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Abstract: Two-photon vision is a phenomenon associated with the perception of short pulses
of near-infrared radiation (900-1200 nm) as a visible light. It is caused by the nonlinear process
of two-photon absorption by visual pigments. Here we present results showing the influence of
pulse duration and repetition rate of short pulsed lasers on the visual threshold. We compared
two-photon sensitivity maps of the retina obtained for subjects with normal vision using a
cost-effective fiber laser (λc = 1028.4 nm, τp = 12.2 ps, Frep = 19.17 MHz) and a solid-state laser
(λc = 1043.3 nm, τp = 0.253 ps, Frep = 62.65 MHz). We have shown that in accordance with the
description of two-photon absorption, the average optical power required for two-photon vision
for a fiber laser is 4 times greater than that for a solid-state laser. Mean sensitivity measured for
the first one is 5.9± 2.8 dB lower than for the second but still 17 dB away from the safety limit,
confirming that picosecond light sources can be successfully applied in microperimetry. This
development would dramatically reduce the cost and complexity of future clinical devices.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Perimetry, a method of testing patient’s visual field by determining the thresholds of vision,
plays an important role in ophthalmological diagnostics, because it provides direct information
about the functional properties of the retina. Quantifying function is essential for monitoring
disease progression and the efficacy of treatments and, importantly, functional impairment often
precedes the structural changes detected by most imaging modalities. Perimetry is most notable
for assessing the progression of glaucoma [1]. Still, there are other ocular diseases for which
mapping the sensitivity of the retina to light is important during treatment like neovascular and
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degenerative events associated with diabetic retinopathy [2], age-related macular degeneration [3],
and Stargardt disease [4]. Mapping visual function is also useful for the diagnosis of neurological
disorders and traumatic injuries to the brain [5].

The development of visual field mapping began with manual methods employing a tangent
screen in a classic Goldmann perimeter, and now extends to automated perimeters and mi-
croperimeters [6,7]. Automated perimetry applies more efficient strategies for determining the
visibility threshold, sometimes optimized for detecting the profile of a particular disease [8]. The
combination of perimetry with SLO (scanning laser ophthalmoscopy), OCT (optical coherence
tomography), or fundus camera imaging allows for precise stimulation of specific retinal regions
to correlate structural alterations with functional impairment [9]. The accuracy of stimulation
has been further improved in laboratory systems, using adaptive optics imaging and advanced
retinal tracking, at the resolution of a single cell [10,11]. All the techniques mentioned above
examine the sensitivity of the retina to visible light, spanning wavelengths between 400-720 nm.
In this study we have tested retinal sensitivity to pulsed near-infrared (IR) light (∼1000 nm) based
on two-photon vision [12–15], which was incorporated into visual field testing as two-photon
microperimetry [14].

The phenomenon called two-photon vision was described originally for 200 femtosecond
laser pulses, enlongated by dispersion in the optical fiber to ∼1 ps [12]. Shifting the stimulus
wavelength resulted in the change of the perceived color from blue (∼475 nm) for 950 nm IR light
to red (∼600 nm) for 1200 nm IR light [12]. Furthermore, starting from 900 nm, the sensitivities
of dark adapted human observers [15], as well as the magnitude of ERG responses of murine
and primate photoreceptors [12,16], did not decrease as the wavelength increased up to 1000
nm. These observations violated the well-established relationship (for one-photon vision) of a
linear decline in the logarithm of sensitivity versus wavelength [17,18]. With humans at 1000
nm IR light, sensitivity was 1.5-2 orders of magnitude higher than expected for one-photon
vision at this wavelength [12]. Molecular modeling employing hybrid quantum-mechanical
calculations coupled with molecular dynamics simulations confirmed the feasibility of two-photon
isomerization of rhodopsin by IR light with a maximum absorption around 1000 nm [12,19].
Further investigations demonstrated that the relationship between 522.5 nm and 1045 nm visibility
thresholds was almost quadratic when using femtosecond pulses, thus confirming the nonlinear
character of IR light perception [14]. Manzanera et al. supported these observations by testing an
extreme case of using a supercontinuum light source with nanosecond pulses and repetition rates
of single kHz [20]. However, using pulsed sources of such extremely low repetition rates causes
the visual threshold and MPE level to become close to each other, so that practical application
of such sources in the clinical setting is questionable due to safety issues. Interestingly, weak
two-photon vision effects were also observed in OCTs using short cavity swept-sources due to
their multimode operation and the presence of a mode-locking process enabling generation of
nanosecond impulses [21,22].

Perception of light based on two-photon excitation depends on the square of stimulus intensity;
while normal, one-photon perception depends on intensity linearly. There are two main differences
between these two kinds of light perception: (1) perception of stimuli changes more rapidly with
increase/decrease of power for two-photon vision compared to one-photon vision; (2) infrared
light, used in two-photon perimetry, is impacted less by imperfections in the front of the eye than
visible light, as shown by [14]. The first difference suggests that determination of visual threshold
on the basis of two-photon perception would be more precise: a 2-times less intense beam would
result in a 4-times dimmer stimulus. Consequently, transition from seen to unseen stimulus
would cover a smaller range of intensities. This feature can be also demonstrated by comparison
of the shapes of psychometric functions for these two ways of vision: the slope of psychometric
function for two-photon vision is steeper than for normal vision [14]. The second difference,
however could have negative impact because small changes in stimulus size caused by optical
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imperfections in different eyes may be more detrimental for visibility thresholds with two-photon
perceived stimuli than with the ones derived from one-photon vision. The question if two-photon
based perimetry is better than one-photon perimetry depends on which difference prevails in
visual threshold testing. Further investigations are definitely required, involving participation of
different groups of ophthalmic patients. Therefore, it is essential to characterize and develop the
technique to make it more clinically applicable.

