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Purpose: We conducted this trial to investigate a new wearable laser-eyewear (LEW).
Images of an integrated camera are projected to the retina by a RGB-Laser (<1pW) and
MEMS-mirror system. This enables a full-color live video as augmented reality embedded in
the field of vision of the wearer. Thin parallel laser beams are projected following the
principle of Maxwellian view through the center of the ocular lens to ensure independency
of refractive errors. We performed a study with healthy subjects to test this independency.
Materials and Methods: LEW was tested in 20 healthy subjects (aged between 21 and 60
years) with hyperopia, myopia, astigmatism and/or presbyopia. Subjects underwent standar-
dized visual acuity (VA) measurements (ETDRS) without any correction, with LEW and with
best correction.

Results: We found no significant correlation between refraction and VA while using LEW in
linear regression (1=0.17). Still, younger participants performed better in terms of VA with
the device compared to older participants despite no differences in BCVA (p<0.01). The
achievable VA with LEW was in general reduced compared to uncorrected VA (0.50 vs 0.40
logMAR). Only myopic subjects reached a significantly higher VA using LEW (p<0.001).
Presbyopic subjects showed enhanced near VA (0.25 logMAR) by reading at 15cm with
LEW without any further necessary refractive correction. Nearly all patients (80%) showed
stereopsis without need for additional adjustments.

Conclusion: Our investigation could verify the independence of LEW of refractive errors.
Therefore, the technology seems to be especially useful in patients with untreatable corneal
conditions, e.g., after corneal burns, to achieve higher VA since the thin laser should
penetrate even corneal opacities with less scattering.

Keywords: low vision, visual impairment; VI, corneal haze, visual rehabilitation, dystrophy,
low vision aid; LVA, Maxwellian view, augmented reality; AR

Synopsis

A new portable retinal imaging laser-eyewear (LEW) enables direct projection of
images of an integrated camera onto the retina, independent of refractive errors by
using the Maxwellian view principle.

Introduction

Visual impairment (VI) is considered as a difficult condition worldwide both for the
affected person and for the adequate care regarding therapy and adjustment of the best
low vision aid (LVA) for the affected person. Age-related macular degeneration
(AMD), diabetic retinopathy and glaucoma are in the majority of cases the reason
for VI and blindness in developed countries.' Other diseases affecting the anterior
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segment of the eye can also leading to blindness. These
includes VI due to corneal diseases, e.g., keratokonus, cor-
neal dystrophies, opacities caused by chemical or thermal
burns and graft-versus-host disease (GvHD). While the most
patients receive effectively treatment with surgery, like ker-
atoplasty or limbal-stem-cell transplantation, some patients
cannot undergo surgery due to ocular risk factors (e.g.,
uveitis, uncontrolled IOP, vascularization, etc.)z’3 or due to
other comorbidities or even rejection of surgery. Often, there
are long waiting periods of months or years for patients who
could benefit from surgery because a suitable graft is neces-
sary for them.” These patient cohorts have to sustain from VI
and from its implications regarding social miscommunica-
tion, reading disability, problems in recognizing faces and in
accomplishing activities of daily living. Higher prevalence
of depression, decrease of self-sufficiency and a loss of
quality of life are the consequences of the above mentioned
problems of patients suffering from VI.>~" Therefore, it is
important to support the patient’s visual rehabilitation and
subsequently to increase their autonomy. Reading ability can
be successfully improved by LVAs, e.g., electronic video
(CCTV) or optical magnifiers.® For most of visually
impaired patients, magnification is currently the only option
to improve their vision. However, patients with impairment
of the optic media and preserved sensory function could
enhance their vision by bypassing the diseased anterior
part of the eye.’

