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Featured Application

This study allows clinical stakeholders to systematically assess the image quality of see-
through augmented reality headsets in accordance with established medical display stan-
dards. The adapted methods support the integration of AR glasses, such as HoloLens 2,
as medical display devices within clinical workflows. By quantifying essential image
quality metrics, the proposed approach ensures that AR displays convey critical medical
information with adequate fidelity for safe clinical use.

Abstract

See-through augmented reality glasses, such as HoloLens 2, are increasingly adopted in
medical settings; however, their efficacy as medical display devices remains unclear, as
current evaluation protocols are designed for traditional monitors. This study examined
whether the established display-evaluation techniques apply to HoloLens 2 and whether it
meets standards for primary and secondary medical displays. HoloLens 2 was assessed
for overall image quality, luminance, grayscale consistency, and color uniformity. Five
participants rated the TG18-OIQ pattern under ambient lighting conditions of 2.4 and
138.7 lx. Minimum and maximum luminance were measured using the TG18-LN12-03 and
-18 patterns, targeting ≥ 300 cd/m2 and a luminance ratio ≥ 250. Grayscale conformity to
the standard grayscale display function allowed deviations of 10% for primary and 20%
for secondary displays. Color uniformity was measured at five screen positions for red,
green, and blue, with a chromaticity limit of 0.01 for primary displays. HoloLens 2 satisfied
four of the ten primary and four of the seven secondary overall-quality criteria, achieving a
maximum luminance of 2366 cd/m2 and a luminance ratio of 1478.75. Grayscale uniformity
was within tolerance for 10 of the 15 primary and 13 of the 15 secondary measurements,
while 25 of the 30 color uniformity values exceeded the threshold. The adapted evaluation
methods facilitate a systematic assessment of HoloLens 2 as a medical display. Owing
to inadequate grayscale and color representation, the headset is unsuitable as a primary
diagnostic display; for secondary use, requirements must be assessed based on specific
application requirements.

Keywords: augmented reality (AR); see-through display; HoloLens 2; image quality;
performance testing; medical display devices
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1. Introduction
1.1. Use and Evaluation of Medical Display Devices

Imaging modalities such as radiography, computed tomography (CT), and magnetic
resonance imaging are essential pillars of modern medicine. They provide critical infor-
mation regarding the condition of bones, organs, and other tissues, which is vital for
diagnosing and treating various diseases and injuries. Without these imaging procedures,
accurate medical care would be unattainable in many domains. For physicians to effectively
utilize the acquired image data, it must be presented on medical-grade display devices.
The quality of these displays is paramount, as it influences the reliability of diagnostic
and therapeutic decisions [1,2]. Subpar image quality can lead to misinterpretations and
compromise patient safety [3]. Therefore, medical display devices must adhere to stringent
standards across various technical parameters, including overall image quality, luminance,
luminance-to-grayscale conformance, and color uniformity.

Standardized testing procedures were used to ensure compliance with these require-
ments. The overall image quality is typically assessed using a standardized test pattern
comprising various elements, including fine line pairs, regions with different shades of
gray, and text. An examiner evaluates whether these elements are recognizable and distin-
guishable on a display device [4–6].

Brightness is another critical parameter, defined by the luminance a display device
can produce. Using a luminance meter, the examiner measures the minimum luminance of
a black test pattern and the maximum luminance of a white test pattern [4–6].

Luminance-to-grayscale conformance refers to the relationship between the desig-
nated gray level of an image and the resulting luminance of the display device, thereby
assessing the ability to discriminate between different shades of gray. This conformance
is evaluated by measuring the luminance of multiple test patterns with graduated gray
values. The measured values are compared to a standardized luminance curve to ensure
that individual gray levels are distinguishable and consistently rendered across different
display devices [4,5]. In the medical field, the gray scale standard display function (GSDF)
has been established as a reference. This reference curve, defined in the Digital Imaging
and Communications in Medicine (DICOM) guidelines, provides a uniform standard for
accurate grayscale displays [7].

Finally, the color uniformity of the display device was assessed to ensure consistent
color reproduction. The test measured the red, green, and blue color coordinates at multiple
points on the screen [8], and the results were compared according to ISO standards [9]. This
assessment evaluates whether the display device consistently reproduces colors uniformly
across the entire screen area.

