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Abstract
By providing the sectioning capability to differentiate individual retinal layers, optical

coherence tomography (OCT) is revolutionizing eye disease diagnosis and treatment eval-

uation. A better understanding of the hyper- and hypo-reflective bands in retinal OCT is

essential for accurate interpretation of clinical outcomes. In this article, we summarize

the interpretations of clinical OCT and adaptive optics (AO) OCT (AO-OCT) of the outer

retina in the human eye, and briefly review OCT investigation of the outer retina in

animal models. Quantitative analysis of outer retinal OCT bands is compared to established

parameters of retinal histology. The literature review and comparative analysis support that

both inner/outer segment (IS/OS) junction and IS ellipsoid zone nonexclusively contribute to the second band; and OS, OS tips,

and retinal pigment epithelium apical processes contribute to the third band in conventional OCT. In contrast, AO-OCT might

predominantly detect the IS/OS junction and OS tip signals at the second and third bands due to its improved sectioning

capability and possible AO effect on the sensitivities for recording ballistic and diffusive photons from different regions of the

outer retina.
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Introduction

By providing the unparalleled capability for imaging
individual retinal layers, optical coherence tomography
(OCT) is revolutionizing eye disease diagnosis and treat-
ment evaluation. An in-depth understanding of the hyper-
and hypo-reflective bands in retinal OCT is essential
for accurate interpretation of clinical outcomes. Four
hyper-reflective OCT bands are typically observed at
the outer retina of the human eye (Figure 1(a)). The inter-
pretations of the first and fourth bands are relatively con-
sistent, but the second and third bands remain a great
controversy.1–3

The first band is commonly attributed to the external
limiting membrane (ELM).1–4 The ELM, also named as
the outer limiting membrane (OLM), is the line formed by

junctional complexes betweenMüller cells and photorecep-
tor inner segments (IS)5 (Figure 1(b)). The ELM is not only
playing a role in maintaining the structure of the retina
through mechanical strength but also one part of the retinal
barrier, which can be disrupted in pathological conditions.6

Changes in the ELM have been observed in age-related
macular degeneration,7 diabetic macular edema,8,9

Stargardt disease,10 myopic choroidal neovascularization,11

and macular hole.12

The fourth band has been named retinal pigment epithe-
lium (RPE)/Bruch’s complex.13 There is no doubt that the
RPE is the major contributor with potential contributions
from Bruch’s membrane and choriocapillaris.14 The fourth
band can be occasionally seen as two distinctive hyper-
reflective bands, particularly when pathology is
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present.15–19 Bruch’s membrane is a 2–4 mm thick acellular
matrix between the RPE and choroid.20 Since clinical OCT
instruments typically provide axial resolutions 5–10 mm,
accurate segmentation of Bruch’s membrane under
normal conditions is still challenging.

Comparative alignment of the outer retinal OCT bands
with an anatomically correct model suggested the IS ellip-
soid (ISe) and interdigitation zone (IZ) as the correlates to
the second and third bands,1 and the 2014 International OCT
Nomenclature Meeting affirmed the ISe and IZ as the ana-
tomic correlates of the second and third bands.13 OCTstudy
of animal retinas further provided experimental evidence
to support the ISe as a contributor to the second band.21,22

Based on the international OCT nomenclature for the
human retina,13 a uniform standard for rodent OCT layer
nomenclature has been recently reported.23 However,
adaptive optics (AO) OCT (AO-OCT) study revealed that
the second band thickness is much thinner than the ISe
thickness.2 In addition to the IZ interpretation for the
third band, outer segment (OS) tips2 and the RPE phago-
somes3 have also been proposed as alternative candidates.
Therefore, anatomic sources of the second and third bands
are still controversial, and the different observations
between the clinical OCT and AO-OCT are not well under-
stood. In this article, we summarize the band interpreta-
tions of clinical OCT and AO-OCT and conduct
quantitative analysis to establish the correlation of each
band to the outer retina.