The medical applicability of two-photon microperimetry depends largely on the parameters of
the laser used for experiments. The safety standards defining Maximum Permissible Exposure
(MPE) are an absolute limitation. The lowest perceived value of the power corresponding to the
visual threshold depends on pulse duration and repetition rate. The optimal method from the
point of view of the applicability of the method is to choose the parameters which will guarantee
the largest range of powers spanning between the visual threshold and the MPE. This can be
achieved with the use of femtosecond solid-state lasers, which are expensive and hard to adapt
to the clinics. Another extreme case is to use a light source emitting in a longer, nanosecond
regime like the supercontinuum [20,23]. In such a case, the optical power values corresponding
to the two-photon visual thresholds are only 10 times lower than the values corresponding to the
Maximum Permissible Exposure limit [20]. Such a narrow range of stimulus intensities does not
guarantee the emergence of the two-photon vision effect in all examined patients. Fiber lasers
emitting picosecond pulses extend that range. Furthermore, these lasers are several times less
expensive and much easier to integrate into diagnostic devices because of their smaller size, less
demanding cooling requirements, and fiber output, which is easy to integrate with the system’s
optics. These features, in turn, support the transfer of the technique from specialized optical
laboratories to clinics, ophthalmological surgeries, etc.

In this report, we present analyses leading to the optimization of two-photon microperimeter by
selecting pulse durations and laser repetition rates. We compare two-photon sensitivity maps of
the parafoveal region of dark adapted subjects obtained using the same two-photon microperimeter
operating with two different pulsing near-infrared lasers: a femtosecond solid-state laser, referred
to as “fs laser”, and a compact picosecond fiber laser, designed for our experiment and referred
to as “ps laser”. Moreover, we propose a model which takes into account how differences in
the temporal aspects of the pulse train and individual pulses impact the two-photon visibility
threshold. Finally, we discuss how spectral and geometric differences between both laser beams
influenced the threshold.

2. Methods

2.1. Optical setup of the laboratory two-photon perimeter

The optical scheme of the laboratory perimeter for mapping two-photon sensitivity for both lasers
is presented in Fig. 1.

Fs laser beam was guided into the apparatus using two deflecting mirrors (M1, M2 in Fig. 1)
after passing through a reflective gradient neutral density filter GF1 to reduce its power. The
telescope consisting of lenses L1 and L2 was used only during a subset of measurements
(described in detail in Section 4), to exactly match the diameters of both beams at the eye’s pupil
plane. Ps laser beam was collimated at the fiber output by a 19 mm lens, CL and introduced
into the system using mirror M3 and a beamsplitter BS1. An additional neutral density filter
(F in Fig. 1) was used to reduce the laser beam power. Then, beams were routed through an
additional polarizing beamsplitter, polBS (inserted for introducing a visible laser, although one
was not used in this study) and aperture A, which was optically conjugated with galvanometric
scanners, GSC (GVS002, Thorlabs) by the telescope consisting of lenses L3 and L4 of the same
focal length, equal to 150 mm.

The intensity of the stimulating light during measurements was adjusted using a round reflective
variable neutral density filter GF2 (NDC-50C-4, Thorlabs). The optical density of this filter
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Fig. 1. Optical scheme of the measurement set-up. Symbols: Li – lens, focal lengths
are indicated, CL – collimating lens, Mi – mirror, GFi – neutral density gradient filter, F –
neutral density filter 1.0, BSi – beamsplitter, polBS – polarization beamsplitter, A – aperture,
SM – stepper motor, GSC – xy galvanometric scanners, PM – power meter sensor, plBS –
plate beamsplitter, DM – dichroic mirror, PH – pinhole, bpF – bandpass filter.

varied from 0 to 4.0 controlled by a stepper motor, SM (ST4209X1004-A, Nanotec, 1/64 step
operating mode). After the filter GF2 and telescope L3-L4, approximately half the power of each
stimulating beam was deflected to a power meter sensor PM (S120C, Thorlabs) by a beamsplitter,
BS2. The power meter indications were carefully calibrated before each round of measurements
by using another sensor (S120C, Thorlabs) placed at the eye’s pupil plane for each laser separately.
Therefore, based on the indications of PM, the actual power of each laser at the pupil plane was
determined. The galvanometric scanners GSC, optically conjugated (by L5 and L6) with the
eye’s pupil, were used to shape the stimulus and determine its retinal location. The movable
lens L5 permitted correction of the refraction of the subject’s eye. The plate beamsplitter plBS
(BSN11R, Thorlabs) was placed in the Fourier plane of the 4-f system consisting of L5 and L6.
The plBS combined the optical path of the stimulating beams with the paths of the pupil camera
and fixation. The maximal power of both lasers measured by the optical sensor at the eye’s pupil
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plane did not exceed 400 µW, in accordance with safety limits. The 1/e2 widths of laser beams at
the eye’s pupil plane were equal to 1.5 mm and 2.1 mm for fs laser and ps laser, respectively.

