, but it takes place completely in a simulated environment. Therefore, AR is the preferred
modality to visualize organ anatomy as patients are real objects and are part of the real-world
environment. Multiple studies have tested the feasibility of AR in the clinical setting with promising
results, but the performance of this modality has yet to be explored in more detail [1]. To date, augmented
reality has been carried out using techniques such as image projection and registration with an optical
tracker [2,3]. These methods introduce unwanted projection and registration errors which could lead to
misinterpretation of the true morphology of the anatomy or structure of interest. Further robust methods
for developing better representations of computer-generated information could benefit current treatment
and diagnostic workflows, ultimately improving the efficiency and standard of care. Recently, the use of
holograms generated from 3D renderings has been introduced and this project will utilize the concept of

holographic models for AR visualization.

Figure 1. Microsoft HoloLens (image via The Verge)



The Microsoft HoloLens hardware is a headset device that is completely wire-free and Wi-Fi enabled
(Figure 1). It responds to a series of hand gestures as well as voice commands and can be paired with
holographic augmentation software to display 3D holograms. These convenient features collectively
allow for a smoother integration of the technology into the physician workflow. The ability of the
HoloLens to make reproducible measurements as an instrument has already been characterized in the field
of surgery [4]. In addition, the HoloLens is capable of accurately following hand gestures and voice
commands for manipulation and interaction of 3D objects [5,6]. Together, the HoloLens has been
demonstrated as a competent tool to assist surgeons and other medical professionals with preoperative
surgical planning, such as the localization of subsurface vascular perforators, as well as intraoperative
landmarking [6]. From a usability standpoint, the HoloLens, like many other AR devices, has received

positive reception with users reporting ease of use and the intuitive nature of the technology [4,7].

Using AR to display 3D holographic models derived from computed tomography (CT) techniques was
previously shown to be a reliable method with no statistically significant difference between reference
measurements and AR measurements [8]. Because magnetic resonance (MR) imaging techniques offer
superior soft tissue contrast, assessing how AR handles 3D holographic models derived from MR
techniques could elucidate and unlock even more information about this specific technology for future
clinical use. Thus, this particular project seeks to explore the performance of AR in representing and
displaying 3D holographic models derived from 3D MR acquisitions. Since the picture archiving and
communication system (PACS) is part of the current diagnostic workflow in radiology and imaging, this

step will be included in the experimental pipeline as well.



Chapter 2

Methods

2.1 Pipeline

The overall experimental pipeline is shown in Figure 2. As will be discussed in detail later, measurements
will be collected in three major phases: 1) using the physical phantom model to establish the reference
gold standard (GS), 2) using the PACS system after the MR acquisitions, and 3) using the HoloLens to
display the translated 3D holograms in AR derived from digital imaging and communications in medicine

(DICOM) files. Thus, there will be a total of three forms of measurements: GS, PACS, and AR.

3. HoloLens (AR)

Figure 2. Experimental pipeline

2.2 Phantom Model

A compatible phantom model (Cubical Unified Phantom 5342681, GE Healthcare) for the GE MRI
scanner was used throughout the data collection process (Figure 3). Five different phantom configurations
(Configuration A-E) were made in total. For the first configuration, fiducial markers (MR-SPOT #121
and 122, Beekley Medical) were placed on the surface of the phantom model to form a total of two
distances along each of the three directions of the cube: two in the x-direction, two in the y-direction, and
two in the z-direction (Figures 4 & 5). An optional grid paper (Fast Find Grid, Webb Medical) was

wrapped around the phantom model to guide and ensure accurate fiducial marker placement along each



axis. A digital caliper (Model 01407A, Neiko Tools) was used to measure the six designated distances
between the fiducial markers along each of the three directions (Figure 6). The rest of the four

configurations were designed in the same way but with varying distances between the fiducial markers.

Figure 3. Compatible phantom model for the 3.0T GE MRI scanner



Figure 4. Fiducial markers placed along the x and z directions

Figure 5. Fiducial markers placed along the y direction



Figure 6. GS distance measurement using a digital caliper

The GS reference measurements for each of the five configurations are tabulated below in Table 1.

