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Abstract

Significance: Selective retina therapy (SRT) selectively targets the retinal pigment epithelium
(RPE) and reduces negative side effects by avoiding thermal damages of the adjacent photo-
receptors, the neural retina, and the choroid. However, the selection of proper laser energy for
the SRT is challenging because of ophthalmoscopically invisible lesions in the RPE and different
melanin concentrations among patients or even regions within an eye.

Aim:We propose and demonstrate SRT monitoring based on speckle variance optical coherence
tomography (svOCT) for dosimetry control.

Approach: M-scans, time-resolved sequence of A-scans, of ex vivo bovine retina irradiated by
1.7-μs duration laser pulses were obtained by a swept-source OCT. SvOCT images were calcu-
lated as interframe intensity variance of the sequence. Spatial and temporal temperature distri-
butions in the retina were numerically calculated in a 2-D retinal model using COMSOL
Multiphysics. Microscopic images of treated spots were obtained before and after removing the
upper neural retinal layer to assess the damage in both RPE and neural layers.

Results: SvOCT images show abrupt speckle variance changes when the retina is irradiated by
laser pulses. The svOCT intensities averaged in RPE and photoreceptor layers along the axial
direction show sharp peaks corresponding to each laser pulse, and the peak values were propor-
tional to the laser pulse energy. The calculated temperatures in the neural retina layer and RPE
were linearly fitted to the svOCT peak values, and the temperature of each lesion was estimated
based on the fitting. The estimated temperatures matched well with previously reported results.

Conclusion: We found a reliable correlation between the svOCT peak values and the degree of
retinal lesion formation, which can be used for selecting proper laser energy during SRT.
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1 Introduction

Selective retina therapy (SRT) is an effective laser treatment method for various retinal diseases
associated with degradation of the retinal pigment epithelium (RPE), such as diabetic macular
edema, central serous chorioretinopathy, and age-related macular degeneration.1–6 The RPE,
which contains a high concentration of melanosomes, absorbs 50% to 60% of incident green
light. However, in order to selectively target the RPE layer, the laser pulse duration needs to be
shorter than a thermal relaxation time of the RPE (∼10 μs).7 The SRT reduces negative side
effects and facilitates healing of the induced retinal lesions by avoiding thermal damages of
the adjacent photoreceptors, the neural retina, and the choroid. However, the selection of proper
laser energy—which is crucial for successful SRT without excessive burning and collateral
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damage—is challenging because lesions in the RPE are ophthalmoscopically invisible. In addi-
tion, different melanin concentrations among patients, or regions even within an eye,8 make it
impossible to set a static threshold value of pulse energy of a therapeutic irradiation window.

Fundus fluorescence angiography (FFA) is an accurate method to detect the lesions, but it
requires the use of fluorescent dye injection9 and a long delay between treatment and detection.
For real-time noninvasive SRT monitoring, several approaches have been proposed. These
include the detection of microbubble formation and collapse, which induce mechanical disrup-
tion and damage to RPE cells.10 This approach measures the acoustic transient11 or light reflec-
tion changes.12 Although these methods have already been used in several clinical studies,11,13,14

they do not provide visual feedback during the treatment. Optical coherence tomography (OCT),
which can provide depth-resolved imaging, was also applied for the SRT monitoring.15–19 The
treatments are considered successful when OCT signal variations, i.e., intensity decrease, are
detected, and the results show good agreement with the evaluation of lesions by FFA.

Speckle variance OCT (svOCT) quantifies the speckle pattern variation caused by moving
particles or structural changes in biological tissues. It calculates the interframe intensity variance
of a sequence of structural OCT images. The svOCT has been extensively developed in recent
years for OCT angiography, which is used to visualize retinal microvasculatures;20 it has also
been shown to be able to monitor protein denaturation and coagulation.21 Thus, it is expected that
svOCT could be an effective way to detect speckle variation changes induced by morphological
and structural changes of retinal tissue during the thermal-induced microbubble formation and
collapse by laser irradiation. In this paper, we studied and demonstrated SRT monitoring based
on the svOCT. A swept-source OCT imaging system integrated with a microsecond pulsed laser
system was used for ex vivo bovine retina study. SvOCT images corresponding to various laser
pulse energies and the various number of frames were obtained. The svOCT values of RPE and
photoreceptor layers were averaged along the axial direction, and peak values of the svOCT at
each pulse laser irradiation were analyzed. The microscopic images of the treated spots were
taken before and after removing the upper neural retinal layers to assess the degree of retina and
RPE damage. Spatial and temporal thermal effects in retina induced by pulse laser irradiation
were simulated and correlated to the peak values of svOCT.

