translational vision science & technology

tvst

Lateral Resolution of a Commercial Optical Coherence
Tomography Instrument

Richard F. Spaide’, Tilman Otto?, Sophie Caujolle?, Johannes Kiibler?, Silke Aumann?,
Joerg Fischer?, Charles Reisman?, Hendrik Spahr3, and Annette Lessmann?

' Vitreous Retina, Macula Consultants of New York, New York, New York, USA
2 Heidelberg Engineering GmbH, Heidelberg, Germany
3 Institut Fir Biomedizinische Optik, Liibeck, Germany

Correspondence: Richard F. Spaide,
Vitreous, Retina, Macula Consultants
of New York, 950 Third Ave, New
York, NY 10022, USA. e-mail:
rickspaide@gmail.com

Received: July 20, 2021
Accepted: December 18, 2021
Published: January 19, 2022

Keywords: optical coherence
tomography; point spread function;
resolution

Citation: Spaide RF, Otto T, Caujolle
S, Kiibler J, Aumann S, Fischer J,
Reisman C, Spahr H, Lessmann A.
Lateral resolution of a commercial
optical coherence tomography
instrument. Transl Vis Sci Technol.
2022;11(1):28,
https://doi.org/10.1167/tvst.11.1.28

Introduction

In optical coherence tomography (OCT) imaging,

Purpose: The lateral resolution of an optical coherence tomography (OCT) instrument
was considered to be equal to the illumination spot size on the retina. To evaluate the
potential lateral resolution of the Spectralis OCT, an instrument calculated to have a
14 um resolution.

Methods: The lateral point spread function (PSF) was evaluated using diamond abrasive
powder 0 to 1 um in diameter in silicone elastomer and a validated target with 800 nm
FeO particles in urethane. The amplitude transfer function was calculated from human
OCT images. Finally, resolution was measured using the 1951 USAF target.

Results: Measurement of the lateral PSF from 1215 diamond particle images yielded a
full-width half maximum (FWHM) to be 5.11 um and for 732 FeO particles, 4.9 pm. From
the amplitude transfer function, the FWHM of the diffraction limited PSF was calculated
to be 5.0 um. The USAF target imaging showed a lateral resolution of 4.6 um.

Conclusions: Although a calculation of the spot size of the illumination beam was
reported in the past as the lateral resolution of the OCT instrument, the actual lateral
resolution is better by a factor of at least 2.5 times. The clinically used A-scan spacing was
derived from the calculated, and not the true resolution, and results in under sampling.
This set of findings likely apply to all commercial clinical instruments.

Translational Relevance: The scan density parameters of past and present commer-
cial OCT instruments were based on earlier translational concepts, which now appear to
have been incorrect.

rings of decreasing intensity. The central bright spot is
called an Airy disc. The diameter of the Airy disc can
be estimated as:

1.22 A

there are two roughly independent factors in resolu-
tion, axial and lateral. For any given medium, the axial
point spread function (PSF) is a function of the center
wavelength and the bandwidth of the light source, the
full width half maximum of which is used to calcu-
late the coherence length of the light. For any given
medium, the lateral resolution can be estimated from
the wavelength used, numerical aperture of the optical
system, and the resolution criterion used.!-> When light
passes through an aperture and is focused by a lens
to a bright region centrally surrounded by concentric
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with the wavelength A and the numerical aperture NA
which can be approximated by:

d

NA = — 2
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with the pupil diameter d and the focal length f
in air. Past publications stated the lateral resolu-
tion of OCT was the same as the spot size on the
retina.!»3~?
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OCT instruments typically use light emitted from a
single mode fiber and, as such, the beam profile can
be described by Gaussian optics. The beam diameter
in the anterior segment for commercial OCT instru-
ments, including the Heidelberg Spectralis, usually
is smaller than the pupil and so is only marginally
affected by diffraction. The lateral resolution can then
be defined by the full-width half maximum (FWHM)
of the Gaussian PSF, which is somewhat smaller
than the resolution calculated with the Rayleigh crite-
rion. The lateral Gaussian intensity distribution in the
focus can be described by:

2 2
I(r) < exp |:—L2:| 3)
@p
with the distance from the axis r, and the beam waist
radius wo which is defined as the radius where the inten-
sity falls to 1/e? of their axial value and can be estimated
as:
A

= 4

w NA @
From the beam waist radius, the FWHM can be calcu-
lated as':

wo

FWHM = wy/2 In(2) (5)

The return path from the eye follows the same
pathway into the single mode fiber on its way to the
spectrometer. For a single mode fiber-based system, the
setup can be considered confocal, and the resolution is
not only described by the size of the illumination spot
in the retina. The same PSF that describes the illumina-
tion plane also describes the observation plane, so the
confocal PSF is the product of the two functions'!' and
can be described by:

4> 22
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The resolution of a confocal system is related to
the PSF of the illuminating and detection systems.
From Equation 6, one can derive that the radius where
the intensity falls to 1/e? is reduced by 1/+4/2 and the
confocal lateral resolution in the focus can be calculated

a'Sl2

FWHMonr = wovy In(2) (7)

The amount of potential improvement depends on
the beam characteristics. Although light delivered by
a single mode fiber has a Gaussian intensity profile,
the subsequent optics in the system have a finite
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size and have the potential to truncate the beam.
The greater the truncation, the more of the edges
of the illumination profile are blocked by the optical
system, leaving the central more uniformly illuminated
region to illuminate the sample. The more uniform
the illumination, the more the Airy character predom-
inates. For coherent detection, the phase of the light
from point scatterers may be variable, making the
superposition results difficult to predict. The actual
lateral resolving capability of OCT instruments is
likely to be better than just the illumination spot size
on the retina, but the magnitude of improvement is
undefined.

Therefore, because of the uncertainty of what
the lateral resolution of an OCT system is, a series
of measurements was made. The lateral PSF was
evaluated by imaging diamond powder abrasive and
a calibrated target of FeO particles. The systems
beam intensity profile was measured to estimate
the theoretical resolution limits according to the
equations above and as an input for a physical
optics OpticStudio 21.1.2 (Zemax LLC, Kirkland,
WA, USA) simulation. The diffraction limited
resolution of the instrument was derived from the
complex optical transfer function (OTF) of the OCT
image output. In addition, the 1951 USAF target
was used to obtain an estimate of lateral resolu-
tion, mostly because it has been used in earlier
papers.!320

The Heidelberg Spectralis (Heidelberg Engineering
GmbH, Heidelberg, Germany) is a spectral domain
OCT device capable of an A-scan rate of 85 kHz
while sampling a depth of 1.9 mm. The densest B-scan
of the Heidelberg Spectralis has an interscan spacing
of 6 um, which due to the Nyquist sampling theory,
would not provide an adequate estimation of the PSF
if it were less than 12 um wide. The scanning pattern
was changed through reprogramming to scan every
1.9 um in the fast axis by using 1536 A-scans in a
10-degree scan. All imaging was done with a high-
resolution device based on the Spectralis platform that
uses a central wavelength of 853 nm and a bandwidth
of 137 nm, yielding an axial resolution of 3 um in
tissue. Where mentioned, the imaging was also dupli-
cated with a conventional Spectralis using a center
wavelength of 880 nm and a bandwidth of 40 nm.
The imaging evaluations adhered to the tenets of the
Declaration of Helsinki and the imaging protocol was
approved by the Western Institutional Review Board.



translational vision science & technology

OCT Lateral Resolution

-

TVST | January 2022 | Vol. 11 | No. 1 | Article 28 | 3

0.9+ PSFconl i
: FWHM = 4.6 pm
0.8}
=07
A B
N
1 T 0.6}
£
08 205 —
>
B 0.4f
T 0.6 §
e o3}
> 0.4
- 0.2
0.2
- 0.1
R 0 0 .
830 20 10 0 10 20 30 -30 20 10 0 10 20 30
B X (um) C X (um)

Figure 1.

OpticStudio modeling of the eye. (A) A Navarro eye model was used with light having a central wavelength of 853 nm.

(B) The graphical representation of the light spot produced on axis at the level of the retina. (C) The plot of the confocal intensity versus
the displacement from the center of the beam shows a full width half maximum of 4.60 + 0.02 um.