Manufacturers of medical display devices must demonstrate the performance of these
parameters to secure approval as medical devices [8,10]. Post-deployment, healthcare facil-
ities are mandated to conduct regular constancy tests to ensure continued image quality [6].
The stringency of display requirements varies according to their intended application. A
fundamental distinction exists between primary and secondary display devices [4]. Primary
displays, predominantly utilized in radiology, support diagnostic processes by presenting
image data. These devices are subject to stringent requirements since diagnostic accuracy is
heavily reliant on the quality of displayed images. Conversely, secondary display devices
replicate confirmed findings and are not employed for initial diagnoses. They are used for
purposes such as patient education, peer review, and preoperative planning. Since they
only display image data previously assessed on primary displays, their requirements are
less stringent.



Appl. Sci. 2025, 15, 7648 3 of 18

1.2. Use of Augmented Reality Glasses as Medical Display Device

Beyond traditional display technologies, augmented reality (AR) glasses are becoming
increasingly prevalent in the medical sector. These head-worn devices typically feature
optically transparent see-through displays, enabling digital images or information to
overlay the user’s view without obstructing environmental perception. The primary
advantage of AR glasses lies in their capacity to seamlessly integrate virtual content into
the user’s physical surroundings. In a medical setting, this integration facilitates the
projection of medical images, markers, or instructions directly onto the field of view during
patient care.

HoloLens 2 (Microsoft Corp., Redmond, WA, USA) is a premier AR device featuring a
see-through display. It utilizes laser beam technology to generate images on a screen by
sequentially moving three distinct lasers—red, green, and blue—line by line. By modulating
the intensity of each laser beam, it can render a spectrum of colors and grayscale shades.
This technology enables HoloLens 2 to project holographic images directly within the user’s
visual field.

Figure 1 illustrates HoloLens 2 (left) and demonstrates its capability to display medical
images within the user’s field of view (right).

 

Figure 1. Illustration of HoloLens 2 and its use for the visualization of medical images.

HoloLens 2 has been evaluated and implemented in medical environments, partic-
ularly during surgical procedures [11]. Moreover, Southworth et al. [12] developed an
AR system to assist minimally invasive cardiac surgeries by projecting three-dimensional
electroanatomical heart maps onto a surgeon’s field of view to visualize cardiac conduction.
Similarly, Balci et al. [13] utilized HoloLens 2 for preoperative planning in liver transplanta-
tion, converting CT image data into a three-dimensional liver model displayed within the
surgeon’s field of view in the operating room. Both studies have demonstrated that AR
significantly improves the precision and efficiency of surgical procedures.

The adoption of AR in surgery is increasing with the initial commercial applications
already available. In surgical settings, overlaid images must precisely align with a patient’s
actual anatomy, leading surgical research to frequently stress the spatial accuracy of virtual
overlays [14–16]. Nevertheless, AR adoption in radiology—a field where image quality is
critical—remains limited. This limitation may stem from the lack of appropriate testing
methodologies to evaluate the image quality of AR glasses.

Existing test methods for AR glasses are not tailored for assessing medical de-
vices [17,18] and do not establish acceptance criteria for medical display systems. Without
such standards, the suitability and specific applications of AR glasses in medical settings
remain uncertain. Furthermore, existing methods are designed exclusively for AR glasses



Appl. Sci. 2025, 15, 7648 4 of 18

with fixed pixel grids. However, it remains unclear whether these methods are applicable
to HoloLens 2 [19–21].

In contrast, conventional medical display devices have established acceptance criteria.
Nonetheless, it is uncertain whether these test methods can be adapted for AR glasses, such
as HoloLens 2 [22,23]. Transferability would be beneficial, as manufacturers and healthcare
providers already have experience with these procedures.

This study aimed to determine whether the established test methods for medical
display devices are suitable for assessing the image quality of HoloLens 2. Addition-
ally, we evaluated whether HoloLens 2 satisfies the criteria for primary and secondary
display devices.

2. Materials and Methods
2.1. Materials

The image quality, luminance, luminance-to-grayscale conformity, and color uni-
formity of HoloLens 2 were evaluated using adapted test methods for medical display
systems [4–7,9,24].

The overall image quality, luminance, and luminance-to-grayscale conformity were
assessed using standardized test patterns from the American Association of Physicists in
Medicine (AAPM), while the color uniformity was examined with red, green, and blue test
patterns [7]. The materials used in this study are detailed in Table 1.