Pupil size and its position were continuously monitored during the measurements using a
monochrome camera (DCC1545M, Thorlabs) and infrared illuminator with central wavelength
850 nm (30 nm Full-Width at Half-Maximum (FWHM) bandwidth). Most of this radiation was
transmitted by the beamsplitter plBS and the dichroic mirror DM (visible cold mirror FM03R,
Thorlabs) placed after plBS, which coupled the optical path of the pupil camera with the fixation
path. The image of the pupil was formed on the camera by two telescopes, consisting of lenses
L6-L9 and L10-L11. The overall magnification of the pupil at the camera was equal to 0.23. The
bandpass filter bpF (FB850-40, Thorlabs), placed in front of the camera, cut off the reflections
of the stimulating beams. Images of the subject’s pupil were continuously acquired during the
measurements and stored for further analysis. The image was a square of 512× 512 pixels. All
pupil images were acquired with a frame rate of about 11 frames per second, and the exposure
time was adjusted to about 40 ms per frame.

The fixation point, a faint red dot in the middle of the visual field used by the subjects to fix
their gaze, was formed by an image of a 50-µm pinhole (PH in Fig. 1). Back-illuminated with a
630-nm diode, it was optically conjugated with the subject’s retina using two telescopes formed
by L8 and L7 as the first 4-f system and L6 and the eye’s lens as the second one. Movable lens L8
was used to correct the refraction error of the subject’s eye.

2.2. Characterization of laser sources

The fs laser was a femtosecond solid-state laser (HighQ-2, SpectraPhysics), while the ps laser
was a novel compact Yb-doped fiber laser (Jive, Fluence). The optical spectra of both lasers
measured at the perimeter output are depicted in Fig. 2(a). The fs laser has a sech2 shaped
spectrum with a 1043.3 nm central wavelength, 4.84 nm bandwidth at FWHM, and 9.8 nm
bandwidth at 10% of maximum intensity. The ps laser has a much broader, more structured
spectrum with a central wavelength of 1028.4 nm and 26.9 nm bandwidth at 10% of maximum
intensity (in this case, the FWHM value provides no meaningful information as it cannot be
directly translated to Fourier-limited pulse duration, and therefore it is not given). We also
verified the shape of the spectrum directly at each laser output. No significant alterations were
observed, confirming that no unexpected changes occurred in the optical setup (see section S1
and Fig. S1 in Supplement 1). Detailed parameters of both laser sources used in experiments are
listed in Table 1.

Table 1. Parameters of laser sources used in experiments.

Central
wavelength [nm]

Spectral bandwidth at 10% of
maximum intensity [nm]

Pulse duration
[ps]

Repetition rate
[MHz]

fs laser 1043.3 9.8 0.253 62.65

ps laser 1028.4 26.9 12.2 19.17

The intensity autocorrelation trace for fs laser measured in the plane of the eye pupil is presented
in Fig. 2(b) together with the sech2 fitting function. The pulse duration after deconvolution is
equal to 253 fs. The autocorrelation function measured for longer delays is shown in the inset
and indicates that there are no pre- or post-pulses, which could possibly originate from parasitic
reflections or multi-pulsing of the laser. Additional measurements with a photodiode and a 400
MHz-bandwidth oscilloscope confirmed single-pulse operation in the nanosecond timescale.
The FWHM of the optical spectrum and the pulse duration measured in the eye plane result in a
time-bandwidth product (TBP) of 0.34. TBP for transform-limited pulses is 0.315, indicating
that pulses are only slightly chirped. The intensity autocorrelation trace measured for ps laser is
fitted with a Gaussian function (Fig. 2(c)), which is a typical pulse shape for mode-locked fiber
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Fig. 2. Spectral and temporal properties of lasers used for producing visual stimulus.
a) Optical spectra of fs laser and ps laser measured at the eye’s pupil plane. b) Autocorrelation
of fs laser pulse with sech2 fitting function measured in the eye plane; inset shows the
autocorrelation measured in a larger span of 900 ps. c) Autocorrelation of ps laser pulse
with Gaussian fitting function measured in the eye plane; inset shows the autocorrelation
measured in a larger span of 600 ps.

lasers operating in a normal dispersion (i.e. larger than zero) regime [24], in which the group
velocity decreases with increasing optical frequency. The pulse duration in the eye plane is 12.2
ps. Similar to the previous case, a single pulse operation was confirmed by the autocorrelation
measurement with longer delays (shown in the inset of the figure) and a pulse train visualization
on the oscilloscope. The long pulse duration together with a broad optical spectrum indicates
that the pulses are strongly chirped, which is typical for this kind of laser [24].