Diamond Powder and Calibrated FeO Particle
Imaging

The first estimates of the lateral PSF were derived
from diamond powder with a diameter of 0 to 1 um
suspended in clear silicone elastomer. An estimation of
the lateral PSF of less than 6 um was calculated. To
obtain a more precise measurement, a validated target
(National Physical Laboratory, Teddington, Middle-
sex, UK) using FeO particle <800 nm suspended in
polyurethane was imaged.!> Both experiments were
conducted by focusing the beam using an additional
lens with a focal length of 40.18 mm. This lens was
chosen to avoid the problems of using a shorter focal
length lens in air, such as field curvature, spherical
aberration, and a restricted Rayleigh length. An exter-
nal software tool was used to evaluate the linear OCT
signal without any signal processing. The signal is
represented by a 32-bit value ranging from 0 to 1. Three
separate B-scans within a volume were evaluated. The
software tool evaluated the image for reflectivity peaks
below 0.99 and above 0.5 within a 2D circular neigh-
borhood with a diameter of 13 pixels. Because the
depth of the test sample was within the Rayleigh length
of the OCT system, the full depth of point samples was
used. The horizontal signal profile was then extracted,
and the distributions were aligned by shifting the center
of mass of the distribution at a 0.1 sub-pixel resolu-
tion. The profiles were then measured, and the standard
deviation was calculated. Profiles greater than three
standard deviations from the mean were excluded, to
reduce the likelihood that particle aggregates would
influence the results. The distributions were normalized
so the peaks would be equal to one and then averaged.

Measurement of OCT Beam Characteristics

The collimated beam diameter of the OCT system
was measured at the location where the pupil of the eye
is typically located using an infra-red camera (Allied
Vision Technologies Pike F-032B, Germany).

OpticStudio Simulation

A physical optics simulation for a Gaussian beam
was performed using OpticStudio. The simulation
model comprises a Gaussian source with a 1/e?> diame-
ter of 1.71 mm as measured after the objective of the
Spectralis system entering a Navarro eye model,”! and
a central wavelength of 853 nm (Figs. 1A and B).

Amplitude Transfer Function

The achievable resolution is limited by diffrac-
tion, which is mainly given by the beam diameter of
the instrument, and aberrations in the entire optical
system, which are dominated by ocular contributions.
The resolution that can be achieved in the human eye is
therefore patient-specific and it is not possible to deter-
mine a universally valid value. However, a fundamen-
tal diffraction limit can be determined, which cannot
be exceeded even in the complete absence of ocular
aberrations.

So far, we have determined this upper limit using
artificial eye models and technical samples. Now, we
validate it by ocular examinations for three healthy
subjects using the Heidelberg Spectralis and the High
Resolution Spectralis instruments. For this purpose,
the spatial frequencies contained in the OCT images
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(E) Subtract noise floor

(F) Compute PSF

Illustration of the Fourier analysis for a determination of the diffraction limited point spread function (PSF). (A) A sufficiently

large, complex OCT dataset is recorded. The motion induced phase shift between adjacent A-scans is corrected. (B) A horizontal line of
a B-scan (i.e. a line running at constant depth along the fast scan direction x), is selected (this will be referred to as an “x-line”). (C) By a
Fourier transformation and subsequent calculation of the magnitudes, the spatial frequency spectrum of this line is determined. It contains
the spatial frequencies originally present in the object plane carrying the image information multiplied by the amplitude transfer function
(ATF). (D) By repeating these steps for a very large number of different (and uncorrelated) “x-lines” and averaging, the shape of the ATF can
be estimated. (E) To increase accuracy, the noise floor is subtracted. It is determined from “x-lines” that contain no signal, but only noise.
(F) By means of an inverse Fourier transform, the PSF of the amplitudes can be determined. Finally, by squaring, the PSF of the intensities is
obtained. The calculated FWHM of the diffraction limited PSF was 4.98 um in the eye.

