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Abstract

Functional optical coherence tomography (OCT) of stimulus-evoked intrinsic optical signal (I10S)
promises to be a new methodology for high-resolution mapping of retinal neural dysfunctions.
However, its practical applications for non-invasive examination of retinal function have been
hindered by the low signal-to-noise ratio (SNR) and small magnitude of 10Ss. Split spectrum
amplitude-decorrelation has been demonstrated to improve the image quality of OCT angiography.
In this study, we exploited split spectrum strategy to improve the sensitivity of 10S recording. The
full OCT spectrum was split into multiple spectral bands and 10Ss from each sub-band were
calculated separately and then combined to generate a single 10S image sequence. The algorithm
was tested on /n vivo images of frog retinas. It significantly improved both 10S magnitude and
SNR, which are essential for practical applications of functional 10S imaging.
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1. Introduction

Electrophysiological techniques such as electroretinography (ERG) (1, 2) are traditional
methods for objective evaluation of retinal physiology. However, the spatial resolution of
ERG measurements is limited. Stimulus-evoked intrinsic optical signal (10S) changes
promise a high-resolution alternative to electrophysiological assessment of retinal
physiology (3). Comparative 10S imaging of wild-type and mutant mouse retinas has
revealed 10S distortion associated with retinal disease (4). It is known that major eye
diseases, such as retinitis pigmentosa, age-related macular degeneration, glaucoma and
diabetic retinopathy, primarily affect specific cell types of the retina. Therefore, high-
resolution 10S imaging holds unparalleled advantages over traditional electrophysiological
methods. By providing excellent axial resolution, optical coherence tomography (OCT) has

CONTACT. Xincheng Yao, xcy@uic.edu.

Disclosure statement
No potential conflict of interest was reported by the authors.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thapa et al.

Page 2

been explored to conduct depth-resolved 10S imaging of retinal activity (5-8). To date,
functional OCT has been used to detect 10Ss in frog (5, 9, 10), mouse (4, 11), rat (8), rabbit
(6), chicken (12, 13), macaque (14) and human (15) retinas. Yao et al. used a time-domain
OCT (TD-OCT) to record 10Ss from the photoreceptor and ganglion cell layers in isolated
frog retinas (5). Bizheva et al. detected 10Ss in photoreceptor inner/outer segments and
plexiform layers in isolated rabbit retinas (6). Srinivasan et al. used a spectral-domain OCT
(SD-OCT) to demonstrate 10Ss in live rat retinas (8). Suzuki et al. mapped positive 10S
(intensity of OCT signal increased) in the outer segment (OS) and negative 10S (intensity of
OCT signal decreased) in the inner segment ellipsoid (ISe) in macaque retinas (14). The
stimulus-evoked 10Ss in human retinas was first demonstrated by Srinivasan et al. (15) using
ultrahigh resolution SD-OCT and later by Hillmann et al. (16) using parallelized and
computationally aberration-corrected swept source OCT. Recently, Zhang et al. recorded
I0Ss in the photoreceptor and inner layers of /in vivo images of frog retinas at the subcellular
resolution (9). Transient I0Ss were consistently observed in the photoreceptor layer almost
immediately (<4 ms) after the stimulation. In contrast, relatively slow 10S changes were
observed in the inner retina.

The 10S imaging promises a new methodology for high-resolution mapping of retinal neural
dysfunctions (3). However, its practical applications for non-invasive examination of retinal
function have been hindered by the low signal-to-noise ratio (SNR) and small magnitude of
IOSs. To ensure the reliable SNR of 10S measurement, multiple measurements from the
same location are typically required for average, which limited its application for clinical
applications due to inevitable eye motions during continuous and long-term measurements
(9). Also, reliable recording of fast I0Ss that have time courses comparable to retinal
electrophysiological kinetics is still challenging because of limited SNR (9). Recently, split
spectrum amplitude-decorrelation has been demonstrated to improve the image quality of
OCT angiography (17). In this paper, we exploit split spectrum strategy to enhance the
sensitivity of 10S recording in different layers of live frog retina. We calculate 10Ss from B-
scans of each sub-bands separately and then fused to single topographical maps. Compared
to the full spectrum OCT, split spectrum OCT significantly increased SNR, humber of
activated pixels and 10S magnitude.