Clinical OCT of the outer retina

Both the IS/OS junction and ISe have been proposed as
anatomic sources of the second band. Based on a compre-
hensive literature review and analysis of retinal histology,
an anatomically correct scale model has been developed for
comparative analysis of the OCT bands of the outer retina.1

Figure 2(a) and (b) illustrates scale drawings of the outer
retina at central foveal and perifoveal regions, respectively.
Figure 3(a) and (b) shows the comparative alignment of
clinical OCT bands with the anatomic model at central
foveal (Figure 3(a)) and perifoveal (Figure 3(b)) regions.
As shown in Figure 3, the second band matches the ISe
region; the third band matches the contact cylinder, later
renamed as the IZ;13 and the fourth band matches the RPE,
later renamed as RPE/Bruch’s complex.13

The IS consists of two parts, the myoid (ELM side) and
the ellipsoid (OS side). As shown in Table 1, the average
lengths of the IS myoid (ISm), ISe, and OS are reported as
14, 20, and 35 mm, respectively, at the central fovea.1,24 In
other words, the IS (34 mm) and OS (35 mm) lengths are
almost equal at the central fovea. Therefore, if the second
band is only attributed to the IS/OS junction, it is expected
to see the second band at the midway point between the
first and third bands in Figure 3(a). However, the second
band is unambiguously closer to the first band, i.e. the
ELM, compared to the distance to the “3þ 4” band in
Figure 3(a). Likewise, in Figure 1(a), the second band is

Figure 1. (a) Representative OCT B-scan of the human retina (a1) and reflectance profiles (a2) of the central fovea (yellow), parafovea (blue), and perifovea (purple).

Yellow, blue, and purple windows in (a1) indicate retinal regions for comparative reflectance profile analysis. The first band locations of the three profiles are aligned

together to show the relative distances of the second, third, and fourth bands. The green arrow near the fourth band in the central fovea indicates a possible fifth band,

i.e. Bruch’s membrane. T1–T3 indicate trough positions along the reflectance profiles. (b) Representative schematic diagram (b1) and histological micrograph (b2) of

the retina. (A color version of this figure is available in the online journal.)

Source: Figure a1 and a2 are from Xincheng Yao’s lab image gallery. Figure b1 and b2 are reprinted with permission from Simple Anatomy of the Retina.5

RPE: retinal pigment epithelium; OLM: outer limiting membrane; ONL: outer nuclear layer; OPL: outer plexiform layer; INL: inner nuclear layer; IPL: inner plexiform

layer; GCL: ganglion cell layer; ILM: inner limiting membrane.
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located closer to the first band than the third band at the
central fovea. The third and fourth bands in Figure 3(a) are
blended due to the limited axial resolution. Recent OCT
resolution improvement enables differentiation of the
third and fourth bands and even promises the potential
to identify Bruch’s membrane band in the normal eye
(green arrow in Figure 1(a2)).

AO-OCT of the outer retina

With improved spatial resolution, AO-OCT revealed a
much thinner thickness of the second band compared to
that in the clinical OCT (Figure 4). As shown in Figure 4,
the second band thickness in the clinical OCT is
consistent with the ISe thickness (16–20 mm), but AO-OCT
measurement demonstrated that the second band
thickness is much thinner,2,25 only about 4.7 mm.2 In

consideration of the broadening effect of axial point
spread function (PSF), the actual axial extent of the
second band’s constituent interfaces was estimated at
3.5mm, suggesting the second band originated from IS/
OS junction.2 The histologic examination, showing the
distal IS membrane and the proximal OS membrane were
separated by less than 3.5mm, further supports this notion.2

Moreover, AO-OCT measurement of individual photore-
ceptors revealed that the second band peak is closer to
the third band than the first band. Based on these observa-
tions, it was proposed that the second band in AO-OCT
reflects the IS/OS junction instead of the ISe.2 It was
reported that the third band thickness was around 4.3–
6.4mm in AO-OCT, but the third band thickness in clinical
OCT was around 14–19 mm.26 Consequently, the AO-OCT
studies suggested that the band thickness in clinical OCT
may be overestimated.