are analyzed, because they are not changed by aberra-
tions (i.e. the speckle present in OCT images are always
as small as the diffraction limits allows).”> We assume
that the retina has a fine microstructure that exceeds the
resolution of the optics of the Spectralis. This means
that the spatial frequency spectrum in the object plane
is broad, and only a small fraction of these spatial
frequencies is transmitted by the imaging optics to the
image plane, where they contribute to the formation of
the OCT image.>® Which spatial frequencies are trans-
ferred, and to what extent, is described by the magni-
tude of the amplitude transfer function (ATF).>> The
phase of the ATF indicates how various frequency
components of the image are shifted in respect to
each other, leading to distortion and blurring as the
result of aberrations. Whereas often the phases of
the ATF are of interest to characterize or correct
aberrations,’* 3" we focus on the magnitudes, because
they determine the maximum resolution achievable
in the diffraction limit.?> The Fourier transform of
the magnitude of the ATF represents the diffraction
limited PSF. To estimate it, we first determine the

spatial frequency spectrum of iso-depth lines along the
fast scan axis x (i.e. horizontal lines within a B-scan for
constant y and z). For this analysis, we consider the
originally detected complex amplitudes after correct-
ing axial motion between adjacent A-scans. The lines
in which the overall signal strength exceeded the 99th
percentile were selected for computation of the Fourier
magnitudes, and averaged to obtain the profile of the
ATF. All lines with an overall signal below the first
percentile were used to estimate and remove the noise
floor. The inverse Fourier transform of the ATF magni-
tudes yields the profile of the diffraction limited PSF,
whose FWHM we determined subsequently. A graphi-
cal representation of the steps is shown in Figure 2.

1951 USAF Target

A USAF target (R1DSIN, Thorlabs) was imaged by
focusing the beam using an additional lens with a focal
length of 40.18 mm. The resultant images were rescaled
for retina measurements using the focal length of an
emmetropic eye, f = 16.7 mm. For each acquisition,
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the focus was adjusted to obtain the sharpest image.
The contrast of the different elements of the USAF
target was calculated on the B-scan images by dividing
the mean difference in reflective background surface
the foreground and background grayscale values by
the foreground grayscale values reflective background
surface. The USAF target evaluated resolution directly
and not the FWHM of the PSF.

Retinal Imaging

Healthy subjects were imaged with 1.9 and 6 um
A-scan spacing with both the Spectralis, which has
an axial resolution of 7 um and a high-resolution
version of the Spectralis with 3 um axial resolution in
tissue.

Diamond Powder and FeO Particles

The lateral image measurement of the diamond
powder and the calibrated target is expected to be the
convolution of the instrument PSF and the object.
The particles within 3 B-scan images of the diamond
powder were evaluated and within the 3 B-scans, 462,
454, and 299 profiles were averaged (Fig. 3). The
weighted average of these three curves revealed a
FWHM of 5.11 £+ 0.034 ym in the eye. The FeO
suspended in polyurethane was evaluated in 3 B-scans
with 196, 249, and 287 points in these B-scans. The
weighted average of the FWHM of the PSF for the FeO
particles was 4.9 £+ 0.033 um. Because this measure-
ment was much greater than the particle size, the
measured PSF is roughly equal to the instrument PSF.

Beam Characteristics

The beam appeared to be radially symmetric and
therefore was radially averaged and multiple measure-
ments were averaged. The mean beam profile had a
Gaussian distribution, and the 1/e? beam diameter was
calculated to be 1.71 £ 0.01 mm. There were minor
deviations from the Gaussian fit near the centroid of
the beam and again toward the outer edge of the distri-
bution as shown in Figure 4.

OpticStudio Simulation

The simulation results in a 2D illumination profile
in the retina as depicted in Figure 3. With Equation 7
the theoretical diffraction limited confocal lateral
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Figure 3. Lateral point spread function estimates from measur-

ing small particles. (A) The plots of measurements obtained from 3
different B-scans of 0 to 1 um diamond powder abrasive suspended
in silicone elastomer. (B) The plots of measurements obtained from
3 different B-scans of 800 nm FeO particles. The FWHM was 5.11 um
for diamond powder and 4.9 um for FeO particles.

resolution of the OCT system in the eye is 4.42 um,
assuming a central wavelength of 853 nm, effective
focal length of the eye of 16.7 mm, and measured
beam diameter of 1.71 mm. The OpticStudio simula-
tion using a Navarro model, including spherical aberra-
tions, provided a FWHM estimate of 4.60 £+ 0.02 um
(see Fig. 1C).