2.3. Psychophysical testing

During the experiments, a series of stimuli at different brightness was displayed on a subject’s
retina. Tested volunteers were asked to push the button when they registered the stimulus. A
so-called 4-2-1 threshold-finding strategy, well-known from commercial perimeters [25,26], was
implemented in the experiment control software written in LabVIEW. The algorithm, shown
schematically in Fig. 3(a), is based on the stimulus intensity changes with decibel steps: 4 dB, 2
dB, and 1 dB. First, the stimulus power decreased with 4 dB steps until the subject was unable to
see it (i.e. did not push the button within 2.5 s from the onset of the stimulus). Then, the power
increased with one 2 dB step. In the next round, dependent on the previous subject’s answer, the
power was increased or decreased with 1 dB step. Assuming that lapses of volunteer causing
false positive or false negative answers are rare, the 4-2-1 algorithm allows the threshold to be
determined with the accuracy of 1 dB as illustrated in Fig. 3(a).
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Fig. 3. The details of psychophysical tests. a) 4-2-1 threshold strategy: stimulus registered
as seen: green circles, stimulus registered as not perceived: white circles; the range of
intensities with a non-zero probability of registration of stimulus lies between short-dashed
red lines, two boundary locations of this range are shown on left and right scheme. b) The
grid of tested retinal locations (green circles), red dot indicates the position of fixation. c)
Age distribution of the volunteers. d) Photo of the system.

Two-photon threshold T2P was calculated as a geometric mean of lowest power of perceived
stimulus PL and highest power of not perceived stimulus PH:

T2P =
√︁

PL · PH (1)

To make the procedure shorter - for the convenience of the subjects - we also added a step to
determine the initial intensity for all retinal points: at the beginning of a session the threshold
was tested at the fovea center. The last value at which the subject was able to see the stimulus at
this location was then used as the initial value for the rest of the locations from the grid. This
value was always higher than visual thresholds at the rest of the locations, because for a healthy
dark adapted subject, sensitivity, defined as an inverse of the visibility threshold, at the fovea
center is lower than at other positions [27].

The visibility tests were performed using a circle stimulus of a diameter equal to 0.5 deg
(Goldmann size III) scanned on the retina with a stimulating beam deflected by galvanometric
scanners and a repetition rate of scanning was equal to 100 Hz. This shape was displayed
intermittently for 0.2 s every 0.8 s (25% duty cycle). Sensitivity was tested in 25 retinal locations
as shown in Fig. 3(b). The grid was slightly ellipsoidal: the outer ellipse’s horizontal axis was
equal to 9 deg, while the vertical axis was 8 deg. For every subject, the right eye was investigated.
The red fixation point was located at the center of the fovea, inside the central stimulus.
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2.4. Measurement procedure and investigated subjects

We tested 16 volunteers (7 women and 9 men) 21 to 46 years old with normal vision and no
history of ocular diseases. The exact age distribution of the tested subjects is shown in Fig. 3(c).
All tests were performed after obtaining written informed consent, and all procedures complied
with the Declaration of Helsinki and were approved by the Ethics Committee of the Collegium
Medicum, Nicolaus Copernicus University in Torun.

All measurements were performed in a dark room (<0.01 lux) with dark adapted subjects and
with use of apparatus shown in Fig. 3(d). Before the first psychophysical test, the adaptation
period lasted for 30 minutes, with eye patches on both eyes. One measurement for a grid of 25
retinal locations lasted for 8 to 10 minutes. Between subsequent tests, a shorter period of 10
minutes for adaptation was applied. For 5 subjects (P6, P13, P14, P15, P17) the measurement
procedure started with fs laser, for 9 other subjects the procedure started with ps laser, and for
2 subjects (P2, P16) the measurements were performed on different days. The subject’s pupil
was dilated with 1% Tropicamide drops applied before the first adaptation period. The protocol
required that subjects remain for considerable periods in complete darkness, carefully looking for
barely visible light stimuli and being ready to react at the appropriate time. We gathered 15 maps
for fs laser (no map for P14) and 15 maps for ps laser (no map for P4).

During the measurements, the beam average power of either laser at the pupil plane was
kept below 400 µW, which is below the ANSI Z136.1:2014 limits calculated for multiple pulse
exposure lasting for 1 hour for stationary spot. According to Rule 2, which is the most restrictive
for high repetition rate pulse trains (as in the case of both lasers being tested) and assuming an
immobilized eye, 3600 s exposure for fs laser gives a maximum permissible exposure (MPE)
equal to 4.07 J/cm2 and maximum average radiant power (MPΦ) through a 7 mm pupil equal to
435 µW, while for ps laser MPE= 3.79 J/cm2 and MPΦ= 405 µW [28].

2.5. Automated pupil recognition algorithm

The actual location of the stimulated region of the retina depends on the subject’s fixation
stability during the test. We used the images from the pupil camera to immediately correct
the patient’s eye position during measurements and for the analysis of the stability of the eye
performed after the tests, in post-processing. For the latter case, the automated pupil recognition
algorithm was necessary because we registered up to 20,000 pupil images during each test. The
algorithms described in the literature [29–32] were not reliable for our images due to a variety of
factors, like the size of the pupils on the image and heterogeneous light conditions caused by the
pupil illuminator. Facing this issue, we developed a new approach for a fast and accurate pupil
recognition algorithm. The algorithm is briefly described in Supplement 1(see Section S1, Fig.
S2) and more details can be found in our previous work [33].