2 Experimental Method

An in-house built swept-source OCT imaging system was integrated with a frequency-doubled
Nd:YLF laser-based SRT system (Lutronic, Goyang, Korea). The schematic of the system is
shown in Fig. 1. The OCT system used a commercial swept-source engine (Axsun Tech-
nologies Inc., Billerica, Massachusetts) operating at 100-kHz sweep rate. The center wavelength
and sweeping bandwidth of the system were 1060 and 100 nm, respectively. The OCT laser was
combined with the pulse laser using a dichroic mirror; galvano mirrors were used to direct the
OCT laser to a treated spot on the retina. The wavelength of the pulse laser was 527 nm, and the
pulse laser operated at 100-Hz repetition rate and 1.7-μs duration. The pulse laser energy was
adjusted from 22 to 190 μJ using neutral-density filters. In this study, fresh ex vivo bovine eyes

Fig. 1 Schematic of a swept-source OCT system integrated into a pulse laser system. BD, bal-
anced detector; OL, objective lens.
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were acquired from a local butcher and immersed in a cooled saline solution. Bovine eyes have
tapetum fibrosum, which has the retinal epithelial layer completely unpigmented, over the cen-
tral and mid-region of the retina.22 Because the RPE layer exists in the periphery of the retina,
it was difficult to focus the beam on the RPE layer using the crystalline lens of an eye itself.
Therefore, the bovine eye’s cornea and lens were removed, and the beam was focused on a tilted
eye using an objective lens. A total of 39 treated spots were tested on two eyes. M-mode OCT
images of the bovine retina were acquired during the laser pulse irradiation.

SvOCT images were calculated by
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where i, j, and k are the indices of the frame of the svOCT images, axial position, and the frame
of M-scans, respectively, and N is the number of frames used for variance calculation. The
photoreceptor and RPE layers, which are highly scattering and absorptive, were set as a region
of interest (ROI), and the svOCT values in the ROI were averaged along the axial direction.
Microscopic images of the treated spots were obtained using a CCD camera (DCC1645C,
Thorlabs, Newton, New Jersey) and a 10× magnification zoom lens.

Spatial and temporal temperature distributions in the retina were numerically calculated by
COMSOL Multiphysics software. Spatial distribution was calculated in 2-D, and the geometry
of the bovine retina model used for the simulation is shown in Fig. 2(a). The RPE was modeled
as a 7-μm layer containing melanosomes that were assumed as spheres of radius 0.3 μm by a
discrete absorber model.23 Melanosomes were diagonally distributed, and the distance between
adjacent melanosomes was set to 1.2 μm. The model applied a heat equation as shown below:

EQ-TARGET;temp:intralink-;sec2;116;445ρCp
∂T
∂t

¼ ∇ · ðk∇TÞ þQ;

where T is the temperature as a function of time (t) and spatial coordinate x and y, ρ is the
density, k is the thermal conductivity, and Cp is the heat capacity of the material. The Q refers
to the heat source from laser irradiation. The coefficient values used are shown in Table 1, which
include the thickness, absorption coefficient, and thermal physical constant values25 of each

(a) (b)

(c) (d) (e)

Fig. 2 (a) The geometry of the bovine retina model. The retina was assumed to consist of two
layers, neural retina and RPE, and has immediate contact with a choroid. The RPE was modeled
as a 7-μm layer containing melanosomes that were assumed as diagonally distributed spheres of
radius 0.3 μm. (b) Temperature–time dependence in the neural retina and at the melanosome
surface in RPE when laser pulse of energy 50 μJ irradiated. Spatial distribution of temperature
around RPE, when the temperature of the neural retina reached a maximum after (c) 20-μJ,
(d) 50-μJ and (e) 100-μJ pulse irradiations.
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retinal layer. The absorption coefficient of retinal melanosomes at 532-nm wavelength was esti-
mated from 2370 to 13000 cm−1,10,26 and 6500 cm−1, which makes the absorption in RPE
around 50% of the total, was used for our simulation. The duration and frequency of the pulse
laser were set to 2 μs, 5 μs or 10 μs and 100 Hz, respectively; the peak temperature was calcu-
lated over 1.5 ms. Gaussian laser-beam profile with a diameter of 150 μm was used for the
simulation.