2. Materials and methods

2.1. 10S calculation

The experimental data were retrieved from our previous study that validated physiological
assessment of retinal rod and cone photoreceptors in live frog eye using SD-OCT (9). The
SD-OCT consisted of a broadband superluminescent diode (SLD; Superlum Ltd., Ireland)
with a center wavelength of 846 nm and full width at half maximum (FWHM, AX) of 104
nm. For functional 10S imaging, OCT recording consists of stacks of B-scans before the
stimulation (pre-stimulus), during the stimulation and after the stimulation (post-
stimulation). B-scan images are usually registered to compensate for eye movements before
IOS calculations. The 10S of each pixel is calculated as (18, 19)
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10S(z, z,t)= @ 2t) = )T(x, ?)

I(z,z (1)

where /(x, z, ) is the intensity of a pixel at transverse position x, retinal depth zand time ¢
I(x, 2) is the average intensity of the pixels from all the B-scans captured in the pre-
stimulation phase at retinal location (x, 2). A positive or negative 10S corresponds to the
stimulus-evoked increase or decrease in the OCT intensity, respectively. To increase the
SNR, an appropriate threshold was selected to reject background noise, and to define the
stimulus-evoked positive and negative 10Ss as follows (9).

I(x,z,t)>1(x, 2)+30(z, 2) 2

I(x,z,t)<I(z,2) — 30(z, 2) (3)

where o(x, 2) is the standard deviation of intensity at pixel location (x, 2) from B-scans
captured before stimulation. The absolute activated pixels are the pixels which have either
positive, negative or both activated pixels.

2.2.10S with split spectrum OCT

According to basic OCT theory, spectral interference signal recorded by SD-OCT, after
auto-correlation and DC terms ignored, can be simply given by (17)

I(k):/R(k)E(k,z) cos(2kz) dz
8 @

where kis the wave number, /() is the interferometric spectra obtained by interference
between the light reflected from the reference mirror R(K) and the light reflected from the
sample E(k, 2), zis the optical delay between the light reflected from the reference mirror
and the sample. The measured interferometric spectra are transformed to the k-space through
a re-sampling procedure (20). The complex amplitude of OCT signal, usually referred A-
scan /(2), can be obtained from the inverse Fourier transform of /(4).

I(z)=FFT[I(k)] (5)
OCT B-scan images were reconstructed from the amplitude of the acquired OCT spectrums |
/(2)|. The B-scans acquired from the full spectrum OCT were used to create 10S images as

described in Section 2.1. In this study, we divide the full OCT spectrum /k) into four
spectral bands by using Gaussian filters. The individual sub-spectrums were then passed into
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the conventional Fourier transform separately to achieve OCT signals from each spectral
band as

§1(2)=FFT[I(k)G1 (n)]
S (z)=FFT[I(k)Ga (n)]
S5(2)=FFT[I(k)Gs(n)]

S4(2)=FFT[I(k)Ga(n)] (6)

where S1(2), S)(2),..., S4(2) are OCT signals from spectral bands 1, 2, ..., 4, respectively.
G{(n) is the Gaussian filter whose function is given by

7(71— m)2

Gi(”)exp{ Y } -

where nis the spectral element number that is linearly mapped with the wavenumber (k), m
is the position of the spectral peak and c is the standard deviation. The sub-bands overlap
and comprise spectral elements, corresponding to the full width at half maximum (FWHM,
AA) of 41 nm. After passing individual split spectrums into conventional Fourier transform,
B-scans were reconstructed from each spectral band separately. Adjacent B-scans within
each spectral band were then registered to compensate for eye movements before 10S
calculations. Details about this registration process can be found in our previous publication
(9). Successively, 10S images were calculated from each spectral band separately. 10Ss from
the full OCT spectrum and split OCT spectrum are compared at different retinal layers by
matching 10S magnitudes and SNRs from different layers of retina. 10S signals over certain
depth range were averaged to create a signal at each retinal layer. The SNR is calculated by