Figure 2. Scale drawings of the outer retina at central foveal (a) and perifoveal (b) regions. (a1/b1) show low magnification illustration, and (a2/b2) show high

magnification illustration in two parts of the anatomically correct model. (A color version of this figure is available in the online journal.)

Source: Modified with permission from Spaide and Curcio.1
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Animal OCT of the outer retina

OCT studies using animal models have also been imple-
mented to explore the anatomic sources of the outer
retina.21,22 A custom-built OCTwith subcellular resolution
(lateral: �2 mm, axial: �4 mm) has been used to characterize
the outer retinal bands in excised living frog retinas.21

Leopard frog (Rana pipiens) was selected due to its large
photoreceptors (cone: �3 mm, rod: �6mm),27 enabling accu-
rate OCT recording at sub-cellular resolution (Figure 5).
Without complications of ocular aberrations and signal
contamination from other ocular tissues, the animal OCT
revealed individual photoreceptors and retinal layers with
sufficient lateral and axial resolution.21 Figure 5 illustrates
comparative OCT (Figure 5(a)) and histological (Figure 5
(b)) images of the outer retina of a frog eye. As shown in
Figure 5(d), it was confirmed that the second band reason-
ably matches the ISe region.

Functional OCTwas also employed for in vivo imaging of
stimulus-evoked intrinsic optical signal (IOS) changes in the
mouse retina.22 Figure 6(a) shows representative OCT and
IOS images, and visible light stimulation was delivered at
the time 0. The spatiotemporal M-sequence in Figure 6(a1)

indicates that the relative OCT band locations did not change
in the pre-stimulus and post-stimulus periods. In contrast,
IOS imaging, with background signal subtraction to enhance
the visibility of transient light changes due to retinal stimu-
lation, revealed robust intensity changes, particularly at the
outer retina. As shown in Figure 6(a2), rapid IOS change was
observed at the OS almost right after the stimulus, and the
IOS change at the IS was relatively slow. Further analysis of
OCTand IOS reflectance profiles in Figure 6(b) confirmed the
different time courses between the OS-IOS and IS-IOS
change. The rapid response of the OS-IOS is correlated
with transient OS deformation, caused by phototransduction
activation.28–31 In contrast, the IS-IOS might reflect the met-
abolic activity ofmitochondria, following the phototransduc-
tion in the OS. ISe has abundant mitochondria, a prominent
light scatterer in the photoreceptor.32 Under metabolic stress,
the mitochondria are known to undergo morphological
changes, i.e. fission and fusion, which can alter the refractive
index33–36 and subsequently cause IS-IOS changes.
Therefore, the results shown in Figure 6 provide evidence
that the ISe with highly packed mitochondria could be the
primary source of the second band.

Figure 3. Comparative alignment of clinical OCT bands with the anatomically correct model at central foveal (a) and perifoveal (b) regions. (A color version of this figure

is available in the online journal.)

OCT: optical coherence tomography; LRP: longitudinal reflectance profile.

Source: Modified with permission from Spaide and Curcio.1

Table 1. Summary of histological parameters of the outer retina.1,24

Region ISm length ISe length OS length Supracone space

Central fovea 14 mm 20 mm 35 mm 1 mm
Parafovea – – 22 mm –

Perifovea 13 mm 16 mm 6.5–13mm 16 mm

ISe: inner segment ellipsoid; ISm: inner segment myoid; OS: outer segment.
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Comparative analysis of the outer retinal OCT
bands

