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The principles of scanning-based retinal

imaging and eye motion detection

Background

Imaging the retina with an ophthalmoscope comes with its fair share of challenges
as the human eye is optically not nearly as perfect as our brain makes us believe.
However, despite the low numerical aperture (NA) of the eye and the optical im-
perfections of the eye confocal imaging of the retina is possible with a very good
image quality. With the help of adaptive optics (AO), the imaging resolution can be
brought down to a level of individual photoreceptors. Furthermore, it is possible to
extend the two-dimensional (2D) retinal imaging and include depth localization of
the signal as the third dimension by taking advantage of interferometry. This chap-
ter will introduce the reader to the fundamental concepts and terminology related
to scanning light ophthalmoscopy (SLO) and optical coherence tomography (OCT).
Then, the concept of obtaining retinal motion from scanned images is presented and
finally the laser safety aspects of retinal imaging are discussed.

19



2

2.1 Scanning light ophthalmoscopy

The basic optical design of the SLO is fairly simple as seen from the illustration in
Fig. 2.1. The light source is typically a laser diode (LD) as they have a narrow band-
width and are quite affordable. The wavelength of the illumination source can vary
between 450 to 900 nm although the near-infrared (NIR) region is commonly used
as the water absorption from the ocular vitreous is at its lowest [1] and contain less
energy meaning that higher optical powers can be used without exceeding the safety
limits. Furthermore, longer wavelengths are almost invisible to the naked eye and
this makes the illumination pleasant to stare at as you do not perceive it with same
brightness as visible light.

Figure 2.1: A generalized illustration of a scanning laser ophthalmoscope. The illumination point source
(e.g. LD or laser) is imaged to the retina via (two) telescopes. The lenses f i and f s form the first telescope
and fo and f e the second one. In order to move the focused spot over the retina, scanning mirrors are used.
Typically one is a resonant scanner that operates at high frequency such as 16 kHz whereas the second mirror,
also known as the slow mirror, has a speed of approx. 30 Hz. The reflected light from the retina then travels
the same way back. When the reflected light reaches the beamsplitter (BS), a part of it goes through the BS
in transmission and is focused onto the detector with the lens fd. By adjusting the diameter of the pinhole in
front of the detector, only light that originates from the focal plane on the retina is detected.

To relay the image of the point source illumination to the back of the eye, either
lenses or mirrors are used to form telescopes. The focal lengths of these components
play a crucial role as their ratio will determine the magnification of the spot in the
retina and also the field of view (FOV) possible for imaging. Assuming that single
mode fiber (SMF) is used to guide the light from the LD to the system in Fig. 2.1, as
is commonly done in SLOs, the collimated beam diameter on the cornea dcornea can
be expressed as

dcornea = 2× fo

fs
×NAfiber × fi, (2.1)

where f is the focal length of that particular lens and NAfiber is the numerical aperture
of the optical fiber. The experimental value of the dcornea is easily measured with a
beam profiler or with a knife-edge test, where the Gaussian intensity distribution of
the beam is determined [2, 3]. By carefully placing an aperture in the conjugate plane
in the imaging system, the beam diameter can be further controlled. Once the beam
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size on the cornea is determined, the diffraction limited spot size on the retina dretina

can be calculated assuming a Gaussian beam propagation with diffraction limited
performance:

dretina =
2λ0fe

πdcornea
, (2.2)

with λ0 as the center wavelength of the illumination source and f e as the focal length
of the eye (about 60D). In practice the imperfections of the cornea and the lens will
increase the spot size. However, the effect of these imperfections can be minimized
with the use of adaptive optics (section 2.1.2) to obtain a spot size that is very close
to optimal theoretical performance.

When considering the FOV, the angles of the scanning mirrors are taken into
account. Let’s assume that θm is the angle that the scanning mirror creates between
the propagating beam and the optical axis of the system. The FOV is then defined
as the mirror scanning angle θm multiplied with the angular magnification of the
telescope:

θFOV = 2× fs

fo
× θm. (2.3)

As the scanning speed of the SLO is constant, the magnification of the FOV is im-
portant as it also determines the pixel sampling of the image. Therefore a large FOV
is sampled sparser than a small FOV and this is an important parameter to be taken
into account when designing the system. However, the sampling speed of the data
acquisition (DAQ) boards can be varied and chosen accordingly with the FOV.