Table 1. Overview of the materials used to examine HoloLens 2.

Category Material

Test device HoloLens 2
Display software VSI HoloMedicine (apoQlar GmbH, Hamburg, Germany)

Test patterns (AAPM): TG18-OIQ
TG18-LN12-03 to TG18-LN12-18

Other test patterns
Red (RGB: 255, 0, 0)
Green (RGB: 0, 255, 0)
Blue (RGB: 0, 0, 255)

Measuring devices

Luminance: MAVO SPOT 2 with contact measurement
probe (Gossen Foto- und Lichtmesstechnik GmbH,
Nürnberg, Germany)
Illuminance: MAVOLUX (Gossen Foto- und
Lichtmesstechnik GmbH, Nürnberg, Germany)
Color coordinates: MAVOSPEC BASE (Gossen Foto- und
Lichtmesstechnik GmbH, Nürnberg, Germany)

The luminance meter had a 15◦ field of view and a 1◦ measuring circle. All measuring
devices were calibrated. Assessments were performed under controlled ambient conditions
in a diagnostic room (2.4 lx) or an office environment (138.7 lx), representative of their
respective areas [4,6].

Overall image quality was evaluated in both settings. To minimize ambient light
interference, subsequent measurements were exclusively conducted in the diagnostic room.
The ambient lighting levels were continuously monitored with an illuminance meter during
all tests.

2.2. Methods
2.2.1. Evaluation of Overall Image Quality

The overall image quality was evaluated with five test participants. These were
medical engineers aged between 25 and 35 years with no visual deficits. The TG18-OIQ test
pattern (Figure 2) was evaluated in both the diagnostic room and the office environment.
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Figure 2. TG18-OIQ test pattern for evaluating overall image quality with labeling of the image
elements contained and the control questions and requirements for the test.

The participants viewed the test pattern displayed by HoloLens 2 from a distance of
30 cm. An examiner asked the control questions listed in Table 2.

For primary displays, all image elements must be discernible. In contrast, for sec-
ondary display devices, image elements 2 and 4 may be unclear, and the text “QUALITY
CONTROL” is only legible in the white and gray field (image element 3) [6]. An image
element is considered discernible or legible if the majority of participants confirm this in
both settings.

Table 2. Questionnaire for observing participants.

Image Element Control Questions Primary Display
Devices

Secondary Display
Devices

1
- Are the line pairs visible? Yes Yes

- Are the wide, low-contrast line pairs visible? Yes Yes

2 - Are the 5% and 95% patches visible? Yes No
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Table 2. Cont.

3

- Is the “QUALITY CONTROL” text in the white and
gray boxes fully legible?

Yes Yes

- Is “QUALITY CONTROL” in the black box visible to
the penultimate letter?

Yes No

4 - Are the four low-contrast corners within the two
luminance patches visible?

Yes No

5 - Are the grid lines visible? Yes Yes

6 - Are the 16 luminance patches distinguishable? 16/16 16/16

7 - Are the gradient bars continuous? Yes Yes

8 - Are the black–white and white–black transitions
smooth?

Yes Yes

2.2.2. Evaluation of Minimal and Maximal Luminance

The minimum and maximum luminance were evaluated using the TG18-LN12 test
series, which includes 18 grayscale images ranging from black to white (Figure 3). The
black test pattern (-01) was used to determine the minimum luminance (Lmin), while the
white test pattern (-18) was employed to determine the maximum luminance (Lmax) of
conventional displays.

For a black image, the HoloLens 2 lasers are turned off, making the luminance of the
two darkest images indeterminate. Consequently, the TG18-LN12-03 test pattern was used
on HoloLens 2 to ascertain Lmin, and the white test pattern TG18-LN12-18 was utilized to
determine maximum luminance. These test patterns are highlighted in red in Figure 3.

 

Figure 3. Test pattern series TG18-LN12 for the investigation of luminance with red marking of the
test patterns used to investigate the minimum and maximum luminance.

HoloLens 2 initially displayed the dark pattern, followed by the bright one. Both
luminance values were measured using the contact method. The MAVO SPOT 2 luminance
meter, equipped with the contact probe, was positioned vertically at the center of the screen.
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In the test setup illustrated in Figure 4, the measuring point is located near the eye position
when wearing HoloLens 2.