As shown in Figure 3, the anatomically correct model sup-
ports the ISe and IZ as the correlates of the second and third
bands, respectively, in clinical OCT.1 Comparative animal
OCT studies also provide evidence for the contribution of
the ISe to the second band (Figures 5 and 6).21,22 In contrast,
AO-OCT demonstrates that the IS/OS junction and OS tip
are the correlates of the second and third bands, respective-
ly (Figure 4). Twomajor differences were observed between
AO-OCT and clinical OCT. First, the relative location of the
band is different. In clinical OCT, the second band is unam-
biguously closer to the first band, i.e. the ELM, at the central
fovea (Figures 1 and 3) suggesting ISe as the correlate of the
second band. However, in AO-OCT, the second band is
relatively closer to the third band. Second, the band thick-
ness is different. In clinical OCT, the second and third
bands have definite thicknesses. In contrast, the second
and third band thickness in AO-OCT is typically around
4–5 mm, close to the axial PSF.

For a better understanding of these discrepancies
between the clinical OCT and AO-OCT observations, we
conducted a quantitative analysis of band positions. Table

2 provides a summary of the relative band positions of the
outer retina at the central fovea, parafovea, and perifovea,
from 12 OCT images acquired with the clinical OCT device
(Optovue, Fremont, CA, USA) at the eye hospital of the
University of Illinois at Chicago. The retrospective OCT
study was approved by the Institutional Review Board
(IRB) of the University of Illinois at Chicago (UIC) and com-
plied with the ethical standards stated in the Declaration of
Helsinki. Figure 7 illustrates representative reflectance pro-
files of OCT images from six subjects. The same parameters
are also examined for the OCT images in Figures 1(a) and 4
(a) to verify the reliability of the analysis (Tables 3 and 4).
The axial distance quantification in Table 4 is based on the
scale bar provided in Figure 4(a), which allows the relative
distance assessment among individual bands.

We found that the relative distances L1-2 and L2-3, from
the second band peak to the first and third band peaks, are
31.6mmand 42.1 mm, respectively, at the central fovea (Table
2). Based on the 14 mm ISm and 20mm ISe (Table 1), the
second band peak is within the ISe, �2.4 mm away from
the IS/OS junction. In other words, relative distances
from the second band peak to the ISm/ISe junction and
IS/OS junction are �17.6mm (ISm: 14 mm; L1� 2: 31.6 mm)
and �2.4 mm (ISm: 14 mm, ISe: 20mm, L1� 2: 31.6 mm),

Figure 4. (a) Comparative clinical OCT and AO-OCT. Horizontal wide-field Spectralis B-scan centered on the fovea (left). Image is displayed on a logarithmic scale.

Red and blue boxes indicate locations, 2.0� nasal and 5.0� nasal, used for AO-OCT imaging. Magnified view (near right) of the blue box containing outer retinal layers at

5.0� nasal, shown in linear scale. Corresponding AO-OCT image (far right) from the same location, shown in linear scale. (b) Band thickness measurement with

Spectralis OCT and AO-OCT. A 210-mm wide section of a Spectralis B-scan (top left) acquired from a subject at 5.0� and converted to a linear intensity scale. The

overlaid lines indicate the locations of the five A-scans plotted at (top right), labeled (a) to (e). The sixth (gray) plot represents the average of 10 A-scans. Dashed line

overlaid on each plot is a least-squares Gaussian fit, from which the full-width at half-maximum (FWHM) of the peak can be readily calculated. A comparable AO-OCT

B-scan (bottom left) from the same subject and eccentricity is also shown in linear scale. Locations for the plotted A-scans (bottom right), labeled f to j, were selected

by identifying bright cones in the image. FWHM values were considerably smaller. Note that in both OCT and AO-OCT, averaging over multiple cells leads to an

overestimate of layer thickness due to axial displacements of the reflections. Scale bars: 50 mm. (c) Reflectance profiles of the central fovea (yellow), parafovea (blue),

and perifovea (purple) regions, corresponding to the yellow, blue, purple windows in the temporal region of image (a). In (c), the first band locations of three profiles are

aligned together to show the relative position shifts of the second, third, and fourth bands. T1 and T2 indicate trough positions along the reflectance profiles. (A color

version of this figure is available in the online journal.)