A new type of retinal imaging LEW might be able to
deliver such a bypass: The new technique allows projecting
images directly onto the retina and improving thereby the
VA of patients. Firstly, this was tried using a technique
similar to the “Scanning Laser Ophthalmoscope” (SLO),
which was used to project Landolt C’s onto the retina in
1981.° Later Furness et al investigated the possibility of
a direct retinal projection by means of a low-energy laser
for LVAs.'? By using a laser, sharp images could be pro-
jected onto the retina, independent of the patient’s refractive

errors and focusing ability.'" This could be achieved by the
principle of “Maxwellian view,” in which the thin parallel
laser beam projects images through the center of the ocular
lens directly onto the retina.'? This laser projection techni-
que allowed also passing through corneal opacities. The
image was projected in a raster pattern, pixel by pixel onto
the retina by means of a red laser diode and a mechanical
resonance scanner (MRS).'> As a result of advances in
recent years, technology has been further developed to pro-
ject full color images of a camera, integrated into
a spectacle, directly onto the retina.'>'*'> For this Retinal
Imaging Laser Eye Wear (RILEW), a RGB (Red, Green and
Blue)-Laser was used instead of the red laser diode by
Furness et al, and the MRS-mirror was replaced by
a microelectromechanical (MEMS) system, which allows
even higher scan speeds (about 20ns) and thus higher-
resolution (see Figure 1). Due to an autofocus and automated
contrast settings the device can be operated in various cir-
cumstances and lighting conditions. The projection eyewear
offers the unique opportunity to improve the VA by direct
retinal projection in patients with corneal diseases. The
wearer sees a full-color video, in real time, monocular as
an augmented reality (AR) embed in his central field of
vision, which still allows for peripheral vision opposed to
virtual reality (VR) systems. Full color is realized by using
a Red (640pum wavelength), Green (515pum) and Blue
(465um) laser diode.'?

To be used as a LVA a laser eyewear system must satisfy
two conditions: First, it is of extreme importance that the
device inflicts no harm to the eye. Secondly, it should still be
able to project clear images to be useful as a LVA.

The laser used in our study device is classified as a Class-
1-laser according the IEC60825-1. The low energy output
could be shown to be lower compared to a fluorescent lamp
and is therefore harmless to the eye.'”'® To evaluate
the second condition, if the device is, despite the low energy
output, still able to project clear images independent of

RGB Laser %Reﬂector
Q _
p )
~ ' . ~
MEMS Mirror ‘
"Retinal Imaging"

Figure | The retinal imaging laser eyewear projects the images of the integrated camera directly onto the retina of one eye via a RGB-Laser and a MEMS mirror and

reflector system. Copyright by QD Laser Inc. Permission for publication was granted.
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refractive errors we performed this prospective, single-site,
clinical trial in healthy subjects. Secondary objectives were
to investigate if the wearer experiences double vision while
using the LEW, if reading is possible and if magnification by
approximation is feasible.

Materials and Methods
Study Cohort

In this clinical investigation subjects were recruited by
being briefed with brochures at University Hospital
Essen about implementation of this trial. Subjects (n=20)
were eligible for the study meeting the following criteria:
Refractive errors between —7 to +6 Diopters (Dpt) (myo-
pia, hyperopia, astigmatism and/or presbyopia) but no
limitation in visual ability due to any eye disease (e.g.
glaucoma, AMD, diabetic retinopathy etc), best corrected
visual acuity (BCVA) > 0.8 (20/25 Snellen), ability to
read, write and communicate fluently in German, aged
between 18 and 60 years.

Ophthalmological Investigation

Subjects were examined in a standardized orthoptic and
ophthalmological examination of the right and left eye
using Titmus und Lang test, slit-lamp microscopy and
fundoscopy to exclude ocular diseases. Additionally, all
subjects received a measurement of laser-interference
visual acuity (LIVA), objective and subjective refraction
measurements of both eyes, as well as an amplitude of
fusion measurement. Refraction was performed according
the Early Treatment of Diabetic Retinopathy StudS
(ETDRS) protocol in 2 m distance using Chart “R”.
Determining the best-corrected visual acuity (BCVA) the
least negative or most positive spherical lens was used,
additionally the least negative cylindrical lens that lead to
the best visual acuity (VA) of each subject. To secure
consistency and reproducibility, all examinations were
performed by the same investigator.