From equation 2.2 it can be seen that an increase in the collimated beam diameter
makes the lateral focus spot smaller. In retinal imaging, the pupil size of the eye
limits this collimated beam diameter entering the eye. In normal lighting conditions
the pupil diameter is roughly 3 mm and with dark-adapted pupils the diameter can
reach up to 6-7 mm. Another way to increase the beam diameter is to use dilating
eye drops, such as tropicamide, which reduce the natural fluctuation of the pupil size
and keep the pupils dilated at 7-8 mm despite of the lighting conditions. In SLO, the
apertures in the conjugate plane (before the scanning mirrors) can be used to fully
control the beam diameter as mentioned earlier. Figure 2.2 shows how the beam
diameter affects the resolving limit in the retina based on the well-known Rayleigh
criteria (R = 0.61λ/NA) [4].

The reflected light from the retina (marked blue in Fig. 2.1) travels back the same
way as the light that entered the eye. Upon reaching the beamsplitter (BS), part of
the light propagates through the BS and is focused to the detector with the lens f d.
To make the system confocal, a pinhole is placed in front of the active area of the
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Figure 2.2: A numerical simulation how the numerical aperture and wavelength affects the the-
oretical resolving limit. In reality, corneal aberrations will limit the smallest achievable spot size
which deteriorates the resolution limit. It can be seen from the plot that when using NIR light,
theoretical spot size is typically about 6-7 µm for a 3 mm pupil diameter. This is about 1.5 times
the size of the individual cones in the fovea to give frame of reference. For normal lighting con-
ditions, such as office lighting, a 3 mm pupil is common and when the lights are dimmed, the
dark-adapted pupil diameter reaches 6-7 mm typically. However, if adaptive optics is not used
to compensate for the aberrations, the resolving limit will stay in the 5-7 µm range.

detector. The pinhole allows only light reflected from the focal plane on the retina
to enter the detector thus rejecting the out-of-focus light and improving the image
contrast compared to standard flood-illumination systems.

2.1.1 Line scanning

One of the drawbacks of point illumination is that it requires 2D scanning. Where as
in flood-illumination fundus camera the image acquisition happens in few millisec-
onds, in SLO one frame takes about 10 times longer (approx. 33 ms) to acquire. If a
cylindrical lens is used in the illumination path, the light can be focused in only one
of the dimensions, thus creating a so-called line illumination (Fig. 2.3). When, in this
case, the point detector is changed to a linear array, the scanning needs to be done
only in one dimension hence improving the imaging speed. However, the speed in-
crease comes with the cost of confocality. With line SLO (LSLO) a slit is used instead
of a pinhole and the out-of-focus light is only rejected in one dimension. For more
detailed theoretical calculations of the line-scanning principle and the mathematical
derivations, the reader is suggested to read a publication by Hammer et al. [5].
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2Figure 2.3: An example of a line-scanning implementation. The LSLO uses one extra lens (f c)
compared to basic SLO system as seen in the figure. This lens is cylindrical, meaning that the
light is focused only in one dimension as can be seen when looking at where blue and red lines
focus and where they are collimated. In addition to the cylindrical lens, the photo multiplier
tube (PMT) of the SLO is replaced with a line camera to record the line-shaped intensity from the
retina.

2.1.2 Adaptive optics

As briefly mentioned, the spot size on the retina is distorted by the imperfections
from the corneal surface. However, these wave aberrations can be corrected using
adaptive optics [6]. Figure 2.4 shows a standard optical layout for using adaptive
optics in ophthalmoscopy.

Figure 2.4: Adaptive optics in ophthalmic imaging. The wave front gets distorted
by the imperfections in the cornea and the distorted wavefront is recorded with the
Hartmann-Shack wavefront sensor. The deformable mirror then corrects for these
aberrations in iterative steps until the wave front error reaches certain threshold. At
the same time, the corrected wavefront is recorded.

The key components are the Hartmann-Shack sensor that detects the aberrations in
the wave and the deformable mirror that corrects for the wave front errors. These
two components work in a closed-loop system and after the aberrations are detected,
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the deformable mirror corrects for them and the next iteration continues correcting
until errors in the wave front are minimized to a certain threshold.