Amplitude Transfer Function Evaluation

The mean magnitude of the Fourier transformed
iso-depth lines (i.e. the estimated ATF magni-
tude), is shown in Figure 2. The squared absolute
inverse Fourier transform of these values provides an
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Figure 4. Beam characteristics as measured at the working
distance. The beam was imaged with an infrared camera and the
beam images were radially averaged. The profile is very close to
a Gaussian profile with small fluctuations at either extreme of the
x-axis. Near the centroid of the beam very few pixels are averaged,
and the measurements appeared to be affected both by the effects
of speckle and some subtle diffraction patterns produced by dust or
small imperfections in the optics. Toward the outer edge there was
some variation that may have been caused by truncation due to an
aperture within the optical system.

estimation for the diffraction limited PSF (for intensi-
ties), with a FWHM of 4.98 + 0.06 um in the eye.

1951 USAF Target

Figure 5 shows the B-scan profiles of element 2, 3,
4, and 5 from group 6 of the USAF target. Elements
2, 3, and 4 had discernable fluctuations with contrast
measurements from the peak values of 42%, 29%, and
19%. Reliable fluctuations in the reflectance profile

Group 6 Element 2

I - » ~
o I o ]
o o o ©

Reflectance Intensity

»
)

_2
=,

o
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Table 1. Measured Performance
Estimated Lateral
Point Spread
Test Object Function (um)
0-1 um diamond powder 5.1
FeO particles (0.8 um) 49
Fourier analysis of the 5.0
amplitude transfer function?
Diffraction limited 44
performance calculated from
the beam characteristics
OpticStudio simulation 46
1951 USAF Target® 46

aDiffraction limited performance,
bResolution, not point spread function.

were seen as small as element 4, which corresponds to
a lateral resolution of 4.6 um in the eye.

A summary of the measurements is shown in
Table 1.

Retinal Imaging

Comparative retinal imaging obtained with an A-
scan separation of 6 um and 2 pm are shown for
the conventional Heidelberg Spectralis with 7 um axial
resolution and a new high-resolution version with 3 um
axial resolution as shown in Figures 6 and 7, respec-
tively.
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Reflectance profiles from the USAF target. For the USAF target used, the black lines in this figure were reflective against a transpar-

ent background. The increasing spatial frequency of the target was associated with decreasing image contrast. The image contrast decreased
from 42%, 29%, and 19% in going from group 6, element 2 to element 3 to element 4. Group 6 element 4 corresponds to a lateral resolution

of 4.6 um in the eye.
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Figure6. Conventional Heidelberg Spectralisimages, which has an axial resolution of 7 um. (A) Image obtained with 6 um spacing between
A-scans, currently the highest density available. The rectangular outline is magnified in (B). (C) The same subject in a matched location
imaged with 1.9 um A-scan spacing. The enlargement from the rectangular area is shown in (D). Note the vascular profiles in the deep
capillary plexus show both greater delineation for the tissue because of increased sharpness and contrast (arrows).

Figure 7.

Heidelberg High Resolution Spectralis images, which has an axial resolution of 3 um. (A) Image obtained with 6 um spacing

between A-scans. The rectangular outline is magnified in (B). (C) The same subject in a matched location imaged with 1.9 um A-scan spacing.
Note vascular shadows can be seen below capillaries in the deep capillary plexus. The enlargement from the rectangular area as shown in

(D) shows greater sharpness with increased edge delineation (arrow).