Configuration
Direction A B C D E
VAl 1843 mm | 25.84 mm | 3545 mm | 4525 mm | 65.85 mm
72 31.53 mm | 2594 mm | 37.09 mm | 35.69 mm | 45.69 mm
X1 309l mm | 25.16 mm | 37.27 mm | 26.01l mm | 55.63 mm
X2 1775 mm | 26.58 mm | 1648 mm | 26.93 mm | 46.72 mm
Y1 1801 mm | 16.85mm | 1729 mm | 16.96 mm | 30.48 mm
Y2 31.25mm | 16.66 mm | 2499 mm | 18.69 mm | 28.74 mm

Table 1. GS distance measurements listed by configuration




2.3 MR Acquisition and PACS

The 3.0T normal bore GE MRI scanner and an 8-channel high resolution head coil were used for all MR
acquisitions. Four 3D MR sequences were implemented to scan each of the five phantom configurations.
The four sequences are 3D BRAVO, 3D CUBE T2, 3D FSPGR, and 3D LAVA-Flex. Default parameters
using a 256 x 256 matrix with the thinnest slices possible were configured for all sequences except for
LAVA-Flex (Figure 7). All LAVA-Flex sequences were run using a 200 x 200 matrix with the thinnest
slices possible (Figure 8). Individual cross-sectional views were reformatted via multiplanar
reconstruction (MRP) after each acquisition, and the resulting images were saved as DICOM files and
sent to PACS. The PACS ruler tool was used to measure the distances between fiducial markers along the
x and z directions in the coronal view, and the distances in the y direction were measured in the sagittal
view (Figures 9 & 10). Windowing and leveling of the images were adjusted as needed to determine the
slice with the greatest contrast between the markers and background. This process was repeated for the

rest of the four configurations as well.
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Figure 9. PACS interface for x and z direction measurements in coronal view
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Figure 10. PACS interface for y direction measurements in sagittal view

2.4 Translation and AR

DICOM files for each 3D MR sequence acquisition were translated to 3D object files using open-source
3D rendering software MeshLab (http://www.meshlab.net ) and Blender (https://www.blender.org). A
decimation algorithm was applied as needed within the software interface for smoothing purposes and file
reduction. Completed 3D renderings were exported as object files and loaded onto the HoloLens headset.
From there, each object file was opened as 3D holograms using a series of hand gestures and voice
commands. The “adjust” voice command generates adjustment bars and rings around the model, which
can be dragged or pinched in all directions to manipulate the hologram (Figure 11). The hologram was
then placed onto the table just like a normal physical phantom model would, and the same digital caliper
that was used to measure GS references was used to measure the distances between the holographic
fiducial markers along each of the three directions (Figure 12). The transparency of the hologram can be
adjusted using the side buttons on the HoloLens to properly align the caliper to the desired set of fiducial

markers.
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Figure 11. 3D hologram with adjustment bars and rings

Figure 12. 3D hologram placed on the table for measuring with digital caliper

2.5 Referencing Distance Measurements
In order to evaluate how accurate AR and PACS measurements compare with GS reference
measurements, the distance measurements along each of the three directions for the methods of

measurements need to be referenced to the correct directional observation. For example, the distance
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measurement along direction X1 for AR needs to be matched to the distance measurement along X1 for
GS. Similarly, the same applies for matching the distance measurement X1 for PACS to the distance
measurement X1 for GS. To do this, a difference score was computed for each directional observation by
subtracting the corresponding GS measurement from the AR measurement, and subtracting the
corresponding GS measurement from the PACS measurement. The resulting difference scores will be
dimensionless but will ensure that the correct distance comparisons with respect to the original referenced

direction are made.

Chapter 3

Results

3.1 Methods of Measurements

The descriptive statistics of the difference scores for the methods of measurements variable are shown in

Table 2.
PACS AR
Mean -0.0809 0.0649
Standard Deviation 0.7865 0.8936
N 116 106

Table 2. Descriptive statistics of difference scores for methods of measurements

The Shapiro-Wilk tests were used to examine the normality of the data. The test results showed that the
normal assumption for parametric testing does not hold (p < 0.0138). Therefore, nonparametric testing
was adopted for examining the methods of measurements, and all of the testing was performed at a two-
sided alpha level of 0.05. One-sample median test showed that there exists no significant difference
between AR and GS (p = 0.6208). However, there exists a significant difference between PACS and GS
(»p = 0.0118). For the comparison between PACS and AR, the result of a two-sample median test

indicated that there is a significant difference as well (p = 0.0030).
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3.2 Sequences

The descriptive statistics of the difference scores for the sequences variable are listed in Table 3.