The advantage of the adaptive optics SLO (AOSLO) is the high resolution that
allows resolving the photoreceptors in the retina. The sacrifice in this case is the
FOV, which typically is in the order of 1-2 degrees where as in SLO it is 30 degrees or
more. The reason for this is that the adaptive optics optimal correction performance
starts to go down when the FOV is larger.

2.2 Optical coherence tomography

Shortly after the invention of SLO, optical coherence tomography made its first ap-
pearance in ophthalmology [7]. As the name suggests, it is based on low coherence
interferometry (LCI) [8] in order to obtain structural depth information on a microm-
eter scale. At the heart of an OCT system is a Michelson interferometer [9], which
divides the light from a low coherence source into two separate optical paths called
the reference arm Er and the sample arm Es, where E represents the electric field
that propagates through the interferometer. In the reference arm the light is reflected
back by a mirror and in the sample arm the light is reflected back by the sample. The
light from both arms is then recombined in the beamsplitter before arriving to the
detector where the interference signal (Io) is recorded (Fig. 2.5). This signal can be
mathematically expressed as:

Io(k) ∼ |Er(k)|2 + |Es(k)|2 + 2Es(k)Er(k) cos(2k∆L), (2.4)

where ∆L is the optical path length difference between the signal and reference arms
of the interferometer (∆L = Ls - Lr) and k is the wavenumber, which is the spatial
frequency of a wave.

If a coherent light source is used, the interference will occur over a wide range of
path length differences and no depth localization of the signal is achieved. However,
with low coherence light, the interference is only observed when the path length of
the reference arm and sample arm are matched within certain distance known as the
coherence length. The interference for other path length differences does still occur,
but it is not detected. The coherence length defines the axial resolution and can be
expressed as [10]:

∆z =
2 ln 2

nπ

λ2
0

∆λ
(2.5)

where λ0 is the center wavelength, ∆λ the full width at half maximum bandwidth in
wavelength and n the refractive index of the medium. It can be seen from equation
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2.5 that when the source bandwidth increases, the axial resolution improves.

Figure 2.5: A schematic of a Michelson interferometer. The beamsplitter in the center
divides the light from the source to two interferometer arms. The reflected light from
these two arms is recombined again by the beamsplitter and the interference fringe
is measured at the detector. When the optical path length difference (OPD) of the
two arms is zero, a localized interference pattern is generated.

In order to generate a reflectance profile in depth (A-scan) either k or ∆L has to be
scanned in the cosine term of equation 2.4. The first OCT technique known as time
domain OCT (TD-OCT) varied ∆L in the reference arm to generate an A-scan [7].
However, the imaging speed was limited by the scanning of the mirror in the refer-
ence arm. Fercher et al. proposed a system where the reference arm length was kept
constant and the depth information was obtained by a Fourier transform of the spec-
trally resolved interference fringes in the detection arm [11]. This approach known as
Fourier domain OCT (FD-OCT) can be divided in to spectral domain OCT (SD-OCT)
and swept source OCT (SS-OCT) to indicate the differences in their implementation.
SD-OCT uses a spectrometer to detect the spectrally resolved interference signals
whereas SS-OCT uses a swept light source and balanced detection scheme [12, 13].
This means that in SS-OCT one full sweep is equal to previously mentioned A-scan.
FD-OCT provides a significant advantage in signal-to-noise ratio (SNR) and there-
fore allows a substantial increase in imaging speed making it much more suitable for
retinal imaging compared to TD-OCT [14, 15, 16, 17].

When the focused spot is scanned with the mirror in one dimension, you can
obtain successive A-scans along a line. This then produces a cross-sectional OCT
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image known as a B-scan (Fig. 2.6). By adding a second scanning mirror to scan also
the other lateral dimension, B-scans can be obtained for multiple line positions in a
grid to obtain an OCT data volume from which a single depth plane is referred to
as the C-scan. By summing the depth information along A-scans produces a similar
image to SLO and is called an en face image (Fig. 2.6).

Figure 2.6: The different imaging modes used in OCT imaging. When a stationary spot is used,
a single measurement produces a depth-profile of the tissue known as the A-scan (or A-line).
When a scanning mirror is used and the focused spot is moved horizontally, multiple A-scans
are measured forming a B-scan. And if the spot is also scanned in vertical direction, multiple
B-scans can be obtained to form a C-scan (also known as a volume). By segmenting the volume
information in depth, en face images can be shown. Image courtesy of Dr. Boy Braaf [18].