_I®)
SNR=" o

where /(9 is the 10S signal after ¢sec of stimulation and o is the standard deviation of 10S
signal in the pre-stimulation phase at specific retinal layer.
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3. Results

3.1. Spatiotemporal characterization of I0Ss with full and split OCT spectrums

The experimental data for this study were taken from Figure 3 of Zhang et al. (9) in which
OCT images were collected with a frame rate of 100 Hz. B-scan images of 2 s pre-
stimulation phase, and a 4 s post-stimulation phase including 10 ms light stimulation phase
were reconstructed from the OCT signal. The OCT B-scan images were processed to obtain
I0S images from full OCT spectrum and split OCT spectrums separately. Figure 1 shows
the spatiotemporal characterization of functional OCT-10S imaging from full OCT spectrum
(Figure 1(a)) and split OCT spectrums (Figure 1(b1)-(b4)). The 10S images (Figure 1(b1)-
(b4)) were calculated from sub-bands S1-S4, respectively. Stimulus onset is indicated by
time “0’. All the images were averaged over 100 frames (1 s interval) to create 10S images.
The 10S images show that 10Ss predominantly distributed at the outer retina both in the full
spectrum and split spectrums. Both positive and negative 10Ss are consistently observed in
full-band and sub-bands; however, the positions of 10Ss may alter among different sub-
bands. It was highly possible that the 10Ss present at a point in S1 sub-band may be absent
in other (S2-S4) sub-bands.

Since the localized 10Ss can have different magnitudes among different sub-bands we took
the absolute value of sub-band 10Ss and combined them to yield a single 10S distribution
map by using two methods: simple averaging and maximum projection. The absolute 10Ss
from the full-band and combined sub-band are shown in Figure 2. Figure 2(a) shows the
spatiotemporal characterization of absolute 10S imaging from the full OCT spectrum.
Figure 2(b) and (c) shows the combined absolute 10Ss from the split OCT spectrums using
simple averaging and maximum projection method, respectively. The visual inspection of
the 10S images show that the magnitudes of 10Ss in the combined sub-band OCT via
maximum projection method were considerably larger than those of the full-band OCT and
average sub-bands. Figure 2(d) shows number of activated pixels (positive and negative)
from full-band and split-band OCT. The activated pixel number in split band OCT was
computed in way that if an activated pixel is presented in one of the sub-band, then it will be
counted. The results showed that the activated pixels were increased at least by twofold by
calculating 10Ss from multiple sub-bands and combining them by using a maximum
projection method.

3.2. 10S from different layers of the retina

A differential M-scan tomogram (Figure 2(e) and (f)) provided more direct information
about dynamic 10S changes in the individual functional layer over time. Every frame of the
absolute 10S image was averaged towards the column direction and combined to generate a
differential M-scan tomogram. The differential M-scan tomogram created by maximum
projection of multiple sub-bands (Figure 2(f)) showed substantially higher 10S magnitudes
in both outer and inner retina of the frog. It was observed that the stimulus-evoked changes
occurred immediately after the stimulation in the outer retina in both full-band (Figure 2(g))
and sub-band (Figure 2(f)) OCTs. However, the changes are very small in the full-band OCT
compared to the maximum projection of sub-band OCT. In addition, Figure 2(e) shows very
small 10Ss in the inner retina after few seconds of the stimulation onset. However, robust
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IOSs occurred after few seconds of the stimulation in the inner retina with the combined
sub-band (Figure 2(f)). Figure 2(g) shows temporal 10Ss plotted from 3 different layers of
the retina: (1) IPL indicated by dash lines in Figure 2(e), (2) OPL indicated by dash-dot lines
in Figure 2(e) and (3) ISe + OS + RPE indicated by dash double-dot lines in Figure 2(e). In
each layer, 10S from the full-band and split band OCTs were compared. In the outer retina
(layer 3), fast I0Ss were observed almost immediately after the stimulation onset; however,
the plots indicate that split spectrum OCT generates significantly higher I0OS magnitudes
compared to the full spectrum. The 10Ss in the inner retina (layers 1 and 2) were constantly
increased after few seconds of the stimulation onset in the split spectrum OCT. In contrast,
the 10Ss from the full OCT spectrum were almost flat even after several seconds of the
stimulation.