The temperature of the neural retina was calculated by averaging the temperature in a rec-
tangular region (30 μm × 20 μm) 2.5 μm away from RPE, and the temperature of the melano-
some surface in RPE was calculated by averaging the temperature on seven melanosome
surfaces at the first two melanosome layers located in the center of the Gaussian beam.
Figure 2(b) shows the time-dependent temperature variation in the neural retina (in orange) and
at the melanosome surface in RPE (in blue). Spatial distributions of temperature around RPE,
when the temperature of neural retina reached a maximum after a 20-, 50-, and 100-μJ pulse
irradiation, are shown in Figs. 2(c)–2(e). The calculated peak temperatures in each region were
correlated to the peak values of svOCT and tissue damage.

3 Results

Figures 3(a) and 3(b) show an M-scan OCT image and the corresponding svOCT image of the
bovine retina when 108-μJ energy per pulse irradiated. The M-scan OCT image shows the visible

Table 1 Thickness, absorption coefficient, and thermal properties of each retinal layer.

Neural
retina

RPE layer outside
of melanosome Melanosome Choroid Sclera

Thickness (μm) 270 7 0.3 (radius) 200 700

Absorption coefficient (cm−1) 10.424 0 6500 24524 4.9

Heat capacity (J∕kg · K) 3680 3680 3680 3680 4178

Density (kg∕m3) 1000 1000 1000 1000 1000

Thermal conductivity (W∕m · K) 0.565 0.565 0.565 0.530 0.58

(a)

(b)

(c)

Fig. 3 (a) M-mode OCT image of the bovine retina and corresponding (b) svOCT image.
Photoreceptor and RPE layers, which are highly scattering and absorptive, were set as an ROI.
(c) Axially averaged svOCT values in the ROI during pulse laser irradiation. White triangles mark
the moment when each laser pulse (108 μJ) irradiated.
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temporal signal variations induced by the laser pulse at the moment marked with white triangles.
The signal variation increases the svOCT value. Figure 3(c) shows svOCT values averaged in
ROI, and it shows a distinctive peak for each pulse irradiation.

To find appropriate N for calculating the svOCT image, we first tested different values of N
and compared the average peak values of the svOCT spikes, the standard deviation of those
peaks, and background noise level. Since the speckle variation induced by each laser pulse lasts
for only around 50 μs, only five frames of the speckle variances show high signal while the rest
show very low signal. Intuitively, if we choose a larger window size N, the lower portion of sv
signal in the window will be significant, and it will decrease the overall value of the sv signal
inside the window, i.e., the peak value of svOCT spikes. Furthermore, the variance of those peak
values will also decrease. Figures 4(a)–4(d) show how the average peak values (shapes) and
standard deviation (error bar) change depending on laser energy level when N is 2, 5, 10, and
20, respectively. We can see that, as expected, both the average peak value and the standard
deviation decrease when N increases. Relative standard deviation, defined as the ratio of the
standard deviation to the mean, was 0.53, 0.46, 0.43, and 0.46 for N of 2, 5, 10, and 20, respec-
tively. Therefore, a mid-range of N values between 5 and 10 are suitable for calculating svOCT
in terms of the precision and repeatability. In addition, note that the background noise level
increases with increasing N. For N of 2, 5, 10, and 20, the average upper bound levels of back-
ground noise were 0.54� 0.24, 0.74� 0.31, 1.03� 0.41, and 1.64� 0.66, respectively. The
background noise levels were bounded by μþ 3σ upper limit, where μ was svOCT values aver-
aged in ROI before or after laser irradiation and σ was the standard deviation. The increase in
background noise was caused by the bulk motion of the sample and other environmental
changes. Shorter integration time will decrease these effects and so will the smaller value of
N. Considering both the effects of relative standard deviation and background noise levels,
we choose N as 5.