2.2.1 Swept-source OCT

SS-OCT, also known as optical frequency domain imaging (OFDI), uses a wave-
length swept light source to spectrally detect the fringes [19, 20, 21]. The first demon-
strated SS-OCT measurements were done already in 1997 [19, 21] but the available
laser technology was limiting the performance of these systems in respect of speed
and spectral bandwidth. Yun et al. developed light sources using polygonal mirrors
[22, 23] to rapidly generate the wavelength sweep and achieved 115 kHz axial scan
rates demonstrating the speed advantage of the swept source systems. As the laser
technology advanced, commercial swept sources appeared on the market and are
now among the most used sources in the experimental OCT systems.

Figure 2.7 shows an example of a simplified SS-OCT setup. The output of the
swept light source is divided into the sample arm and the reference arm. The ref-
erence arm light reflects from the mirror with a fixed delay. These two arms have a
time offset based on the path length difference as in the sample arm the light reflects
from different depths in the tissue. As the wavelength sweep (frequency of the light)
is done as a function of time, the signal from the sample arm will have a path length
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difference from the reference arm. When these two signals interfere in the 50/50
fiber coupler, the intensity of the interference fringe is modulated at the frequency
given by the offset. Different frequency modulations are produced with different de-
lays (frequency offsets). The signal is then detected over a single frequency sweep of
the source. Here it is important to correct for the nonlinearities in the k-space map-
ping before doing the Fourier transform, which results in axial scan measurement or
A-scan.

Figure 2.7: A basic SS-OCT configuration. Every time the source does a single sweep of the
wavelengths, one A-scan is generated. In ophthalmic imaging, the sample arm is couple into
ophthalmic interface such as slit-lamp (or previously seen SLO design), which includes the scan-
ning mechanism and the necessary optics.

Compared to SD-OCT, SS-OCT can achieve longer imaging ranges with reduced
sensitivity roll-off [24] and it is also less sensitive to fringe washout [25]. Also the de-
velopment of new type of sources such as the vertical cavity surface-emitting laser
(VCSEL) [26, 27] and the akinetic sources [28] enable extremely long imaging ranges
as the instantaneous linewidth in these sources is very narrow, not to mention imag-
ing speeds reaching up to 500 kHz. It is therefore safe to say that SS-OCT will be the
most used OCT technique in the future.

2.3 Digital micro-mirror device

The digital micro-mirror device (DMD) is a micro-opto-electromechanical system in-
vented by Larry Hornbeck in 1987 [29] and it is the heart of the digital light projection
(DLP) technology, which is widely used e.g. in movie theaters and commercial level
projectors. Due to the miniature size of the chip, it has started to find its way also to
other applications, such as ophthalmic imaging [30].

The DMD chip consists of several hundred thousand microscopic mirrors (5.4 –
13.6 µm pitch) which can be individually controlled to be either in off or on state,
having tilt angles of ±10◦ to ±17.4◦ as shown in Fig. 2.8. When the mirrors are in on
state, the light will continue to propagate whereas the off state will guide the light
elsewhere, for example a beam dumb thus showing the mirror (pixel) dark in the
projected image. The binary projection speed of the DMDs can vary between 3 to
32 kHz depending on the DMD model. The mirrors can tilt very fast to generate
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up to 1024 shades of gray (10 bits). However they can also be used in binary mode
and uploading a binary image will create a pattern onto the reflected light plane,
enabling structured illumination.

Figure 2.8: An illustration of the digital micro-mirror principle. (A) A drawing of the individual
mirror components and the underlying mechanical parts to produce the tilt of the mirror. (B)
The electron microscope image of the mirror surfaces when some of them are on and some off.
Image modified from [31].

The DMD is a relative new implementation in microscopy [32, 33, 34] and es-
pecially in retinal imaging [35, 36, 37]. In both fields the DMD is used to generate
structured illumination, whether it is projecting parallel scanning spots or fringes
with different frequencies.