For both primary and secondary medical display devices, Lmax must be ≥300 cd/m2,
and the luminance ratio (Lmax/Lmin) must be ≥250 [4].

Figure 4. Test setup for measuring minimum and maximum luminance and for investigating
luminance-to-grayscale conformance.

2.2.3. Evaluation of Luminance-to-Grayscale Conformance

To evaluate the luminance-to-grayscale conformity, the luminance levels of the
18 TG18-LN12 series test patterns (Figure 2) were measured and compared against the
GSDF. Each test pattern corresponds to a specific gray level, defined by a digital input
level (P) ranging from 0 (pattern -01) to 255 (pattern -18). The test patterns were uniformly
distributed across this range to encompass the entire brightness spectrum.

Initially, the darkest (Lmin) and brightest (Lmax) test patterns were measured and
assigned a just noticeable difference (JND) index following DICOM guidelines. This index
accounts for the nonlinear perception of the eye and represents the number of brightness
differences detectable by the human eye within a luminance range [24].

The difference between JNDmin (for Lmin) and JNDmax (for Lmax) indicates the number
of gray levels the display device can distinguish. Subsequently, JND indices for all other
test patterns were calculated using Equation (1):

JNDi = JNDmin +
Pi ∗ JNDmax − JNDmin

Pmax − Pmin
(1)

Here, JNDi represents the index to be determined, Pi denotes the digital input level of
the test pattern, and Pmax or Pmin corresponds to the input levels of the brightest or darkest
test patterns, respectively.
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The measured luminance values were compared to those of the GSDF. In Figure 5, the
measured luminance values are plotted on the y-axis against calculated JND indices on
the x-axis.

Figure 5. Comparison of the luminance measured values of a display device (measured values) with
the GSDF [5].

To assess whether transitions between individual gray levels are perceived uniformly,
the luminance response (∆L/L) was calculated. This metric quantifies the brightness
difference between two successive test patterns based on their mean luminance and the
difference in their JND indices. The calculations followed Equation (2),

∆L
L

=
2 ∗ (Li − Li−1)

(Li + Li−1) ∗ (JNDi − JNDi−1)
(2)

where Li and Li−1 denote the luminance values of two consecutive test patterns, while JNDi

and JNDi−1 represent their respective indices.
The luminance response of the display device was compared to the GSDF, as plotted in

another graph. In Figure 6, the calculated contrast response is shown on the y-axis, plotted
against the JND indices.

For primary displays, a maximum deviation of 10% from the GSDF contrast response
is permissible, while secondary displays may diverge by up to 20% from the GSDF [4].
Because HoloLens 2 does not produce measurable luminance for entirely black images, mea-
surements were limited to test patterns TG18-LN12-03 through TG18-LN12-18 (Figure 3).
Luminance values were recorded following the procedure detailed in the previous section.
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Figure 6. Comparison of luminance responses of a display device (measured values) and the GSDF [5].

2.2.4. Evaluation of Color Uniformity

Color uniformity refers to the ability of a display to consistently render color tones
across different screen areas. To evaluate color uniformity, monochromatic test patterns in
red (255, 0, 0), green (0, 255, 0), and blue (0, 0, 255) were employed [8]. During assessment,
these patterns were displayed on HoloLens 2, and their color coordinates (u′, v′) were mea-
sured at various locations using a color spectrometer (MAVOSPEC BASE). Measurements
were taken at five positions: top left, top right, center, bottom left, and bottom right [9].

For these measurements, the color spectrometer was centrally positioned and vertically
aligned with the HoloLens 2 screen, and a two-axis linear stage facilitated movement among
the five measurement points. The test setup is illustrated in Figure 7.

The color coordinates for each measurement point were compared in pairs. The
deviations between the color coordinates (u′, v′) were calculated using Equation (3),

∆u′v′ =
√
(u′

1 − u′2)2 + (v′1 − v′2)2 (3)

where u′
1, v′1 and u′

2, v′2 represent the coordinates of two measurement points and ∆u′v′

indicates the distance between them.
For primary display devices, the maximum distance between color coordinates must

not exceed 0.01. No quantitative criteria are defined for secondary displays [4].
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Figure 7. Experimental setup for measuring color uniformity.

3. Results
3.1. Evaluation of the Overall Image Quality

The participants’ visibility ratings for each image element in both environments are
presented in Table 3.