Visual Acuity Measurements

Following enrollment, patients were thoroughly instructed
about the LEW and its usage. All subsequent standardized
VA measurements were initially performed without any
correction, following with LEW (RETISSA Model ES2,
QD Laser Inc., Japan, Tokyo) and finally tested with best
correction. VA was measured both in the far (2m) and in
the near (40cm) distance following the ETDRS protocol.
The eyes were examined separately (right eye first) at both

distances. Illuminated Bailey Lovie “Chart 1” was used for
the right eye and “Chart 2” for the left eye. In the visual
test using the LEW, the occlusion of both glasses was used
to determine the VA exclusively via the retinal projection.
To perform under same condition all VA measurement
were accomplished in the same darkened room. Using
the method described by Ferris, all correctly read letters
were counted.'”'® Determining the differences of VA, the
results are shown in logMAR units.

Reading Speed

Reading speed was assessed using the International Reading
Speed Texts (IReST) to evaluate the reading speed with LEW
in comparison to the reading speed with best correction of
subjects. The different texts consist of the same length, the
same linguistic complexity and the same degree of difficulty
to secure comparability between the different texts. Reading
speed was first performed using LEW. Afterwards, the read-
ing speed with best correction was performed with a different
text of [IReST matched to the same difficulty level. Needed
time and misread words were assessed while the patients read
aloud. The reading speed was calculated using the formula
[(correctly read words/reading time) % 60]. The reading
speed was given in words per minute (wpm) and was inter-
individually comparable to the normative reading speed pro-
vided by the IreST-study-group.'*°

Influence on Stereopsis

After wearing the LEW for the first time, subjects were
asked about double images in near and distance vision. If
any double images occurred, different adjustments were
made stepwise until the patient had no longer double
vision: First, the pupil distance was adjusted, then best
correction added and at last prisms applied.

Statistical Evaluation

All calculations were performed using Excel 2019
(Microsoft Corporation, Version 16.0 for Windows) and
GraphPad PRISM 8 for Windows (Software Inc., San
Diego, CA, USA). Median values and mean and standard
deviation (£SD) for the different metric data were
assessed. If Pearson’s test displayed normal distribution,
differences between the groups were calculated with two-
tailed Student’s #-test. Otherwise, Mann—Whitney-U-Test
was used. Evaluation of group distribution of binary vari-
ables followed Fisher’s exact test. Testing the association
between VA and refraction, linear regressions have been
calculated. To assess further influential factors, multiple
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linear regressions have been performed. Level of statistical
significance was defined two-tailed (20<0.05). P-values
are given with a-adjustment for multiple testing.

Results
Study Cohort

Recruitment period was between 10th November 2017 and
19th January 2018. Twenty subjects were recruited and
eligible for participating in this clinical study. The mean
age of the study population was 41.2 + 14 (range: 21-60).
All patients had refractive errors in accordance with the
inclusion criteria (range: +4.5 till —6.5 dpt, see Table 1 and
Figure 2). The study population consisted of few younger
subjects with myopia (mean age: 34.6) and more older
subjects with hyperopia (mean age: 46.6).

Ophthalmological Investigations

All 20 patients were eligible according the inclusion and
exclusion criteria and had no ocular diseases besides
refractive errors. Examination with LIVA and fundoscopy
assured, that subjects had no concomitant diseases, which
could limit the retinal projection. In the final analysis
a total of 40 eyes (100%) were included.