3. Results

3.1. Two-photon vision sensitivity of volunteers measured for both lasers

The result of testing is the acquisition of the two-photon threshold T2P at 25 retinal locations,
determined by the Eq. (1), expressed in Watts. The averaged maps for both lasers are presented in
Fig. 4. Error bars indicate standard deviations (SD) of the mean for all tested subjects. For every
investigated volunteer, the threshold power value was higher for ps laser than for fs laser. The
mean threshold value (± one standard deviation) for the fs laser was 8.3± 6.3 µW for the central
location; and 2.1± 1.1 µW for other locations (the error here is the mean of standard deviations
for each location). For the ps laser the corresponding thresholds values were: 33.4± 21.3 µW
and 8.0± 3.7 µW, respectively.

The two laser sources differ considerably in terms of pulse duration and repetition rate. While
an optical sensor would indicate the same average power for short pulses of high frequency, long

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://doi.org/10.6084/m9.figshare.13280291
http://mostwiedzy.pl


Research Article Vol. 12, No. 1 / 1 January 2021 / Biomedical Optics Express 470

Fig. 4. Average maps of two-photon threshold (T2P) for both lasers. The T2P threshold
value was averaged in each point for all subjects, the error bars are plotted for one standard
deviation. The MPE level is indicated as the semi-transparent red plane at the top of the
graph.

pulses of low frequency and, in the limit, a continuous wave source, the two-photon absorption
rate would be completely different in these situations [34,35] and, consequently, their two-photon
visibility as well. To assess if the observed differences in the two-photon vision threshold for
both lasers are caused primarily by differences in pulse duration and repetition frequency, we
performed some simple numerical modeling.

Laser pulse temporal power shapes Pi(t), where i denotes either fs laser or ps laser, were
approximated with normalized sech2(t) of 253 fs FWHM for fs laser and a Gaussian function
of 12.2 ps FWHM for ps laser, according to autocorrelation measurement results and the
manufacturer’s specifications. Pulse repetition rates (Frep,i) for both lasers were measured with a
photodiode and equaled Frep, fs = 62.65 MHz and Frep,ps = 19.17 MHz. The number of two-photon
events, i.e. isomerizations, N2P,i is proportional for each pulse train to an integral of squared
instantaneous power, with factor C encompassing all process efficiency parameters, which are
common for both lasers (such as quantum efficiency, two-photon absorption cross-section, beam
geometry and visual pigment concentration) due to similar central wavelengths, beam sizes and
the same subjects [12,35]:

N2P,i ∝ C ·

texp∫
0

P2
i (t)dt (2)

To account for differences in repetition rates between pulses, the integral in Eq. (2) is calculated
from t= 0 to t= texp, where texp is exposure time, which is much longer than single pulse duration.
Subsequently, the ps laser power was adjusted in the model so N2P,ps =N2P,fs. In this situation
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of equal average numbers of two-photon induced isomerizations, the calculated relationship
between two-photon thresholds for both lasers, T2P,ps/T2P,fs is 3.6. The rationale behind the model
is described in Supplement 1(section S2 and Fig. S3). According to this calculation, the average
power of ps laser needs to be 3.6 times higher than the power of fs laser for obtaining the same
visibility threshold for the human eye for both lasers. In our measurements the average threshold
power of ps laser was 3.9 times higher than for fs laser. Our result is in good agreement with the
expected threshold ratio by taking into account the spread of the obtained thresholds (SDs for
both lasers are at the level of 50% of mean threshold value). However, other factors (spectral
and geometric differences between both laser beams) might also influence this result, and are
discussed in detail in Section 4.

Further, for compatibility with established methods of presenting the results in perimetry, we
recalculated the T2P values for two-photon sensitivity (S2P) using the same equation as in [36]:

S2P[dB] = 10 log
TMPE

T2P
(3)

where TMPE was the same for both lasers and equal to 400 µW (MPE level and also the maximum
average power permitted for each laser by the apparatus) and T2P, the two-photon visibility
threshold. The resulting average sensitivity map is shown in Fig. 5. Sensitivity maps for
individual subjects are also shown in the Supplement (section S2, Figures S4 and S5).

Fig. 5. Average maps of two-photon sensitivity (S2P) for both lasers. The S2P sensitivity
value was averaged in each point for all subjects; the error bars are plotted for one standard
deviation. The MPE level is indicated as the semi-transparent red plane at the bottom of the
graph.

The mean sensitivity values for fs laser were: 17.7± 2.6 dB for central location and 23.4± 2.0
dB for the rest of the stimulated points. For the ps laser sensitivity values were equal to:
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11.4± 2.3 dB at fovea center and 17.4± 1.9 dB for the rest of locations. The thresholds ratio:
T2P,ps /T2P,fs = 3.6 means that the expected sensitivity drop for ps laser in comparison to fs laser
should be equal to 5.6 dB. It is less than the actual difference between means for whole maps
which is 5.9 dB; however, it is within measurement uncertainty equal to 2.8 dB, calculated as a
combined standard uncertainty.