Figure 5 shows svOCT values averaged in ROI depending on pulse laser energy when N is 5.
Peak values increased with increasing pulse laser energy, and the distinctive peaks were observed
when the laser pulse energy was as low as 54 μJ. Figures 6(a) and 6(b) show microscopic images
of the treated spots before and after peeling upper neural retinal layers off, respectively. The
energy level of each spot is shown in Fig. 6(c). The denaturation of neural retina can be observed
as whitish spots (pointed by white triangles) in Fig. 6(a), but the lesions confined only to the RPE

(a) (b)

(c) (d)

Fig. 4 Mean (shapes) and standard deviation (error bar) of peak values of svOCT values aver-
aged in ROI depending on laser pulse energy when window sizeN is (a) 2, (b) 5, (c) 10, and (d) 20.
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layer are invisible. The leftmost and rightmost columns are high-energy lesions marking pattern
of the spots. In Fig. 6(b), lesions in the RPE layer (pointed by arrows) can be detected by peeling
off the upper neural retinal layers.

Average peak values of svOCT depend on the laser pulse energy; the result is summarized in
Fig. 7(a). The data with blue circles indicate when the laser pulses induce a lesion in the upper
neural layers in addition to inducing a lesion in the RPE layer [corresponding to the indicated
spots in Fig. 6(a)]. The data represented by orange squares represent the cases when the lesions
were induced only on the RPE layer, indicated by white triangle arrows in Fig. 6(b). The laser-
induced lesion confined only to the RPE layer can be considered as a successful treatment.
Fifteen peaks for each spot are averaged, and the standard deviation is shown by the error bar.
As expected, it was difficult to define the threshold energy level that induces lesion only in the
RPE layer. If the null hypothesis is defined as a successful treatment and the treatment is decided
to be successful when the energy level is in the range from 41.9 to 92.1 μJ, which is determined
by logistic regression, the type I error and the type II error were 26.7% and 25%, respectively.
Compared with the energy level, the average peak values of svOCT showed a better correlation
with the lesion creation. Average sv peak values ranged from 12.4 to 38.7 when the induced
lesions were observed in both neural and RPE layers; sv values ranged from 0.3 to 18.3 when the
lesion was confined only to the RPE layer. In the range of sv peak values from 0.7 to 1.9, no
induced lesion was observed at all. When the treatment is decided to be successful with the
average svOCT peak value between 1.88 and 15.3 based on logistic regression, the type I error
and the type II error were 20% and 0.083%, which was better than the case when the threshold
was set by the energy level. For dosimetry control, the method is designed to be used with a
power ramped pulsed mode, in which laser energy increases linearly from pulse to pulse within
one pulse train and automatically stops the next pulse irradiation when the svOCT peak values
reached the predetermined threshold value.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5 SvOCT values averaged in ROI when pulse laser energy is (a) 150, (b) 108, (c) 86, (d) 69,
(e) 54, and (f) 30 μJ.

(a) (b) (c)

Fig. 6 Microscopic image of the retina (a) before and (b) after peeling neural retinal layers off.
(c) The energy level of treated spots.

Lee et al.: Selective retina therapy monitoring by speckle variance optical coherence tomography. . .

Journal of Biomedical Optics 026001-6 February 2020 • Vol. 25(2)



In addition, the average peak value of svOCT intensities was correlated to the simulated
temperature of the neural retina and melanosome surface in RPE. The linear regression of aver-
age peak values of svOCTon laser energy was calculated for photocoagulated lesions and selec-
tively damaged lesions. Then, each of them was correlated to the simulated temperature of neural
retina and RPE because the tissue damage process was different from each other. Since the simu-
lated temperature of melanosome surface in the RPE was also linear to pulse laser energy, it was
correlated to the average peak values of selectively damaged lesions as

EQ-TARGET;temp:intralink-;sec3;116;318TM ¼ 124.5þ 12.4P;

where TM is the temperature of melanosome surface in RPE and P is the average peak values of
svOCT. Figure 7(b) shows the simulated temperature (solid line) and estimated temperature
(square shapes) from the average peak values of svOCT. Most of the estimated temperatures
at RPE were higher than 150°C; the lowest temperature was 127.7°C. This is reasonable since
the microvaporization is known to occur at around 150°C. Similarly, the average peak values of
the photocoagulated lesions were correlated to the temperature of the neural retina and empiri-
cally fitted to a line as

EQ-TARGET;temp:intralink-;sec3;116;203TN ¼ 25.5þ 1.5P:

Figure 7(b) shows that the temperature of the neural retina was mostly estimated to increase
higher than 50°C when the neural retina was photocoagulated.