Discussion

Optical resolution, the ability to detect the presence
of two closely spaced points as being physically differ-
ent from a single point, has many potential defini-
tions. Light emanating from a point in the object space
is imaged, not as a point, but as a distribution of
light over an area. The PSF describes the character-
istic of this spot. One standard for measuring resolu-
tion is to consider the image of a point source to be
an Airy disk and the limits of resolution to be where
the maximum of the Airy disk from one source lies
in the first minimum of the diffraction pattern in the
Airy disk of another source, and this is known as
the Rayleigh criterion. In systems using light origi-
nating from a point source, such as OCT or confocal
microscopy, the Airy disk may be difficult to measure.
Instead, the FWHM of the light distribution is used as

it is relatively easy to measure and represents the lateral
PSF of the illumination system. In confocal imaging,
there is a radial reduction in the intensity of the
illumination and a corresponding radial reduction in
the sensitivity of detection. This apodization removes
the influences of potential side-lobes in the illumina-
tion and detection systems’ optical performance and
shapes the lateral point spread function of confocal
imaging systems. Thus, the PSF of the system, rather
than just the spot size on the retina or just the lateral
PSF of the detection system, becomes the paramount
metric to evaluate lateral resolution produced in the
image. The estimates of the lateral PSF of the OCT
instrument, the Heidelberg Spectralis, from particles
resulted in an estimate of a FWHM of 5.11 um for
diamond powder and 4.9 um for the FeO target. The
Fourier analysis, which estimates the diffraction limited
performance, yielded 5.0 um and the OpticStudio
modeling produced the estimate of 4.6 um. These
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results are comparable, and each method has its own
limitations, as will be discussed below. The USAF
target, which has been used to estimate lateral resolu-
tion of OCT instruments, showed a lateral resolution
of 4.6 um.

The diamond powder target was prepared by
mixing the 0 to 1 um diamond particles with silicone
elastomer before it polymerized. With extensive
stirring, the diamond particles are separated to produce
individually reflecting grains. It is possible that small
aggregates of grains were present in the test sample
and imaged as one particle. To avoid inclusion of
large aggregates, we limited the analysis to particle
signals whose FWHM lies within three standard
deviations of the overall mean. The mean PSF subse-
quently calculated from diamond powder was 4.7%
larger than that measured from a validated sample
containing FeO particles that were 800 nm in diame-
ter. Possible reasons for the difference include a
greater tendency toward clumping with the diamond
particles, a larger distribution in the size of the
diamond grains, and possible inaccuracies in the
size estimation of the diamond grains. The distribu-
tion of the intensity of the reflections showed tails
of the distribution that were slightly more elevated
from zero with the diamond particles than for the
FeO particles, suggesting a wider range of particle
sizes in the diamond powder sample (see Fig. 3).
We did not independently measure the size of the
diamond powder grains or the resultant suspended
particles. In the sequence in the measurements, the
diamond particles were measured first and then a
validated test object using FeO was evaluated, which
confirmed and potentially refined the measurements
made from the diamond particles.

Images derived from human eyes with no pharma-
cologic dilation were used to determine the magnitudes
of the complex ATF. Using this analysis, we calcu-
lated the diffraction limited resolution to be approx-
imately 5.0 um. This is a theoretical value that has
an uncertain relationship with actual resolution in the
eye, which can have significant aberrations. The relative
proportions of diffraction versus aberrations in limit-
ing optical performance are related to pupil sizes. In
eyes with smaller pupils, diffraction limits the optical
performance, whereas at large pupil sizes, aberrations
dominate. Given the 1/e” size of 1.71 mm, diffraction
may play a role in the lateral resolution of OCT in
clinical practice, particularly in patients with undilated
pupils.

The 1951 USAF target was used for estimation of
the lateral resolution. This target has two groups of
triplets of bars for each resolution arranged orthogo-
nal to each other. We measured the resolution along
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the fast axis of the scan. The resultant reflectance
profiles showed decreasing contrast with increasing
spatial frequency, as would be expected. There are
differing methods of inferring image resolution; with
the Rayleigh criterion the contrast ratio is 26.4%. There
is the Sparrow criterion, which is essentially 0% and
other criteria for resolution lying in between. Thus,
we show the elements in the USAF chart and their
corresponding contrast measurements. Because there
were easily discernable variations in the brightness in
group 6, element 4, but not in element 5, the resolu-
tion was calculated to be 4.6 um in the eye. The
USAF target was established for incoherent imaging,
and there is a possibility that in a coherent regime
there could be destructive or constructive interfer-
ence produced by reflections from between the dark
and light regions. This has the possibility of creating
bars with lighter or darker appearance than what they
would have been using an incoherent imaging method,
and thereby bias the true estimate of image resolu-
tion. If the flat surface is scanned with a focused beam,
then the local angle of incidence inevitably varies across
the target. The mirrored beam is not reflected exactly
into itself across much of the target, so that depend-
ing on the scan position, only a certain portion of the
numerical aperture (NA) is actually used. We include
the USAF evaluation here because of its historical
use, 1320