The overall shape of the sensitivity maps for both lasers looks similar - the most pronounced
difference is the shift of the whole map for ps laser towards lower sensitivities. To examine
more closely the distribution of registered two-photon sensitivities in 25 tested retinal locations,
the appropriate box charts are shown in Fig. S6. The locations were divided into three groups:
central (Fig. S6a), inner ellipse of 4-4.5 deg size (Fig. S6b), and outer ellipse of size 8-9 deg
(Fig. S6c). We performed one-way ANOVA tests between sensitivities obtained in different
locations for each laser. Inside the group, there is no significant difference between tested sites
for each laser; all points distributed on each ellipse are characterized by similar sensitivity. The
box charts for each group of locations are shown in Fig. 6. As indicated with black stars, there
is significant difference between both lasers for the particular group. There is no significant
difference between the inner and outer ellipses for ps laser, but there is a statistically significant
difference (p-value=0.024) between these ellipses for fs laser. It should be noted that for the
center of the fovea (location 0) and the other two groups, there is a significant difference (p-value
of the order of 10−16). We also calculated ratios between medians for location 0 and the inner
as well as outer ellipses for both lasers. For fs laser they were both marginally higher (≈0.8)
than for ps laser (≈0.7). For all tested retinal locations, one-way ANOVA tests performed for the
same location and different lasers indicated a significant difference (p-values of the order of 10−7

to 10−11).

Fig. 6. Box charts plotted for two-photon sensitivity in three groups of tested locations:
fovea center (location 0), inner ellipse (locations 1-8), outer ellipse (locations 9-24). Inset:
numbering of locations. Labels: “not significant” – p-value > 0.05, * – p-value ≤ 0.05, ***
– p-value ≤ 0.001.

The results, expressed as T2P threshold maps as well as S2P sensitivity maps, prove that the
visibility of ps laser is lower than that of fs laser, and the relationship between locations of
successive eccentricities are, in general, preserved for both lasers.
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3.2. Pupil position and pupil parameters

Position of the eye could change during test, which lasted about 10 minutes, affecting location
of stimulating beam on the subject’s retina. Moreover, even though the subject’s pupil was
dilated, a substantial shift from the center position in relation to the optical axis could cause beam
vignetting. The pupil camera in the measurement system enables the operator to continuously
monitor and correct the patient’s eye position using an XYZ chinrest regulator. Eye images are
presented in Fig. 7(a).

Fig. 7. Pupil parameters for selected patients. a) Example pupil camera images for the
measurement for patient P3 and ps laser. b) Pupil center position for patient’s right eye
during the measurement. Center of the map corresponds to the center of the retina. Green
dots - temporary pupil center positions; red dot and blue circle - mean pupil center position
with one standard deviation, respectively. c) Changes of horizontal (X) and vertical (Y)
position of pupil center during the measurement for patient P3 and ps laser. Position 0
corresponds to the center of the retina. d) Pupil diameter (size) as monitored during the
measurement for patient P3 and ps laser.

Pupil camera images were further analyzed during post-processing. The procedure was divided
into two parts: automated analysis by a dedicated program written in Python (described in
Supplement 1, Section S1, Fig. S2) and filtration of the acquired raw data. During the analysis,
numerical data describing the pupil (its center position and size) were obtained from gathered
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images. Filtration based on the numerical data permitted the omission of some photos for which
the algorithm did not work properly, for example, when the images were recorded during blinking,
or when the eye was partially-covered by the eyelid, or when the image was simply blurred. The
results of post-processing were visualized as pupil position center maps, examples of which
are shown in Fig. 7(b) and 7(c), and the pupil diameter size changes depicted in Fig. 7(d). All
pupil data are shown in the Supplement (section S2, Fig. S7 and Fig. S8). Moreover, the mean
eye position and its standard deviation were calculated. For all subjects, the average distance
between the mean pupil center position and the center of the optical system was 0.26± 0.18 mm
for fs laser and 0.26± 0.17 mm for ps laser. Also, for both lasers, the average standard deviation
between the current pupil center position and the center of the optical system was below 0.5 mm.
These numbers show that, for all measurements, the subject’s eye position was correctly fixed
during the test. Analysing the pupil size for all subjects, the mean pupil diameter was 7.49± 0.50
mm for fs laser and 7.76± 0.69 mm for ps laser. It confirms that the two-photon sensitivity
values were unaffected by the lower power of the laser’s beam due to vignetting.

Moreover, we also checked for any correlation between the patient’s pupil parameters and
the sensitivity data. For this purpose, we calculated the Pearson correlation coefficient (PCC)
between the deviation from the mean value of the two-photon sensitivity values for both inner
(Fig. 6(b)) and outer (Fig. 6(c)) ellipses and pupil parameters, such as the main pupil centre
XY position, the main pupil centre position standard deviation, pupil diameter and its standard
deviation, and the main distance between the pupil centre and optical centre of the system and
its standard deviation. The calculations proved, that for any laser there is neither correlation
between the deviation from the mean value of the two-photon sensitivity and pupil position
nor its standard deviation (absolute value of PCC ≤ 0.5). This confirms that all subjects were
positioned correctly during the experiments, and small deviations of the eye position during the
test did not significantly influence the measured two-photon sensitivity values.