Source: (a) and (b) reprinted with permission from Jonnal et al.2
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respectively. This observation indicates that the second
band peak is within the ISe but closer to the IS/OS side.
In addition, the relative distance DT1, from the hypo-
reflective T1 trough to the first band peak, is 14.3mm. The
14.3mm DT1 well matches the 14 mm ISm, indicating the
OCT signal gradually increases from the T1 trough to the
second band peak. These observations suggest that both the
ISe and IS/OS junction can contribute to the second band in
clinical OCT. The same trend is consistently observed in
individual measurements in Tables 3 and 4.

In addition, the relative distances to the third band were
analyzed. As shown in Table 2, the relative distance L1-3,
from the first to third bands, is 73.8mm at the central fovea.
By referring to the 14mm ISm, 20 mm ISe, and 35 mm OS
lengths summarized in Table 1, the total photoreceptor
length is estimated to be �69 mm at the central fovea.1

Thus, the photoreceptor tip is expected within the third
band, and the third band “peak” can be considered as a
marker of the OS tip position. However, the third band in
clinical OCT has a definite thickness. As shown in Table 2,
the average distance DT2, from the first band peak to the T2
band trough, is 47.8mm. Because the IS length is 34 mm in
Table 1 (14 mm ISm and 20 mm ISe), the 47.8 mmDT2 indicates
that the T2 trough is within the OS,�13.8mmaway from the

IS/OS junction. From the T2 trough, the OCT signal grad-
ually increases to the third band peak. The transition range
from the T2 trough to the third band peak is 26 mm (73.8 mm
L1-3 and 47.8 mm DT2), supporting that the OS tip is not the
only contributor of the third band. In other words, both the
OS tip and RPE apical processes interdigitated with the OS
might contribute to the third band.1,13 The same trend is
confirmed in individual measurements in Tables 3 and 4.

We also found that the relative distances between hyper-
reflective (first, second, third, and fourth) band peaks and
hypo-reflective (T1, T2, T3) band troughs gradually change
with increasing eccentricity (Figures 1(a2) and 4(c)). This
can be explained by structural changes of the retinal photo-
receptors and RPE apical processes. With increasing eccen-
tricity, the cone IS becomes wider but slightly shorter,
which is consistent with the reduced distance between
the first and second band peaks at the parafovea and peri-
fovea, compared to that at the central fovea. In Table 1, the
IS length is slightly reduced from 34 mm (14 mm ISm and
20 mm ISe) at the central fovea to 29mm (13 mm ISm and
16 mm ISe) at the perifovea. In contrast, the OS length is
significantly reduced from 35 mm at the central fovea to
22 mm at the parafovea, and 6.5–13 mm at the perifovea. By
considering the 29 mm IS and 6.5–13 mmOS at the perifovea,

Figure 5. Comparative histology and OCT of the outer retina of a frog retina. (a) OCT B-scan. Red arrow points to a local hypo-reflective band. (b) Histological image.

(c) Enlarged histological image marked by the white window in (b). (d) Enlarged OCT image marked by the yellow window in (a). (e) Representative OCT reflectance

profiles over retinal depth. (f) Distance ratio in histological image (HIS/OS–HOLM)/(HOLM–HOPL) and the OCT image (OCT’IS/OS–OCTOLM)/(OCTOLM–OCTOPL). Five samples

were used for histological and OCT measurements, and for each sample, six positions were measured. Error bars indicate standard deviations. (A color version of this

figure is available in the online journal.)

IS: inner segment; OCT: optical coherence tomography; OLM: outer limiting membrane; OS: outer segment; RPE: retinal pigment epithelium.