The various test modalities used in this study all
consistently point to a PSF of the instrument being
much better than the beam width on the retina,
quoted to be 14 um for the Spectralis. As currently
implemented in the commercial instrument, the actual
resolution of the instrument was not realized because
the tissue sampling was done at an interval to achieve
14 um lateral resolution, that is, a 6 um A-scan spacing.
The lower resolution expectation was cemented in
place by engineering designed to achieve only the
lower lateral resolution. To recover the inherent resolu-
tion capabilities of the instrument a scan spacing of
1.9 um was used in the present study. This sampling is
slightly more than three times the “High Resolution”
mode of the commercially available instrument. The
original A-scan rate of the instrument was selected as
an optimization among costs at the time, the lateral
resolution as it was understood, and convenience for
the operator and patient in terms of scan times. Just
increasing the scan density by a factor of three through
a software modification would not incur significant
hardware costs and would help achieve better lateral
resolution. In practical use, increasing the scan density
would create a much larger burden on the patient,
operator, and eye tracking system because of the
necessary increase in scanning time and precision
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Table 2. Claimed Lateral Resolutions of Commercial Optical Coherence Tomography Instruments

Zeiss

Topcon

Optovue

Heidelberg

Company

3D OCT -1

DRI OCT Triton

Solix
FullRange

Engineering
Spectralis OCT

AngioVue iVue Plus Maestro 2 Cirrus 6000 Plex Elite 9000

Avanti

Instrument

15 um 15 um 15 um 20 pym 20 um 15 um 20 pm

15 um

14 um

Claimed Optical Transverse

Resolution
References

39

38

37

36

35

34

33

32

Nidek

31

Optopol Canon Huvitz

Optos

Company

Xephilio

Xephilio

Retina Scan

RS-3000 Advance

Mirante Monaco Silverstone Reno OCT - A1 OCT-S1 HOCT-1/1F

Duo RS-330

AngioScan

Instrument

20 um 20 pm 12 um 20 um 30 pm 20 pm
(18 typically)

20 pm

20 um

20 um

Claimed Optical Transverse

Resolution
References

48

47

46

45

44

43

42

41

40
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required in maintaining image alignment. To realize
the true potential lateral resolution with a convenient
scanning time, a much higher A-scan rate would be
necessary. Tighter tolerances in the slow axis scanning
to improve the positioning of the adjacent B-scans
would be required as well for an optimal system.
Although this study of the disparity between stated
spot size on the retina and the actual achievable PSF
was measured in the Heidelberg Spectralis, there are
reasons to believe these same factors likely apply to
every OCT device in the marketplace. It may be possi-
ble that all available instruments under sample the
tissue. Increasing the A-scan rates of commercial OCT
instruments has been a trend for decades, and part
of the motivation is to be able to scan increasingly
large areas. The increased A-scan rates may also be
used to configure scanning protocols that avoid under
sampling to improve achievable lateral resolution avail-
able in the clinic.

How we image these structures is a function of past
translational efforts of converting theoretical theories
into clinical practice. The resultant images obtained
helped form our current concepts of the retina and
choroid in health and disease. The determinants of
lateral resolution proposed many years ago, which
seemed to have forged currently used scanning param-
eters, do not appear to be correct. The actual lateral
resolution of OCT appears to be much better than
previously proposed, with no structural change in the
scanner necessary. Part of translational research is the
testing longstanding assumptions and by improving
resolution may help drive development of improved
understanding of retinal physiology and disease in
the future. These changes would appear to apply to
current commercial OCT instruments by all manufac-
turers, as their stated lateral resolution is generally
between 15 and 25 pm. By the same logic used in
our analysis, it is likely the actual lateral resolu-
tion of these instruments is potentially much better
(Table 2).
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