4. Discussion

Based on two-photon vision, we have developed a new method called two-photon microperimetry
using short pulses of near-infrared light [14]. Two-photon microperimetry has already been
successfully applied to medical ophthalmologic research to establish an average, normal level of
scotopic two-photon sensitivity [36]. This study was conducted on 43 healthy subjects 20-70
years old. The results showed that the sensitivity does not significantly decrease with age,
which is promising in the context of further practical implementation of this method [36]. The
stimulation of the retina by an infrared beam that penetrates deeper and maintains its focal shape
through opaque media also could be beneficial to visual field testing in patients with cataracts
[14,37]. Two-photon absorption is confined to the focal region of the beam; therefore, the retina
is stimulated only in this region. It results in remarkable contrast of two-photon perceived stimuli
and can be used to further improve the accuracy of retinal stimulation, not only in advanced
laboratory optical systems but also in simpler clinical instruments. In this paper we are testing
compact fiber laser emitting pulses of duration in picosecond range as a light source in two-photon
microperimetry.

It is difficult to quantify a purely physical phenomenon from psychophysical measurements.
Even in a group of young, healthy volunteers, highly variable results are expected due to individual
differences, including eye optics, visual processing, and nervous system function [38]. Therefore,
the spread we measured for the absolute threshold values in the group of tested subjects is not
surprising. The measured separation between the average two-photon sensitivities for both lasers
is equal to 5.9± 2.8 dB, which agrees with the theoretical 5.6 dB sensitivity shift that corresponds
to T2P,ps/T2P,fs ratio for lasers pulse trains equal to 3.6. It should be mentioned that this shift to
lower sensitivities still leaves a 17 dB range for testing two-photon vision of patients with visual
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defects, as shown in Fig. 5. Nevertheless, there are other differences between the tested lasers
other than pulse duration and repetition frequency and that should be discussed as well.

The first factor that requires consideration is the spectral difference between fs laser and ps
laser. The lasers strongly differ in spectral width, spectral shape as well as central maximum
wavelength (Fig. 2(a) and Fig. 8), and these properties can impact the measured two-photon
threshold.

Fig. 8. Spectral properties of both laser sources. Spectra of fs laser and ps laser with
normalized area: solid blue and red lines, respectively. a) Influence of ocular media
transmission on laser visibility. Transmission data are based on [39]: grey dashed line and
[40]: grey solid line. Spectra of fs laser and ps laser weighted by eye transmission curve T1:
dotted blue and red lines, respectively. b) Influence of hypothetical two-photon scotopic
luminosity function (solid grey line) on laser visibility. Spectra of fs laser and ps laser
weighted by two-photon luminosity function: dotted blue and red lines, respectively; the
change for ps laser is barely visible.

The stimulus light is transmitted through the ocular media to the retina, and the eye transmission
increases with the wavelength in the spectral region of both lasers [39,40]. The main component
responsible for the overall shape of eye transmission is water, thus the eye media can be
approximated by a 22 mm layer of water [40]; the transmission curve is shown in Fig. 8(a) as a
solid gray line. The transmission of all components of the ocular media (cornea, lens, aqueous
humor, and vitreous) separately measured in human eyes post-mortem [39] and calculated as
a product of them all, is shown as the dashed gray line. To assess how much the total photon
flux of both lasers would be affected by eye media, we weighted their spectra with normalized
area by eye transmission curve (solid gray line in Fig. 8(a)). The resulting modified spectra are
shown in Fig. 8(a) as dotted blue and red lines for fs laser and ps laser, respectively. The ratio
(A2/A1) of the calculated areas (A2 = 0.64, A1 = 0.72) under weighted spectra of ps laser and
fs laser, respectively, measures the relative change in intensity and is equal to 0.89. It means
that approximately 11% more photons of the ps laser beam would be absorbed in ocular media
before reaching the retina plane resulting in a decrease of eye sensitivity for ps laser compared to
fs laser.

Differences in the shape of the spectra could also affect the perceived brightness of both
lasers. For one-photon vision, photometric quantities are used to compare the brightness of
light sources of different spectral shapes. Spectral sensitivity of the human eye, different in
photopic and scotopic conditions, can be described by efficiency curves to calculate the luminous
intensity of sources of known spectral power distributions [41]. Obviously, the efficiency curves
are established for one-photon vision, and the longest wavelength for which these curves were
determined is 780 nm [42]. The shape of two-photon efficiency curves is still unknown and
requires further investigation. However, based on our results [12,43], we propose, as a first
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approximation, to simply shift the one-photon scotopic sensitivity curve to the longer wavelength
region by multiplying the wavelength by two. This approximation is shown as a solid gray
line (L2P) in Fig. 8(b). With this curve we can subsequently calculate the relative “two-photon
luminosity” (scotopic) of our light sources. The spectra weighted with this hypothetical two-
photon efficiency are shown with dotted blue and red lines. The ratio of areas under the weighted
curves would be a measure of the relative difference in the brightness of both lasers for one-photon
vision. The two-photon isomerization rate and consequently the perceived stimulus brightness
are proportional to the square of the average power of the beam [14]. Therefore, a four times
brighter source has only twice more power. Thus, we should also square the ratio of the calculated
areas to get the appropriate relative difference in two-photon brightness between tested lasers.
For the proposed two-photon luminosity curve L2P, ps laser would be perceived as 1.13 times
brighter (0.98/0.92)2 than fs laser.