Source: Reprinted with permission from Lu et al.21
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it might not be surprising for the second band to become
closer to the third band, relative to the first band. In Table 2,
the relative distance L3-4 between the third and fourth
bands changes from 15.3 mm at the central fovea to
19.9 mm at the perifovea. The same trend is consistently
observed in individual measurements in Tables 3 and 4.
The increased L3-4 might reflect the eccentricity dependent
changes of the supracone space and RPE apical process.1

Moreover, recent studies of animal models also suggested
that the hypo-reflective region between the third and fourth
bands could be affected by the light condition.37

Discussion

In summary, four hyper-reflective bands are typically
observed in clinical OCT of the outer retina. The first and

fourth bands are commonly attributed to the ELM and
RPE/Bruch’s complex, respectively. Continuous resolution
improvement promises further separation of the fourth
band into the RPE and Bruch’s membrane (Figure 1).
However, anatomic correlates of the second and third
bands have been controversial, particularly the inconsisten-
cy observed in between clinical OCT and AO-OCT. The
anatomically correct model supports that the second and
third bands are attributed to the ISe and IZ, respectively. ISe
is known to have abundant mitochondria which can work
as light scatterer to contribute to the OCT signal. OCT stud-
ies using animal models have also provided evidence for
the contribution of the ellipsoid on the second band.21,22 In
contrast, AO-OCT revealed a much thinner second band
(4.7 mm) compared to that (16–20 mm) in clinical OCT.
Moreover, the second band peak is closer to the third

Figure 6. (a) OCT intensity (a1) and IOS activity (a2) M-scan maps. Three white arrows, from top to bottom along the direction of the inner to outer retina, show the top

boundary of ISe (second), the connection between the ISe (second) and OS, and the connection between OS and RPE, respectively. (b) OCT intensity (b1) and IOS

activity (b2) waveform of the M-scan at different time points. (b3) The early phase of B2. Green arrows show that the IOS change at the boundaries of the OS was

stronger than the IOS change in the middle of the OS. The red arrow shows a peak response at the ISe (second) band at�3.5 s. (A color version of this figure is available

in the online journal.)

GCL: ganglion cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; ELM: external limiting membrane; ISe

(2nd): inner segment ellipsoid (the 2nd hyper-reflective band); IZ: interdigitation zone; RPE: retinal pigment epithelium; Ch: Choroid; IS: photoreceptor inner segment;

OS: photoreceptor outer segment.

Source: Modified with permission from Ma et al.22

Table 2. Average band positions of 12 retinas.

Region L1-2 (mm) L2-3 (mm) L3-4 (mm) L1-3 (mm) DT1 (mm) DT2 (mm)

Central fovea 31.6� 2.5 42.1� 2.7 15.3� 3.5 73.8� 3.5 14.3� 2.1 47.8� 2.4

Parafovea 31.1� 1.4 28.3� 4.8 18.4� 5.0 59.4� 5.5 11.8� 2.4 41.8� 2.7

Perifovea 28.6� 2.0 24.0� 3.1 19.9� 3.6 52.6� 3.7 11.4� 2.8 37.5� 2.0

L1-2, L2-3, L3-4, and L1-3 are relative distance from the first to second, second to third, third to fourth, and first to third bands, respectively. DT1 and DT2 are the relative

distances from the first band to the hyporeflective bands T1 and T2, respectively.
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band, supporting that the second band is attributed to the
IS/OS junction (Figure 4). A similar trend was also
observed in the third band. The third band thickness was
around 4.3–6.4 mm in AO-OCT, while the third band thick-
ness in clinical OCTwas around 14 to 19mm.26