We also simulated temperatures of the neural retina and the melanosome surface in RPE as a
function of laser energy level for three pulse durations—2, 5, and 10 μs, as shown in Fig. 7(c).
The temperature of the neural retina does not change significantly, but the temperature of the
melanosome surface in RPE decreases as pulse duration increases. The decrease in temperature
can be explained by less heat confinement with longer pulse duration due to heat diffusion during
irradiation.

(a) (b)

(c)

Fig. 7 (a) Averaged peak values depending on pulse laser energy and damage range.
(b) Simulated (lines) and estimated temperature from the svOCT intensity (shapes) at neural retina
and RPE. (c) Simulated temperature at the neural retina and the RPE as a function of laser energy
level for three pulse durations—2, 5, and 10 μs.
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4 Conclusion

It was shown that the SRT could be successfully monitored by the svOCT imaging system
when integrated with the SRT system. We tested our system performance using ex vivo bovine
eyes; the svOCT showed distinctive signal variation corresponding to each laser pulse irra-
diation. The signal variations were proportional to pulse energy levels, and it had a reliable
correlation with the creation of lesion within the retina. The temperature at the neural retina
and RPE was estimated by svOCT peak values using temperature simulation results, which
was consistent with the observed lesion creation. However, we could have missed some minor
tissue damages when assessing the photocoagulation and RPE cell damage from the micro-
scopic images. Therefore, more studies that incorporate further analysis supported by histol-
ogy or fluorescence microscopy would be needed to obtain a more accurate correlation
between the svOCT signal and retinal damage range. In addition, we plan to perform in vivo
studies using a live animal model to fully validate the utility of this method as an automatic
dosimetry control in clinical SRT systems.

Disclosures

The work at Johns Hopkins University was partly supported by Lutronic Corporation; however,
the authors have no relevant financial interests in this article and no other potential conflicts of
interest to disclose.

Acknowledgments

This work was supported by the World Class 300 Project (No. S2340708) of the Small and
Medium Business Administration, Republic of Korea.

References

1. J. Roider et al., “Selective retina therapy (SRT) for clinically significant diabetic macular
edema,” Graefe’s Arch. Clin. Exp. Ophthalmol. 248(9), 1263–1272 (2010).

2. Y. G. Park et al., “Safety and efficacy of selective retina therapy (SRT) for the treatment of
diabetic macular edema in Korean patients,” Graefe’s Arch. Clin. Exp. Ophthalmol. 254,
1703–1713 (2016).

3. H. Elsner et al., “Selective retina therapy in patients with central serous chorioretinopathy,”
Graefe’s Arch. Clin. Exp. Ophthalmol. 244(12), 1638–1645 (2006).

4. C. Klatt et al., “Selective retina therapy for acute central serous chorioretinopathy,” Br. J.
Ophthalmol. 95, 83–88 (2011).

5. C. Framme et al., “Selective retina therapy in acute and chronic-recurrent central serous
chorioretinopathy,” Ophthalmologica 234, 177–188 (2015).

6. C. Framme et al., “Autofluorescence imaging after selective RPE laser treatment in macular
diseases and clinical outcome: a pilot study,” Br. J. Ophthalmol. 86, 1099–1106 (2002).

7. R. Brinkmann et al., “Selective retina therapy (SRT): a review on methods, techniques, pre-
clinical and first clinical results,” Bull. Soc. Belge. Ophtalmol. 302, 51–69 (2006).

8. J. J. Weiter et al., “Retinal pigment epithelial lipofuscin and melanin and choroidal melanin
in human eyes,” Invest. Ophthalmol. Vis. Sci. 27(2), 145–152 (1986).

9. A. Chopdar and T. Aung, “Fundus fluorescein angiography,” Chapter 1 in Multimodal
Retinal Imaging, JP Medical Ltd., Victoria (2014).

10. R. Brinkmann et al., “Origin of retinal pigment epithelium cell damage by pulsed laser
irradiance in the nanosecond to microsecond time regimen,” Lasers Surg. Med. 27,
451–464 (2000).

11. G. Schuele et al., “Optoacoustic real-time dosimetry for selective retina treatment,”
J. Biomed. Opt. 10(6), 064022 (2005).

12. E. Seifert et al., “Automatic irradiation control by an optical feedback technique for selective
retina treatment (SRT) in a rabbit model,” Proc. SPIE 8803, 880303 (2013).