SNR from different layers of retina were also calculated to see the strength of the signal at
each layer. 10S signals up to certain depth were averaged to create a signal at each retinal
layer. The depths of each retinal layer are shown in Figure 2(e) and (f). The SNRs of 10S
signals were calculated by using Eq. 8. The standard deviation was calculated from the pre-
stimulation phase of the signal. The intensity of signal after 0.5 s was considered for
calculating SNRs. Comparative SNRs from the full-band and split-band are shown in Figure
3. The SNRs from the split OCT spectrum were greater than those of the full OCT spectrum
except for layer 1.

4. Discussion

In this study, we exploited split spectrum strategy to enhance the sensitivity of 10S recording
from different layers of live frog retina. Although the axial resolution decreased with split
spectrum OCT, resolution and quality of OCT structural images were sufficient for
computing 10Ss from different layers of the retina, as the OCT images reconstructed from
split-bands properly showed individual retinal layers and structures (Figure 1(a)). It should
be noted that there is a trade-off between a number of sub-bands and quality of the image;
therefore we split the spectrum in such a way that the image quality does not degrade a lot. It
can be seen in the 10S maps created from sub-band OCTs that the map from one sub-band is
largely different from the maps of the other sub-bands (Figure 1(b1)—(b4)). The locations of
positive and negative 10Ss are not consistent among different sub-bands. It was also
observed that the magnitude of 10S at a specific pixel location varies with spectral bands. As
a matter of fact, if I0Ss from different spectral bands were simply averaged, their
magnitudes reduced or sometimes the responses completely wiped out. Therefore, it is
reasonable to think that the 10Ss obtained from full-band OCT were weaker because the
intensity of backscattered light obtained from different spectra was already averaged that
resulted weaker 10Ss.

Differential M-scan tomograms created from full-band (Figure 2(e)) and split-band (Figure
2(f)) show more direct information about dynamic 10S changes in the individual functional
layer over time. Comparative M-scan tomograms revealed a close correlation between the
10Ss from the full-band and split-band OCTs. In the photoreceptor layer, the signal
magnitude showed a rapid growth with the stimulus onset both in the full and split spectrum.
Similarly, slow and low magnitude 10Ss were observed in the inner retina with a delayed
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time course (~2.5 s) Figure 2(g). There was no signal detected from the layers between IPL
and OPL both in the full-band and split-band OCTs. Similarly, 10S signal was not detected
from the layers between OPL and ISe. Furthermore, the widths of 10S maps of specific
retinal layers were exactly equal in both full-band and split-band OCTSs. The only difference
between these two 10S maps was the difference in the magnitudes of 10Ss, and SNRs. This
indicates that the enhanced 10Ss through the split spectrum strategy were not from artefacts.
These truly represent the biophysical responses from various sources at different layers of
the retina.

Although several studies have reported convincing 10Ss, the sources of 10Ss are still
unclear. Zhang et al. (9) compared 10S maps and histological images of the outer retina to
understand the anatomic sources of 10Ss around the photoreceptor layer. Their results show
that OS of photoreceptors are the primary source of 10Ss in the outer retina, while they
could not rule out the possibility of IOSs from 1Se due to the changes at the inner and OS
boundary during phototransduction. Occasionally observed 10Ss at the RPE and choroidal
layers are thought to be originated from microcirculation in the retinal capillaries (14). It is
speculated that 10Ss in the OS of the photoreceptor are related to the primary changes in the
early stage of phototransduction. The 10Ss can also be originated due to the secondary
changes in the early stage of phototransduction such as cellular swelling or shrinking,
produced by ion fluxes after the changes in the membrane polarization (14). Studies on
isolated photoreceptors show transient photoreceptor displacement due to oblique (21, 22) or
full or partial stimulation (23). It is highly possible that these trivial responses may wipe out
upon averaging the responses from the large spectral band width. Split spectrum strategy
computes 10Ss from the small spectral band and fused them to a single map by using a
maximum project method. The projection algorithm finds the maximum IOS for each pixel
among the spectral bands, representing the highest spectral response. This might be a key
factor for the difference in magnitude of the 10Ss from the outer retina created from full-
band and split-band OCTs. The 10Ss in the inner retina; on the other hand, show delayed
and low responses to the short stimulation. However, longer stimulation durations generate
I0Ss with greater magnitudes (9). This indicates that the observed 10Ss in the inner retina
were not artefacts but they correlated with the stimulus characteristics. The delayed 10S
response in the inner retina is consistent with our early study of living retinal tissue (24).
The difference in 10Ss between the inner and outer retinal layers after the stimulation onset
suggests that the physiological processes that occur in these layers are of different origin
(14). Early studies show that the locations of the slow 10Ss in the inner retina match with
the locations of the retinal blood vessels. The backscattered light intensities change by
moving particles, such as red blood cells in the flowing blood. Stimulus-evoked
hemodynamic changes has been observed in individual retinal layers with different time
courses (23). The contractions or relaxations of the arterioles are regulated by local neurons
through the glial cells (25-27); therefore, microstructural changes of the blood vessel walls
might cause possible changes in the intensity of the back scattered light. These trivial signals
can be cancelled out upon spectral averaging. Although the exact reason cannot be
confirmed from our current data but we speculate that the minor signals evoked from the
microcirculation, activated neurons, and glial cells were the most likely preserved by the
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split spectrum OCT. The minor signals which were absent in one spectral band were
acquired from other spectral bands and did not cancel out by spectral averaging.