In summary, the effect of both spectral factors, eye media transmission (0.89) and two-photon
spectral efficiency (1.13), on two-photon threshold appears to cancel each other (0.89·1.13 ≈

1.00).
Focusing the beam in the retinal plane would also influence the two-photon absorption rate. In

our experiment, beam diameters of both lasers in the pupil plane were equal to 1.5 mm for fs
laser and 2.1 mm for ps laser. Assuming the diffraction limited focusing by an aberration-free
eye, the beam of fs laser would produce a larger spot on the retina (15 µm diameter) than the
beam of ps laser (10 µm diameter) assuming a monochromatic Gaussian beam and a 17 mm focal
length of the eye. The ps laser has also a broader spectrum, which can cause more chromatic
aberrations and thus greater deviations from the diffraction limited case than fs laser. To resolve
questions about the possible effects of beam diameter on the measured visibility threshold, we
carried out additional measurements with the beam of fs laser expanded to 2.2 mm at the pupil
plane. For this purpose, we introduced a magnifying telescope (see Fig. 1) consisting of lenses
L1 and L2 in the optical path of fs laser. We repeated the sensitivity measurements for fs laser
for five participants and found that it did not influence the results (see section S3 of Supplement
1, Fig. S9). The mean value of the two-photon sensitivity for the expanded beam of the fs
laser map is 23.4± 1.8 dB, compared to 23.4± 2.0 dB. This result proves that the differences
between beam diameters in the pupil plane did not alter the result, however it is surprising and
requires additional comments. First of all, the sensitivity of the 4-2-1 strategy is ±0.5 dB, which
influences the ability to distinguish very small visibility differences. Secondly, there are two
physical phenomena that need to be considered for a laser beam entering the eye: (1) a laser beam
with a larger beam diameter will be focused into a smaller point at the retina than a beam with a
smaller diameter, and (2) the aberrations in the eye affecting the entering laser beam quality are
smaller for a beam with a smaller diameter than for a beam with a larger one, as shown, e.g.,
in Wilson et al. [44]. Probably these two effects compensate enough for differences to be not
noticed during the experiments using the 4-2-1 threshold finding strategy. A third reason might
be individual differences between subjects leading to blurring of the results as well. As it is
known from the literature, the spot size focused on the retina has at least 30% systematic error
(10 µm instead of 7 µm as the theoretical value for a 633 nm laser and 1.2 mm illuminating beam)
reported by Birngruber et al. [45]. Theoretically, for beams with a diameter of 1.5 mm (1/e2)
and 2.1 mm we have 15 µm and 11 µm spot sizes on the retina, which are within the systematic
error range introduced by the natural optics of the eye. Therefore, the results of the sensitivity
thresholds do not differ significantly. For greater differences in beam sizes, separate experimental
work should be carried out, which we plan in the future.

To explore the possibility of causing the two-photon vision sensation with other laser pulse
temporal regimes in a similar microperimetry system (assuming the same experimental conditions,
spectral range and beam geometry), we used our numerical model combined with the threshold
power values found in our experiments. We wanted to find the pulse train patterns which would
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be expected to excite a similar number of two-photon isomerizations (be visible to potential
subjects) but still have less average power than the MPE level, so in principle be safe to use in an
experiment. As the region of interest we selected nanosecond pulses which have been reported to
cause two-photon visibility in OCT systems in the past [21,22]. It is worth noting that in that
case the two-photon visibility is an unwanted phenomenon, so our calculation could help in the
design of imaging devices employing nanosecond sources to avoid the illumination light being
visible to patients. We set the average power in our calculation to 400 µW (just below MPE in
our conditions) and modelled nanosecond regime pulses with the integral of their power squared
equal to that of the pulses which we used in the experiment (i.e. causing the same nonlinear
effect on the retina). Two-photon visibility can be obtained with a continuum of pulse train
characteristics; but as an example we numerically found the pulse train combining 470 ns sech2(t)
pulses at a 1 MHz repetition rate (1000 ns intervals) to be a good two-photon vision-exciting
candidate. It should be noted that this pulse train exhibits nearly 50% duty cycle, so serious
questions of applicability of pulsed laser-related safety norms arise. Possibly the MPE level
should be evaluated more carefully here, taking into account not only existing tabulated norms
but also specific physical phenomena in the tissue, analogous to the detailed safety discussion in
[12].

5. Conclusions

In this report we show how the retinal sensitivity of subjects with normal vision decreases
after changing from a solid-state laser emitting sub-picosecond pulses to a fiber laser emitting
picosecond pulses. The observed decrease of two-photon sensitivity (5.9± 2.8 dB) can be
explained by accounting for the pulse duration and repetition frequencies of both lasers. This
relatively small decrease of sensitivity means that fiber lasers with picosecond pulses can be
successfully used for studying two-photon vision, and ultimately incorporated into clinical
instruments.
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