There are a few possible factors that could account for
such different interpretations. First, the retinal region can
significantly affect the relative band location. For the AO-
OCT in Figure 4, the measurements were made at 2.0� and
5.0� retinal eccentricities.2 Based on �0.28mm per visual
angle, the 2.0� eccentricity corresponds to a �0.56mm dis-
tance from the center of the fovea, which is a retinal region
beyond the foveola (�0.35mm diameter region at the cen-
tral fovea) and foveal avascular zone (�0.5mm diameter

region at the central fovea) in the normal eyes (Figure 8).
The 5.0� eccentricity corresponds to a perifoveal region. In
contrast, the central fovea measurement in clinical OCT
corresponds to the exact center of the fovea (Figure 3), i.e.
the umbo region where only cones are densely packed
(Figure 8(c)).3 The cone IS and OS lengths are 34 and
35 mm, respectively, at the central fovea. In contrast, the
cone IS and OS lengths are 29 and 6.5–13 mm, respectively,
at the perifovea. In other words, the ratio of IS/OS length at
the central fovea can be very different from other regions.
Thus, the disagreement about the second band location,
relative to first and third bands, was most likely due to
the different retinal regions for the OCT images in
Figures 3 and 4.

Figure 7. Representative reflectance profiles at central foveal, parafoveal, and perifoveal regions. All OCT images from six subjects (S1–S6) were acquired with a

clinical OCT. (A color version of this figure is available in the online journal.)

Table 3. Relative band positions of the outer retina in OCT image of Figure 1(a).

Region L1-2 (mm) L2-3 (mm) L3-4 (mm) L1-3 (mm) DT1 (mm) DT2 (mm)

Central fovea 29 41 13 70 14 44

Parafovea 26 27 13 53 10 35

Perifovea 24 22 18 46 8 33

L1-2, L2-3, L3-4, and L1-3 are relative distance from the first to second, second to third, third to fourth, and first to third bands, respectively. DT1 and DT2 are the relative

distances from the first band to the hyporeflective bands T1 and T2, respectively.

Table 4. Relative band positions of the outer retina in OCT image of Figure 4(a).

Region L1-2 (mm) L2-3 (mm) L3-4 (mm) L1-3 (mm) DT1 (mm) DT2 (mm)

Central fovea 33 43 14 76 15 53

Parafovea 31 28 20 59 13 42

Perifovea 28 22 24 50 10 41

L1-2, L2-3, L3-4, and L1-3 are relative distance from the first to second, second to third, third to fourth, and first to third bands, respectively. DT1 and DT2 are the relative

distances from the first band to the hyporeflective bands T1 and T2, respectively.
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Second, the confounding effect should be considered in
clinical OCT interpretations. Our quantitative analysis indi-
cates that the second band peak in clinical OCT is located
between the ISm/ISe junction and IS/OS junction, but
closer to the IS/OS junction side (Table 2). This demon-
strates that both ISe and IS/OS junction can simultaneously
contribute to the second band in clinical OCT. Moreover, it
should be noted that the connecting cilium (CC) is another
potential contributor to the second band.38 Although the
CC was speculated to be too small to be visible in OCT,1

the OCT as in the light microscopy can pick up the signal
from any scatters with dimensions smaller than the system
resolution. Subcellular bright autofluorescence spots,
which might relate to CC in cone photoreceptors, have
been observed in freshly isolated retinas,38 and in vivo
super-resolution imaging revealed similar subcellular
bright structures in frog photoreceptors (Figure 9).39

Further verification of the effect to the CC on OCT is
required to validate the CC as one of the major contributors
to the second band. Similarly, the confounding effect on the
third band should be noted. Relative distance L1-3, between
the first and third bands, well matches the ISþOS length,
supporting the third band peak can reflect the position of
OS tips (Table 2). However, the possible contribution from
the IZ to the third band could not be excluded solely based
on the peak position, given the transition range 26mm, from

the T2 trough to the third band peak, as well as the definite
thickness of the third band. In fact, the third band is the
most controversial band among researchers, and multiple
interpretations for this zone have been proposed.1,3 Thus, it
would be reasonable to consider that multiple sources, such
as RPE apical processes, OS tip, and even OS itself, can
contribute to the third band,2,3 instead of identifying a
single correlate exclusively for the third band.