All participants identified high-contrast line pairs (image element 1), grid lines (image
element 5), and black-and-white transitions (image element 8) in both the diagnostic room
and office. The text “QUALITY CONTROL” was completely legible in the white and gray
boxes for three participants in each environment. However, it was not adequately legible
in the black box (image element 3). None of the participants detected the 5% and 95%
patches (image element 2), four low-contrast corners (image element 4), or the gradient
bars (image element 7). In the diagnostic room, 14–15 of the 16 luminance patches could be
distinguished; in the office, 13–15 could be distinguished (image element 6). No systematic
differences were detected between the two environments.

HoloLens 2 fulfills four of the ten criteria for primary display devices and four of the
seven criteria for secondary display devices.
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Table 3. Evaluation of visibility of the image elements in the diagnostic room and office (n = 5). ✓(green) = Requirement met; ✗ (red) = Not met.

Image
Element

Control Question Diagnostic Room (2.4 lx) Office (138.7 lx) Rating
P1 P2 P3 P4 P5 P1 P2 P3 P4 P5 Primary Secondary

1

- Are the line pairs visible? Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes ✓ ✓

- Are the wide, low-contrast line
pairs visible?

Yes No No Yes No Yes No No Yes No ✗ ✗

2 - Are the 5% and 95% patches visible? No No No No No No No No No No ✗ -

3

- Is the “QUALITY CONTROL” text in
the white and gray boxes fully legible?

Yes Yes No Yes No Yes Yes Yes No No ✓ ✓

- Is “QUALITY CONTROL” in the black
box visible to the penultimate letter? No No No No No No No No No No ✗ -

4
- Are the four low-contrast corners within

the two luminance patches visible? No No No No No No No No No No ✗ -

5 - Are the grid lines visible? Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes ✓ ✓

6
- Are the 16 luminance patches

distinguishable?
15/16 15/16 15/16 14/16 14/16 15/16 15/16 14/16 13/16 14/16 ✗ ✗

7 - Are the gradient bars continuous? No No No No No No No No No No ✗ ✗

8 - Are the black–white and white–black
transitions smooth?

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes ✓ ✓
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3.2. Evaluation of Minimal and Maximal Lumnance

The luminance of HoloLens 2 ranges from a minimum of 1.6 cd/m2 to a maximum of
2366 cd/m2, resulting in a luminance ratio (Lmax/Lmin) of 1478.75. Consequently, HoloLens
2 meets the requirements for both primary and secondary display devices.

3.3. Evaluation of Luminance-to-Grayscale Conformance

Figure 8 illustrates the measured luminance of HoloLens 2 for test patterns TG18-
LN12-03 through TG18-LN12-18 compared with the GSDF.

1

10

100

1000

10,000

0 200 400 600 800 1000

L 
[c

d/
m

²]

JND

DICOM-GSDF Measured values

Figure 8. Comparison of the luminance measurement values of HoloLens 2 with the GSDF.

Comparing these measurements to the GSDF reveals deviations from the reference
curve. Specifically, the luminance values for test patterns TG18-LN12-03 and TG18-LN12-
04 align with the GSDF, while those for TG18-LN12-05 to TG18-LN12-07 fall below the
reference. Starting with TG18-LN12-08, HoloLens 2 exhibits higher luminance values than
the GSDF specifications.

Figure 9 compares the luminance response of HoloLens 2 with the contrast response
of the GSDF.

0.001
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0.100
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∆L
/L

 [(
cd

 ×
JN

D
)/m
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Figure 9. Comparison of the contrast response of the HoloLens 2 with the contrast response of
the GSDF.



Appl. Sci. 2025, 15, 7648 13 of 18

In the JND range up to 350, two measurements exceed the permissible deviation
for secondary display devices. The deviations beyond the acceptable limits for primary
display devices occur in the JND range starting from 750. Among the 15 measurements,
10 fall within the tolerance range for primary display devices, and 13 satisfy the criteria for
secondary display devices.

3.4. Evaluation of the Color Uniformity

The color-rendering results for red, green, and blue are presented in Table 4. Value
pairs with color coordinate distances exceeding 0.01 are highlighted in red, while those
within acceptable distances are marked in green.

Table 4. Distance between the color coordinates of the five measurement points: top left (TL),
top right (TR), center (CE), bottom left (BL), and bottom right (BR) on the HoloLens 2 display.
Green = Requirement met; red = Not met.