2.4 Detecting motion from SLO images

As it was introduced in chapter one, fixational eye motion can extend to frequencies
above 100 Hz. Modern SLOs operate at video-rate (about 30 Hz) and this sets the
sampling rate for recovered motion parameters to around 15 Hz as dictated by the
Nyquist limit. After 15 Hz the motion appears aliased and cannot be detected re-
liably anymore. Motion distortions are divided into intra- and inter-frame motion.
Inter-frame motion happens between the acquired images whereas intra-frame mo-
tion can be visibly seen within the acquired image. Depending on the direction of the
eye motion, the movement can be seen as stretch (vertical motion), skewness (hor-
izontal motion) or both (ocular torsion) in the acquired images. Example of these
three distortions can be seen in Fig. 2.9. It is noteworthy mentioning here that these
examples assume a raster scan with a horizontally oriented fast axis and vertically
oriented slow axis.

To extract the motion information that is encoded in the SLO images, several
methods have been proposed [39, 40, 41] but currently the most common method is
using the cross-correlation to recover the horizontal and vertical motion, first demon-
strated by Mulligan [42, 43]. First a good quality frame that has minimal amount
of intra-frame distortions is obtained to serve as the ”ground truth” or as it more
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Figure 2.9: Different types of motion artifacts that can occur during scanning. (A) Horizontal
motion causes the squares to be skewed in the final image. (B) Vertical motion can be seen as
stretch when movement is along the vertical scanning direction or squeezing when the motion is
against the scanning direction. (C) If there is ocular torsion, the artifacts are seen as combination
of (A) and (B). Image adapted from [38].

commonly known as the reference frame. The following scanned images are then
compared to the reference frame to measure the similarity of the image pair and to
detect the shift caused by eye motion. To better detect the intra-frame motion, im-
ages can be broken down to stripes. By doing so, small changes within the frame can
be detected, which would be invisible when the whole frame is used.

Other approaches also exist for recording the eye movement such as the Purkinje
tracker [44, 45], magnetic search coils [46, 47], PSI tracker [48, 49] and pupil tracking
[50, 51]. The detailed analysis of these methods is beyond the scope of this thesis,
hence for more detailed information, reader is suggested to read the publications
cited above.

2.4.1 Cross-correlation method for motion detection

In this approach the key component is a good quality reference frame. This means
that the image should have minimal amount of intra-frame motion artifacts and this
can be done usually by carefully selecting the frame. It is important to mention here
that the eye is never still and as the frame acquisition can take 30-140 ms, there is
always some motion in the reference image. After obtaining the ”ground truth”,
all the consecutive images (here on known as tracking frames) are compared to the
reference frame using fast normalized cross-correlation [52]:

γ(u, v) =

∑
x,y

[
f(x, y)− f̄u,v

][
t(x− u, y − v)− t̄

]√∑
x,y

[
f(x, y)− f̄

]2∑
x,y

[
t(x− u, y − v)− t̄

]2 , (2.6)

where f (x,y) is tracking frame, t(x,y) the reference frame, and f̄u,v and t̄ the respective
means. Each image pair correlation measures the similarity between the two images
and produces a two dimensional normalized correlation matrix where the values
range from -1 to 1. The highest similarity of the image pair produces a peak in the
matrix, which is located in the center if no motion occurred between the image pair.
If the motion frame has shifted respect to the reference frame, the peak in the matrix
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(highest correlation coefficient) won’t be located in the center anymore and the shift
respectively to the center will give the motion in x- and y-direction. If the tracking
frame is the complement of the reference frame, the cross-correlation coefficient gets
a value of -1, and if the motion frame is identical to the reference frame, the coefficient
is 1 (also known as auto-correlation). By doing this procedure for all the consecutive
images, an eye motion trace can be produced with a detection bandwidth equivalent
to half the imaging speed of the SLO.

2.5 Laser safety in ocular imaging

One of the major concerns when doing retinal imaging is the laser safety. To ensure
the safety of the patients, safety standards are used to calculate the maximum optical
powers that can be used to image the eye without causing any damage. There are
two different standards currently used, American ANSI Z136.1 [53] and European
IEC 60825-1 [54] standards. Both have only subtle differences in notations and they
both give almost the same exposure limits. In chapter 3, the ANSI standard 2007 was
used to calculate the maximum permissible exposure (MPE) limits of our combined
system as the 2014 version was not published at the time [55]. For the DMD-based
systems, European IEC 60825-1 (2014) standard was used for calculations.