Visual Acuity Assessments

The whole study cohort showed normal values for BCVA
according to the inclusion criteria. No differences occurred
between myopic and hyperopic patients. Mean VA with
LEW was 0.50 +0.08 logMAR [range: 0.64-0.28). We
found no significant correlation between refraction and
VA while using LEW in linear regression (p=0.25,
r=0.17, s. Figure 3A). Younger participants could achieve
a higher VA with LEW in comparison to older participants
(p<0.01) despite no differences in BCVA. To further
explore this we also performed a linear regression for
age, which showed a significant correlation (p= 0.007,
=0.47, see Figure 3B). Uncorrected VA showed an
expected correlation with the amount of myopia in contrast
to the VA with LEW (Figure 3C). As expected, such
correlation was not present in the hyperopic patients due
to their accommodation possibility. Magnification with
LEW by digital zoom resulted in an improvement of
0.21 logMAR, which is equal to 2 lines (see Figure 4).
Evaluation of near VA showed that presbyopic subjects
(n=5) could increase their near VA (up to 0.25 logMAR)
by reading at a shorter distance (15 cm) using LEW with-
out any further correction.

Reading Speed

The reading speed test was performed with LEW and with
best correction. Initially, reading was assessed with LEW
and finally with best correction. Reading was for all
patients possible, but with LEW (mean: 76.1 wpm) sig-
nificantly slower compared to best correction (mean: 174.2
wpm) (see Figure 5).

Influence on Stereopsis

Eighty percent of the subjects received stereopsis without
need for additional corrections. In the minority subjects,
fusion could be reached with either best correction (10%),
additional use of prisms (5%) or adjustment of pupillary
distance (5%). All these patients showed heterophoria in
the orthoptic examination and a reduced amplitude of
fusion.

Discussion

In this investigator-initiated, prospective clinical study
a detailed evaluation of patient’s VA while wearing glasses
with a new laser technology could be successfully assessed.
The independency of refractive errors while using a retinal
imaging system following the principle of Maxwellian view
could be shown. Thus, the potential of LEW should be
tested in patients with corneal diseases who cannot be
sufficiently treated with visual aids or surgery.

Independency of Refractive Errors

In this clinical trial we could confirm that VA with retinal
projection is independent of refractive errors. The theore-
tical independency described by Sugawara et al could be
confirmed.”’ Today, there is no comparable device work-
ing with the principle of Maxwellian view. Previous trials
by Furness et al which used also a retinal projection
system did not analyze the VA with LEW, but only the
concept and safety. In our trial the mean VA with LEW
was 0.50 logMAR, which is comparable to an unpublished
trial in Japan performed to investigate the device’s influ-
ence on the VA in healthy adults and cataract patients.**
Whereas best corrected VA and LEW were not signifi-
cantly affected by the amount of refractive error, uncor-
rected VA deteriorated with increasing myopia. To
perform under same conditions VA testing was accom-
plished in the same darkened room. Since the experience
of AR is dependent on the ambient contrast ratio further
tests for the suitability for daily use and comparison

3

of different light ratios are necessary.”> A significant
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Table | Patient Characteristics: Refractive Errors and VA (LE=left Eye, RE= Right Eye, UCVA= Uncorrected Visual Acuity, BCVA=

Best Corrected Visual Acuity, LEW=Laser-Eyewear)

Subject Age Refractive Errors Visual Acuity Measurement
(logMAR)
Sph cyl A UCVA BCVA LEW