Lastly, the different imaging sensitivities of the AO-OCT
and clinical OCT can affect the observed second and third
band thickness. Although there is no doubt that AO-OCT
can provide improved spatial resolution compared to con-
ventional OCT, the AO-OCT might selectively enhance the
visibility of a structure within the focusing center. In con-
trast, the light efficiency for detecting the structures outside
of the focal plane can be quickly degraded. This effect can
be directly observed in Figure 4(b). As shown in Figure 4,
the clinical OCT clearly reveals all outer retinal bands
(Figure 4(b), (a) to (e)). However, only the second band
exhibits a good signal-to-noise ratio in AO-OCT (Figure 4
(b), (f) to (j)). Particularly, the first band is absent in AO-
OCT, and it is also difficult to identify the peak locations
and widths of the third and fourth bands (Figure 4(b), (f) to
(j)). One possible reason to cause this difference might be
the effect of the effective numerical aperture (NA). For the
AO-OCT, the 2.5 mm lateral resolution requires a 6.75mm

Figure 8. Human macular anatomy. Dissected human eye in which the macula, its different regions, and the optic nerve head can be seen. This eye was treated with

RNA-later! for its preservation, which changes the typical translucent appearance of the retina to a white coloration, allowing for a clearer view of the yellow pigment

(a). Magnification image of macular zone (b and c) indicating each of the macular region dimensions (c). Dimensions of macular regions at a retinal section (stained with

GNB3, CRALBP, and cytochrome-C antibodies) (d) and its correlation with an OCT image at the same area (e). Scale bars: (a) 5mm; (d) 200 mm; (e) 200 mm. (A color

version of this figure is available in the online journal.)

Source: Reprinted with permission from Cuenca et al.3
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pupil diameter of the eye, corresponding to an effective
NA¼ 0.2. If we assume a 10 mm lateral resolution in clinical
OCT, it corresponds to an effective NA¼ 0.05. It is well
established that a higher NA corresponds to a shaper focus-
ing property but a shallow depth-of-field. Moreover, the
AO is based on dynamic sensing and correction of wave-
front distortions. Reliable sensing of the wavefront infor-
mation requires robust mapping of the reflectance profile of
the target. When the AO-OCT is focusing to a relatively flat
region, such as the IS/OS junction, or a strong scatterer
with sufficient brightness compared to background light
intensity, the wavefront sensing and correction can be effec-
tive based on the phase information carried by the ballistic
photons. However, if the AO-OCT is focusing within a
region consisting of moderate scatters such as mitochon-
dria, this multiply scattered light can produce diffusive
photons, which might randomize the phase information
among different photons to affect the wavefront sensing
and correction in the AO system. Therefore, it is possible
for the AO-OCT to selectively enhance the sensitivity for
imaging ballistic photons from the IS/OS junction, while
partially rejecting the diffusive photons within the ISe
region, with the higher sectioning capability of the AO-
OCT compared to clinical OCT.

Conclusions

Photoreceptor ISe and IS/OS junction can contribute to the
second band; OS, OS tips, and RPE apical processes can
contribute to the third band in clinical OCT. These signal
sources might contribute to the signal detection in clinical
OCTand AO-OCTat different weighting factors, due to the
different system resolution, aberration, effective pupil size,
illumination, imaging orientation, and perhaps other fac-
tors. AO-OCT might selectively enhance the detection sen-
sitivity of the ballistic photons from the IS/OS junction and
OS tips while minimizing the detection sensitivity of the
diffusive photons from the ISe, RPE apical processes, and
OS, which can differentiate the second and third band char-
acteristics from clinical OCT. Therefore, the possibility of
multiple contributors for the clinical OCT should not be

overlooked, and the contributing factors of individual cor-
relates can be variable in different instruments, testing pro-
tocols, and eye conditions. In addition, relative band
locations should be discussed under the context of specific
retinal regions, since the anatomy of the photoreceptor cells
is significantly varied with increasing eccentricity.
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