Color Position
Color Coordinates Pairing Distance
u′ v′ ∆u′v′

Red

TL 0.4434 0.5220 TL/TR 0.016
TR 0.4589 0.5195 TL/CE 0.037
CE 0.4802 0.5188 TL/BL 0.064
BL 0.5070 0.5184 TL/BR 0.033
BR 0.4764 0.5200 TR/CE 0.021

TR/BL 0.048
TR/BR 0.018
CE/BL 0.027
CE/BR 0.004
BL/BR 0.031

Green

TL 0.1064 0.5568 TL/TR 0.011
TR 0.1169 0.5556 TL/CE 0.031
CE 0.1374 0.5555 TL/BL 0.025
BL 0.1312 0.5578 TL/BR 0.065
BR 0.1713 0.5545 TR/CE 0.021

TR/BL 0.014
TR/BR 0.054
CE/BL 0.007
CE/BR 0.034
BL/BR 0.040

Blue

TL 0.1789 0.1314 TL/TR 0.005
TR 0.1806 0.1270 TL/CE 0.017
CE 0.1749 0.1475 TL/BL 0.032
BL 0.1703 0.1625 TL/BR 0.022
BR 0.1726 0.1525 TR/CE 0.021

TR/BL 0.037
TR/BR 0.027
CE/BL 0.016
CE/BR 0.006
BL/BR 0.010

In the red test pattern, only the value pair between the center and bottom right
demonstrated acceptable distances. Similarly, in the green test pattern, only the pair
between the center and bottom left met the requirement. The blue test pattern showed
three value pairs with acceptable distances. Overall, 25 out of 30 value pairs surpassed
the tolerance threshold. Therefore, HoloLens 2 does not satisfy the criteria for primary
display devices. There are no established quantitative standards for value pair spacing in
secondary display devices.
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4. Discussion
4.1. Evaluation of the Overall Image Quality

This study is the first to evaluate the overall image quality of HoloLens 2 in a medical
context based on participants’ subjective ratings, allowing users to directly assess the
perceptibility of image elements.

The findings reveal that HoloLens 2 struggles to display dark gray shades effectively.
Participants had difficulty distinguishing the first two luminance surface elements (image
element 6). However, upon distinguishing between the first and third, as well as the second
and third, surface elements were generally achievable. Additionally, participants noted
perceiving an edge in the black area of the gradient bars (image element 7).

Zhao et al. [25] evaluated the image quality of HoloLens 2 and compared it to AR
glasses utilizing the organic light-emitting diode (OLED) technology. Their findings re-
vealed deficiencies in contrast display within dark image regions and inadequate differ-
entiation of highly bright images. Nonetheless, these issues were not identified in the
present study.

Erickson et al. [26] investigated the influence of ambient illumination on the contrast
displays of both HoloLens and HoloLens 2 across environments with illuminance lev-
els ranging from 0 to 20,000 lx. They reported that contrast—and consequently image
quality—diminished in brightly lit settings.

Conversely, ambient lighting had minimal effect on the visibility of image elements
in this study. Participants performed similarly in both the examination room and of-
fice, with only two individuals showing a decreased ability to discern luminance surface
elements. Notably, the office illuminance (138.7 lx) was markedly lower than that in Er-
ickson et al.’s [26] study. Therefore, the visibility of image elements in exceedingly bright
environments, such as operating rooms, warrants further investigation.

4.2. Evaluation of Luminance and Luminance-to-Grayscale Conformance

With a maximum luminance of 2366 cd/m2 and a luminance ratio of 1478.75, HoloLens
2 clearly surpasses the requirements for primary and secondary display devices. However,
HoloLens 2 lacks an absolute black point owing to its laser beam technology, which can
present significant challenges for diagnostic applications.

Moreover, the contrast response of HoloLens 2 occasionally showed unacceptable de-
viations from the GSDF, potentially impairing the perception of subtle contrast differences
and thereby complicating diagnostic tasks.

4.3. Evaluation of Color Uniformity

The color uniformity evaluation revealed that HoloLens 2 inconsistently displayed
colors across different display areas. In 25 out of 30 assessments, HoloLens 2 surpassed the
maximum permissible deviation for primary display devices, demonstrating its current
unsuitability for medical applications dependent on color-coded visualization.