I-RE 37 -1.50 —0.25 97 0,26 0,16 0,44
2-RE 25 425 —0.50 167 0,16 0,10 0,44
3-RE 52 -1.25 —0.50 82 0,48 0,12 0,60
4-RE 24 -2.50 -0.25 119 0,64 —0,12 0,54
5-RE 21 -3.00 —0.50 | 0,90 0,22 0,56
6-RE 51 0.75 —0.25 41 0,12 0,16 0,52
7-RE 24 —6.50 -1.00 79 0,74 -0,10 0,38
8-RE 58 1.50 —0.50 43 0,50 0,06 0,64
9-RE 53 1.00 -0.25 39 0,24 —-0,10 0,64
10-RE 28 -3.75 —0.50 165 0,64 —0,20 0,44
I1-RE 26 —-1.25 -0.75 110 0,36 —-0,20 0,46
12-RE 54 1.00 -1.50 180 0,10 0,14 0,54
13-RE 60 1.50 —0.50 174 0,42 —0,12 0,56
14-RE 24 4.50 -1.00 171 0,04 —-0,22 0,48
15-RE 28 4.75 -1.50 100 0,08 0,20 0,46
16-RE 51 0.50 —2.50 180 0,32 0,00 0,48
17-RE 54 2.50 —0.50 16 0,50 —0,04 0,44
18-RE 46 -1.25 0.00 180 0,50 —0,06 0,54
19-RE 53 —4.00 —-1.25 100 1,04 -0,10 0,52
20-RE 54 2.25 -1.00 26 0,22 0,02 0,60
I-LE 37 -1.75 —0.25 155 0,42 0,14 0,26
2-LE 25 4.00 -1.00 170 0,12 0,16 0,34
3-LE 52 -1.00 —0.50 93 0,32 0,02 0,30
4-LE 24 -2.50 —0.50 42 0,62 —-0,20 0,24
5-LE 21 —1.50 -1.50 174 0,22 —0,10 0,36
6-LE 51 0.75 —0.25 164 0,14 0,18 0,32
7-LE 24 —-7.00 -0.75 121 0,52 0,14 0,10
8-LE 58 1.25 0.00 180 0,40 0,14 0,36
9-LE 53 0.50 0.00 180 0,10 0,14 0,36
10-LE 28 -2.75 —-0.50 7 0,54 0,18 0,24
I1-LE 26 -0.75 -0.75 85 0,10 —0,20 0,26
12-LE 54 0.75 0.00 173 —0,04 0,14 0,30
13-LE 60 1.75 —-0.50 151 0,38 0,22 0,34
14-LE 24 425 —0.50 179 0,06 0,02 0,34
I15-LE 28 5.25 -3.00 20 0,30 0,20 0,20
16-LE 51 0.00 —2.25 172 0,56 0,04 0,26
17-LE 54 2.75 1.25 7 0,48 —0,10 0,30
18-LE 46 -2.25 0.00 180 0,46 0,10 0,30
19-LE 53 —4.00 —0.50 168 0,96 -0,10 0,32
20-LE 54 3.00 1.00 165 0,62 0,02 0,50

correlation between age and VA with LEW was shown in
linear regression, which is in accordance with previous
trials which could show that VA generally decreases with
age even in healthy individuals.** Due to the independency
of refraction, presbyopic subjects could increase their near

VA reading in a shorter distance of 15 cm using LEW

without need for any further spherical lens adjustment and
myopic subjects could improve their distance VA. Though
these refractive errors are currently better corrected with
glasses, patients with irregular astigmatism and keratoco-
nus might already profit from LEW, although the max-
imum VA with LEW is still lower as with customized
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Figure 2 Distribution of the spherical refraction values of the 20 study participants
(40 eyes) in Diopters (dpt).

contact lenses. However, some patients cannot tolerate
contact lenses or have immense difficulties with the hand-
ling. Furthermore, future advances in the technology
already promise VA up to 20/20 by improving the image
resolution with a thinner laser beam.'® The current system

could now already be beneficial for patients who suffer
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under corneal diseases as dystrophies, GvHD and scars
after chemical burns, since it is expected to pass through
corneal opacities and is not affected by irregular corneal
surfaces. These patients are more difficult to treat with
LVAs and should show an increase in their VA by using
LEW instead of only making best use of their remaining
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Figure 4 VA with LEW (white) and with LEW and 2-fold magnification (gray).
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Figure 3 (A) Linear regression between VA with LEW and refraction showed no correlation, (B) Linear regression between VA with LEW and age showed a significant
correlation. Higher age was associated with lower VA. (C) VA with LEW (orange), uncorrected (UCVA, blue) and best correction (BCVA, green).
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Figure 5 Reading speed (words per minute) with LEW (black) and best correction (gray).