Lee et al.: Selective retina therapy monitoring by speckle variance optical coherence tomography. . .

Journal of Biomedical Optics 026001-8 February 2020 • Vol. 25(2)

https://doi.org/10.1007/s00417-010-1356-3
https://doi.org/10.1007/s00417-015-3262-1
https://doi.org/10.1007/s00417-006-0368-5
https://doi.org/10.1136/bjo.2009.178327
https://doi.org/10.1136/bjo.2009.178327
https://doi.org/10.1159/000439188
https://doi.org/10.1136/bjo.86.10.1099
https://doi.org/10.1002/(ISSN)1096-9101
https://doi.org/10.1117/1.2136327
https://doi.org/10.1117/12.2033560


13. S. Kang et al., “Selective retina therapy in patients with chronic central serous chorioretin-
opathy: a pilot study,” Medicine (Baltimore) 95(3), e2524 (2016).

14. Y. J. Kim et al., “Selective retina therapy with real-time feedback-controlled dosimetry for
treating acute idiopathic central serous chorioretinopathy in Korean patients,” J. Ophthalmol.
2018, 6027871 (2018).

15. P. Steiner et al., “Time-resolved ultra-high resolution optical coherence tomography for
real-time monitoring of selective retina therapy,” Invest. Ophthalmol. Vis. Sci. 56(11),
6654–6662 (2015).

16. S. Zbinden et al., “Automatic assessment of time-resolved OCT images for selective retina
therapy,” Int. J. Comput. Assist. Radiol. Surg. 11, 863–871 (2016).

17. D. Kaufmann et al., “Dosimetry control and monitoring of selective retina therapy using
optical coherence tomography,” Proc. SPIE 10416, 1041604 (2017).

18. T. Fountoukidou et al., “Motion-invariant SRT treatment detection from direct M-scan OCT
imaging,” Int. J. Comput. Assist. Radiol. Surg. 13, 683–691 (2018).

19. D. Kaufmann et al., “Selective retina therapy enhanced with optical coherence tomography
for dosimetry control and monitoring: a proof of concept study,” Biomed. Opt. Express 9(7),
3320–3334 (2018).

20. M. S. Mahmud et al., “Review of speckle and phase variance optical coherence tomography
to visualize microvascular networks,” J. Biomed. Opt. 18(5), 050901 (2013).

21. C. Lee et al., “Feasibility study: protein denaturation and coagulation monitoring with
speckle variance optical coherence tomography,” J. Biomed. Opt. 21(12), 125004 (2016).

22. F. J. Ollivier et al., “Comparative morphology of the tapetum lucidum (among selected
species),” Vet. Ophthalmol. 7, 11–22 (2004).

23. J. Roider et al., “Microphotocoagulation: selective effects of repetitive short laser pulses,”
Proc. Natl. Acad. Sci. U. S. A. 90(18), 8643–8647 (1993).

24. D. K. Sardar et al., “Optical characterization of bovine retinal tissues,” J. Biomed. Opt. 9(3),
624–631 (2004).

25. S. A. Mirnezami et al., “Temperature distribution simulation of the human eye exposed to
laser radiation,” J. Lasers Med. Sci. 4(4), 175–181 (2013).

26. S. L. Jacques, R. D. Glickman, and J. A. Schwartz, “Internal absorption coefficient and
threshold for pulsed laser disruption of melanosomes isolated from retinal pigment epi-
thelium,” Proc. SPIE 2681, 1–10 (1996).

Biographies of the authors are not available.

Lee et al.: Selective retina therapy monitoring by speckle variance optical coherence tomography. . .

Journal of Biomedical Optics 026001-9 February 2020 • Vol. 25(2)

https://doi.org/10.1097/MD.0000000000002524
https://doi.org/10.1155/2018/6027871
https://doi.org/10.1167/iovs.15-17151
https://doi.org/10.1007/s11548-016-1383-6
https://doi.org/10.1117/12.2283067
https://doi.org/10.1007/s11548-018-1720-z
https://doi.org/10.1364/BOE.9.003320
https://doi.org/10.1117/1.JBO.18.5.050901
https://doi.org/10.1117/1.JBO.21.12.125004
https://doi.org/10.1111/vop.2004.7.issue-1
https://doi.org/10.1073/pnas.90.18.8643
https://doi.org/10.1117/1.1688813
https://doi.org/10.1117/12.239608