Laudien et al. [27] evaluated the color uniformity of HoloLens 2 using nine distinct
colors and found that color homogeneity was generally maintained under optimal condi-
tions. Nevertheless, color shifts occurred at varying viewing angles. Aligning with our
results, Laudien et al. [27] noted that blue remained the most stable color.

Similarly, Johnson et al. [28] and Zhao et al. [25] detected luminance inhomogeneities
across multiple display points. Johnson et al. [28] applied a software-based flat field correc-
tion technique, which enhanced homogeneity but diminished the overall screen luminance.
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4.4. Limitations

A key limitation of this study is the fact that some of the parameters affecting display
image quality were not examined, such as pixel errors, image artifacts, and temporal re-
sponses. However, these factors are irrelevant to HoloLens 2 owing to its laser beam technology.

HoloLens 2 produces images by continuously scanning a display with a laser, and the
lack of a fixed pixel grid prevents pixel errors present in conventional displays. Additionally,
static image artifacts (ghost images) are absent because the projection is continuously updated.

To evaluate the temporal response of conventional display devices, their rise and
fall time constants are measured to determine temporal resolution. In HoloLens 2, image
content is generated through laser sweeps, with lasers activated and deactivated between
pixels. Consequently, the rise and fall time constants are several orders of magnitude
shorter than the laser sweep duration. Thus, temporal resolution depends on the laser scan
frequency, making it critical for establishing the temporal resolution of HoloLens 2. The
manufacturer specifies a scan frequency of 120 Hz, sufficient to display 60 contrasts per
second. This exceeds the temporal resolution of the human visual system within the field of
view of HoloLens 2 across all common scenarios, leading us to conclude that the temporal
resolution is adequate [29].

Additionally, the luminance of HoloLens 2 is highly angle-dependent owing to its
laser beam projection technology. This study selected a measurement angle of 90◦, which
ideally aligns with the user’s eye position when wearing HoloLens 2. This angle is also
used in conventional medical display systems; therefore, the corresponding requirements
are tailored to this orientation. Existing methods address the angular dependence of see-
through displays using light-emitting diode (LED) or organic light-emitting diode (OLED)
technologies [30]. However, their application in the medical field remains unestablished and
necessitates specialized measurement equipment. Moreover, it remains unclear whether
these methods are applicable to see-through displays that utilize laser beam projection
technology. Future research should, therefore, focus on evaluating the angle dependence of
HoloLens 2.

A further limitation concerns the approach used to assess color uniformity. In this
study, measurements were performed by translating the measurement device across the
display while maintaining a fixed orientation. Although this method enhances compara-
bility with conventional display devices, it does not fully emulate the viewing conditions
experienced when wearing AR glasses. A more realistic approach would involve position-
ing the measuring device at the typical eye level and tilting it to simulate various viewing
angles. Future investigations should adopt this alternative method to more accurately
capture user-perceived color shifts.

Finally, this study did not analyze the spectral emission characteristics of HoloLens 2.
The device utilizes an RGB laser system with discrete wavelengths, potentially including
emissions in the eye-damaging blue light spectrum. Given that prolonged use may be
necessary for medical applications, future studies should address these potential risks.

5. Conclusions
This study systematically evaluated the image quality of HoloLens 2 as a representa-

tive example of AR glasses with see-through displays for medical applications. To achieve
this, evaluation methods suitable for conventional monitors were adapted for HoloLens 2.
The results revealed deficiencies comparable to those observed in test methods specifically
developed for AR glasses in the non-medical sector. Employing the selected methodolo-
gies facilitated the assessment of HoloLens 2 against the established criteria for medical
display devices.
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Overall, this study reveals that HoloLens 2 surpasses the requirements for luminance
and luminance ratio. Nonetheless, it shows shortcomings in rendering dark grayscales and
in certain instances deviates significantly from the contrast response of the GSDF. Addi-
tionally, the color representation of HoloLens 2 lacks consistency. Therefore, HoloLens 2 is
currently unsuitable as a primary diagnostic display device. Future investigations should
consider software-based solutions to mitigate these limitations.

These shortcomings are deemed less critical when the device functions as a secondary
display. However, the requirements for each application must be assessed individually.
The preliminary market approvals for HoloLens 2 in medical applications corroborate this
evaluation [31–33].
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