vision by magnification.> This has been recently evaluated
in a clinical trial (DRKS00016583), which results will be
published soon. Further improvements of retinal scanning
displays might miniaturize the design which will further

improve the mobility of such an LVA.>>2°

Reading

Since the LEW is designed for low vision patients we also
analyzed the reading ability with the device. Reading with
LEW was possible, but slower compared to best correc-
tion. This can be explained by the limited visual field and
VA. Training and the magnification feature might increase
reading speed with LEW. In the future, an eye tracking
feature might enable the device to maintain retinal projec-
tion besides eye movements. Overall, it will presumably
be easier for the visual impaired patient to read short texts,
e.g., price tags than books. However, reading was only
tested at normal reading distance of 33cm. Due to the
property of the LEW to function independently of the
refraction, the LEW can used in shorter reading distances
even in older patients. Like this the principle of magnifica-
tion by approximation can benefit the patients, which is
otherwise only possible in small children with high
accommodation.?’

Binocular Single Vision

As an example of the functioning of human perception and
how it can be manipulated by an AR system, we considered
an important phenomenon: the stereopsis. Since, the wearer
sees two separate images of reality the visual perception
system needs to fuse the two images to avoid diplopia. In
our trial, nearly all subjects could achieve stereopsis without
any additional adjustments. The eyes adjusted as in normal
viewing to focus objects onto the fovea and fused the images.
The subjects who experienced diplopia had all slight

heterophoria. Here, fusion while wearing LEW could be
achieved with best correction, pupillary distance adjustment
or prisms. The LEW system provides horizontal view angle
of approximately 26°, displayed on the retina augmented in
the monocular field of view of 160° horizontal and 130°
vertical. This means that the user loses the image when the
eyeball is rotating and the position of the eyes could influence
the stereopsis test. Therefore, a straight position of the viewer
‘s eyes is important and the pupillary distance adjustment
was the first adjustment that could reduce slighty diplopia.
Future technical improvement might minimize this problem
by including on-axis gaze tracking.'> Already in 1858 Panum
described the fusion ability despite small disparities between
two separate images.”® He evaluated the tolerance areas
regarding the retinal location and could show that the amount
of fused disparity is dependent on the image quality and the
eccentricity of the retinal location. This and the knowledge
that especially peripheral vision is responsible for stereopsis,
could explain why all subjects were able to fuse the AR
image with their second eye.”*>° Since only the central
retinal area receives a virtual image and the peripheral retinal
areas of both eyes see the same picture of the environment
and the fusion is mediated anyway by peripheral retinal
areas,”’ the LEW does not appear to represent a major pro-
blem for binocular vision. This is gratifying, since VR sys-
tems often experience discomfort due to the perception of
virtual images for both eyes.** Future investigations might
further evaluate the stercoscopic vision and the ability to
perform tasks of daily living as grabbing objects.

Limitation

In this study, no adverse events occurred when wearing the
laser eyewear; for example, symptoms such as impaired
perception, headache or nausea, which occur in VR
systems.> However, the laser eyewear was worn for more
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a maximum of 30 minutes in total. Long-term observations
are necessary for further statements regarding the safety. VA
was assessed when LEW was used for the first time. Learning
or training could lead to an improvement. Considering that
the projection glasses could be useful for low vision patients
in the future, the trial presents the foundation for the devel-
opment of a novel LVA. The latest study did not include any
orientation or mobility training, but this is relevant in the
patient’s point of view when using LEW as a visual aid.

Conclusion

In this clinical trial we evaluated the independency of
refractive errors by using the LEW’s retinal projection.
While wearing LEW all subjects could accomplish
stereoscopic vision. Only in minor cases of slight hetero-
phoria were further corrections needed to achieve
stereopsis. While using LEW, lens and cornea are not
required for focusing. Therefore, especially patients with
VI due to untreatable corneal diseases might benefit from
the novel the retinal projection technology. Since the
retinal projection circumvent their cause of impairment
and scan the image directly onto the healthy retina, an
increase of the patient’s VA is possible. In summary, the
LEW projection glasses are equipped with a new tech-
nology that in the future may offer a new possibility for
visually impaired patients to enhance their visual func-
tion and the associated quality of life. Further studies are
needed to address this topic.
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