2.5.1 Laser safety using ANSI standard 2007

The system described in chapter 3 is a combination of tracking SLO (TSLO) and
OCT. The safety calculations for this system were done using the American ANSI
standard 2007 and were also published in as appendix by Braaf et al. [56]. The
safety of the system is determined with the maximum permissible exposure (MPE),
which is calculated using the equations and rules set by the laser safety standard. By
operating the systems under this MPE, the systems are considered safe.

Accidental exposure to stationary spots

The optical powers used by the combined OFDI-TSLO setup were 0.5 mW at 840
nm (TSLO) and 1.5 mW at 1050 nm (OFDI). According to ANSI 2007 [55] the recom-
mended MPE levels for exposure to a stationary spot on the retina for longer than
10 seconds are 0.733 mW for 840 nm and 1.93 mW for 1050 nm. These MPE levels
are higher than the powers of the individual beams and therefore the used optical
powers will not pose a hazard in the event that the lateral scanning stops simulta-
neously for both lasers. Moreover, this event is unlikely since it requires a double
failure (failure of both scanning systems). The probability that both beams become
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Table 2.1: MPE levels at the cornea for the TSLO and the OFDI systems during volume scanning. The frame rate is the
frequency with which the (retinal) field size is scanned over time. The duty cycle is the percentage of the lateral scanning
for which the laser light is switched on.

System Field size [deg] Frame rate [Hz] Duty cycle [%] MPE [mW @ cornea]

TSLO 4 × 4 30 40 1.1

OFDI 6.7 × 6.7 0.16 100 9.29

superimposed during this event is even significantly smaller than the double failure
event, since the lateral scanning of both lasers is independent and unsynchronized
from each other, and happens over different field sizes and with different frame rates
(see next subsection). This special case is therefore negligible.

Exposure during lateral scanning

During normal imaging both beams are scanned laterally over the retina and their
energy is distributed across a large retinal region, lowering the potential retinal irra-
diance at any location and increasing the MPE. Considering exposure times of 300
seconds, which is much longer than the actual exposure time at any given location,
and applying a strict interpretation of ANSI rule 3 for pulsed line segment exposure
[55] the MPEs for both beams are calculated depending on their lateral field sizes,
frame rates, and exposure duty cycles as given in Table 2.1.

The exposure to the laser light when the beams overlap is considered safe when
the sum of the powers of each source divided by its MPE is not greater than 1 [55],
which is the case when the two systems are scanning simultaneously:

powerTSLO

MPETSLO
+

powerOFDI

MPEOFDI
=

0.5 mW

1.1 mW
+

1.5 mW

9.23 mW
= 0.62. (2.7)

2.5.2 Laser safety using IEC 2014

For the two systems used in chapters 4 and 5, safety calculations were done using the
latest European standard IEC 60825-1 (2014). The standard describes three different
illuminations: 1) a focused spot, 2) a line illumination and 3) extended source. For
the matter of simplicity, the most conservative illumination scenario was used which
is the focused spot. The wavelength used for these safety calculations were 624 nm
and 810 nm.

For a collimated circular beam C6 is determined by the minimal angular extent
αmin = 1.5 mrad and equals 1. The equation to calculate the maximum permissible
exposure at the cornea (with an aperture size of 7 mm) for 624 nm can be expressed
as
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MPE624 = 10 W/m2 ×
(
3.5× 10−3 m

)2 × π = 385 µW. (2.8)

For NIR illumination the equation 2.8 gets two additional coefficients, namely C4

and C7:

MPE810 = 10 W/m2 × C4 × C7 ×
(
3.5× 10−3 m

)2 × π. (2.9)

The parameters can be found from Table 9 in the IEC standard (page 39). For 810 nm
light C7 equals 1 and C4 is calculated as

C4 = 100.002(λ−700) = 100.002(810−700) = 100.22 = 1.6596, (2.10)

where λ is the illumination wavelength. By adding these parameters to the equation
2.9, the MPE limit for 810 nm for a focused spot becomes:

MPE810 = 10 W/m2 × 1.6596× 1×
(
3.5× 10−3 m

)2 × π = 639 µW. (2.11)

Currently we are using multiple lines and/or concentric circles as our scanning
patterns and the time-averaged optical power at cornea is between 100 to 200 µW.
These measured values are much lower than the limit for a single focused spot on
the retina regardless of which of the two wavelengths is used. Therefore it can be
concluded that the DMD-ophthalmoscopes are safe for ocular imaging with 624 nm
and 850 nm illuminations.
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