5. Conclusion

In summary, split spectrum OCT was used to enhance the sensitivity of 10S recording from
the frog retina at subcellular resolution. The 10Ss of individual sub-band OCTs were
different and revealed different signal; the sensitivity of 10S recording can be improved by
amalgamating 10Ss from individual sub-band OCTs. The split spectrum technique reduces
the correlation between the spectral bands; therefore, the subtle neural signals generated by a
pixel can be enhanced. The proposed method resolves some of the challenges encountered
by 10S imaging by improving the magnitude of 10S and SNR, which is essential for
practical applications of functional 10S imaging. Further investigation is required to achieve
an in-depth understanding of the 10S sources and mechanisms, which can provide insight
for optimizing instrument design and stimulation protocols to improve 10S imaging
sensitivity and selectivity.
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Notes: The data were taken from Figure 3 of Zhang et al. (9) in which OCT images were
collected with a frame rate of 100 Hz. Stimulus onset is indicated by time “0’. (a) OCT B-
scan images and spatial 10S image sequences of full-band OCT. (b1-b4) OCT B-scan
images and spatial 10S image sequences of sub-band S1-S4. All the images were averaged
over 100 frames (1 s interval) to generate 10S images. IPL: inner plexiform layer, OPL:
outer plexiform layer, ISe: inner segment ellipsoid, RPE: retinal pigment epithelium.
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Figure2.
The spatiotemporal characterization of functional OCT -10S imaging with a 10 ms stimulus.

Notes: the data were taken from Figure 3 of Zhang et al. (9) in which OCT images were
collected with a frame rate of 100 Hz. Stimulus onset is indicated by time “0”. (a) Absolute
spatial 10S image sequences of full-band OCT. (b) Average absolute spatial I0S image
sequences of sub-bands. (c) Absolute spatial 10S image sequences of combined sub-bands
with maximum projection method. (d) Temporal curves of the number of activated pixels (F
= full and S = split) in full OCT and split OCT spectrums. (e) Differential M-scan tomogram
created from full OCT spectrum of panel (a). (f) Differential M-scan tomogram created from
split OCT spectrum of panel (c). (g) Comparative temporal 10Ss between full-band (F-10S)
and split-band (S-10S) at different layers of the retina, (1) IPL indicated by dash lines in e
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and f, (2) OPL indicated by dash-dot lines in (e) and (f), and (3) outer retina (ISe + OS +
RPE) indicated by dash double-dot lines in e and f.
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Figure 3.
Comparison of SNRs between full OCT spectrum and Split OCT spectrum at different

layers of the retina: (1) IPL indicated by dash lines in Figure 2(e) and (f), (2) OPL indicated
by dash-dot lines in Figure 2(e) and (f), and (3) outer retina (1Se + OS + RPE) indicated by
dash double-dot lines in Figure 2(e) and (f).
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