3D BRAVO | 3D CUBE T2 | 3D FSPGR | 3D LAVA-Flex
Mean 0.1212 -0.0663 0.2128 -0.4291
Standard Deviation 0.8523 0.5433 1.0113 0.7645
N 59 60 60 43

Table 3. Descriptive statistics of difference scores for sequence types

The normality assumption does not hold for groups 3D CUBE T2 and 3D LAV A-Flex by the Shapiro-
Wilk test (p < 0.05). Also, the homogeneity of variance assumption does not hold by the Levene’s test (p
=0.0077). Therefore, nonparametric testing was adopted for the sequences variable. The Kruskal-Wallis
test was performed on the sequences variable with a chi-square of 13.3508 and the result shows there
exists some significant differences among the four levels of sequences (p = 0.0039). All pairwise
comparisons among those four groups were further investigated by using two-sample Wilcoxon tests. For
the six pairwise comparisons, only the 3D BRAVO vs. 3D LAV A-Flex sequence, 3D CUBE T2 vs. 3D
LAVA-Flex sequence, and the 3D FSPGR vs. 3D LAV A-Flex sequence showed statistically significant

differences (p = 0.0041, p = 0.0110 and p = 0.0012, respectively).

Additionally, the methods of measurements were investigated in each sequence type. Testing results
revealed that there are some significant differences for the 3D CUBE T2 sequence as well as for the 3D
LAVA-Flex sequence. For the 3D CUBE T2 sequence, one-sample median test showed there is a
significant difference between PACS vs. GS measurements (p = 0.0161), and two-sample Wilcoxon test
showed there is a significant difference between AR vs. PACS measurements (p = 0.0017). For the 3D
LAVA-Flex sequence, one-sample median test presented a significant difference between AR and GS

measurements (p = 0.0490).
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Chapter 4

Discussion and Conclusion

Overall, results indicate that the HoloLens does a good job in representing 3D holographic models
derived from 3D MR acquisition scans. AR can thus be used to accurately measure distances for
applications such as surgical planning and clinical use. Differences reflected in PACS measurements
agree with previous observations done for 3D holographic models derived from CT acquisition scans.
This could be due to the fact that images in PACS are presented in 2D slices at fixed intensity levels
which might pose a limitation to precisely determine fiducial marker locations. Sequence wise, it is
expected that the 3D BRAVO and 3D FSPGR sequences have similar results as BRAVO is an FSPGR
sequence used for scanning the brain. The 3D LAV A-Flex sequence uses a T1-weighted 3D GRE
acquisition with a 2-point Dixon fat/water separation. Differences are expected for this sequence in the
pairwise comparisons as the phantom and fiducial markers contain two different homogeneous substances
both without traces of fat, giving little to no useful information in the resulting images. The significant
differences presented for the 3D CUBE T2 sequence coincide closely with the results found in the
comparisons among the methods of measurements, which means 3D CUBE T2 is the most consistent
sequence with respect to the other three sequences explored. The significant difference seen between AR
and GS measurements for the 3D LAV A-Flex sequence could be attributed to the lack of signal from
some fiducial markers during the acquisitions, and hence a complete loss of the corresponding markers
during the translation process into 3D holograms. A few other limitations in this study include the size
and composition of the phantom used, file size limit for each object file loaded onto the HoloLens (20
MB), and lack of haptic feedback when interacting with the holograms. Future work could be explored by
incorporating internal structures within the phantom, varying phantom sizes, as well as introducing
different compositions. In addition, adjusting MR scanning setups and parameters—including bore size,
magnet strength, types of sequences, and acquisition parameters—could offer more insight regarding the

performance of AR in displaying holographic information derived from each respective acquisition.
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