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Abstract. An active, hardware-based retinal tracker is integrated with
a clinical optical coherence tomography (OCT) system to investigate
the effects of stabilization on acquisition of high-resolution retinal sec-
tions. The prototype retinal tracker locks onto common fundus fea-
tures, detects transverse eye motion via changes in feature reflectance,
and positions the OCT diagnostic beam to fixed coordinates on the
retina with mirrors driven by a feedback control loop. The system is
tested in a full clinical protocol on subjects with normal and glauco-
matous eyes. Experimental analysis software is developed to coalign
and coadd multiple fundus and OCT images and to extract quantita-
tive information on the location of structures in the images. Tracking is
highly accurate and reproducible on all but one subject, resulting in
the ability to scan the same retinal location continually over long
periods of time. The results show qualitative improvement in 97% of
coadded OCT scans and a reduction in the variance of the position of

the optic disc cup edge to less than 1 pixel (<60 um). The tracking
system can be easily configured for use in research on ultra-high-
resolution OCT systems for advanced image modalities. For example,
tracking will enable very high density 3-D scans of the retina, which
are susceptible to eye motion artifacts even for new high-speed sys-

tems. © 2005 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction tons at a sufficient SNR to produce high-quality images, the

Optical coherence tomograp@CT) has rapidly become a  fame rate must be kept lowAnother limitation in retinal
standard clinical tool for ophthalmologist in the diagnosis of Maging is imposed by involuntary eye moti¢e.g., micro-
retinal diseaseOCT uses heterodyne detection of backscat- Saccades which conversely requires very rapid frame rates to
tered low-coherence light scanned transversely and axially to Produce sharp images. Even in patients that are good fixators,
produce high-resolution 2-D sections of tissues. In the eye, €Y motion amplitude may be several hundred micrometers,
OCT has been used to image macular edémagular holes much larger than the transverse resolution of the recently re-
retinal detachmentsand retinal vein occlusiofsmong other ~ 1€ased third-generation Carl Zeiss Meditec, F&ZMI) OCT
conditions. One of the most promising applications of OCT in instrumentStratus OCT. Also, patients with diseases such as
ophthalmic imaging is for the early diagnosis of glaucdma. glaucoma require image registration over long periods of time
This application requires accurate and reproducible measure-(i-€- yearsto accurately track disease progression. Moreover,
ment of retinal nerve fiber laydRNFL) for multiple patient ~ @dvanced imaging modalities, such as full 3-D maps of the
visits over an extended period of time. Clinical OCT instru- '€tina, are susceptible to eye motion artifacts because of the
ments have been shofvto produce highly accurate maps of ~duration of the scareven for spectral domain OGTOCT is
RNFL. therefore ideally suited for application of a retinal tracking

Although the image orientation for OCT differs from other ~technique. N
types of retinal diagnostic techniques such as flash fundus e modified and tested a commercial clinical OCT system
photography and scanning laser ophthalmosd&ho), OCT to |n.c.lud(.e an active, hardware-basedl retinal tracker for image
is limited by the same physical parameters as other imaging §tab|I|z§t|on. The new experimental instrument, called track-
types. For example, OCT and SLO both use focused coherent"d Optical coherence tomograpliyOCT), uses a laser beam
light and are therefore restricted by ANSI standards to certain dithéred on common fundus features and phase sensitive de-

radiant exposure levels delivered to the eye. To collect pho- €ction to track eye motiof This type of retinal tracker is
distinguished from other eye trackers in both target and speed.

fCurrent Address: University of Pittsburgh School of Medicine, The Eye and Ear
Institute, Suite 816, 203 Lothrop Street. Pittsburgh, Pennsylvania 15213. 1083-3668/2005/$22.00 © 2005 SPIE
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Fig. 1 Photograph of TOCT system: (a) clinical prototype (tracking Mirrorsg beamsplitter gtClei?\Zamrrors
optics enclosed on left) and (b) with tracking optics exposed. SL

Ri

Most eye trackers target the anterior segment, such as those

active trackers that use Purkinje reflections from the cornea. oL

To register frames, other eye trackers use a passive software-

based image processing approach, limited by camera frame  Tracking Beam '

rate. The retinal tracking system operates with a closed-loop ~ ©°" &%t OCT Beam on Retina

bandwidth in excess of 1 kHz, which thereby renders OCT TSNV S

scans insensitive to all rotationédut not torsional eye mo- A

tiOI.’]. This pgpe_r describes the TOCT, clinical trials to charac- Fig. 2 Tracking portion of TOCT system: SL, scan lens; OL, opthalmo-
terize tracking improvement, and software developed to ana-scopic lens; R, , retinal conjugate; and P;, pupil conjugate.

lyze clinical results.

2 TOCT System Overview

The experimental TOCT is comprised of a hardware-based, for the maximum tracking range without vignetting by the
active retinal tracker incorporated into a clinical OCT Il in- pupil and maintains nearly equal angular magnification for the
strument, manufactured by CZMI. A picture of the optical x andy tracking mirrors.
head of the TOCT instrument is shown in Fig. 1. The retinal Due to the high longitudinal magnification of the scanning
tracking software user interface, written in LabVIEWMa- optics path, the scanning mirrors were placed very close to-
tional Instruments Ing¢, was run on a separate computer from gether at the eye pupil plane conjugate. This design provides a
the OCT system. The computer also housed a real-time digitalfairly simple and reliable interface to the eye, with an oph-
acquisition processdiDAP, Microstar Laboratories Incand thalmoscopic objective that provides the required field of
an analog framegrabbéNational Instruments Ing. Several view (~30 deg at the retina. The placement of the OCT
instrumentation boxes contained detection, signal processing,scanning mirrors and dither scanners very near the pupillary
and power supply electronics for the retinal tracker. conjugate ensures that OCT and tracking beams will pass
Figure 2 is an illustration of the tracking portion of the through the cornea at the full scan angle range without vi-
TOCT system. A complete description of the principle of op- gnetting by the pupil.
eration of the retinal tracker can be found elsewtiéferhe The fundus viewing path of the OCT Il uses another di-
retinal tracking system consists of a confocal reflectometer, a chroic beamsplitter to separate the visible illumination wave-
pair of resonant scanners, and a pair of galvanometer-drivenlengths(<800 nm) from the OCT band. The coating of the
tracking mirrors. The OCT scan is produced with a second fundus viewing beamsplitter was designed for efficient reflec-
pair of galvanometer-driven mirrors. The tracking beam is tion of the OCT beam. Since the tracking beam must also be
dithered on a retinal target with the resonant scanners and theefficiently turned by this beamsplitter, a 2-mitypically ~25
reflectance signal from that target is used to control the posi- uW at the cornep narrowband 860-nm vertical-cavity
tion of tracking mirrors, through which both the tracking and surface-emittingVCSEL) laser diodg(Lasermate Corp.was
OCT beams pass. The pupil of the eye is imaged between theused to fulfill the beam wavelength separation requirement of
two dither scanner mirrors. The tracking and OCT beams are the first dichroic beamsplitter. The transmit and receive ports
combined by transmission through and reflection off a di- of the tracker reflectometer were coupled to the VCSEL
chroic beamsplitter. This arrangement, which requires no lesssource and an avalanche photodiode dete@tamamatsu
than 20 nm of separation between the edg&/HM) of the Inc.) via multimode fibers with a range of core sizes to control
near-IR OCT spectrurfcentered at 820 nm with a bandwidth  tracking beam size. A 10@im-diam core fiber was used in the
of 25 nm and tracking beam wavelengtB60 nn) and the clinical trials for tracking on the optic nerve head, which pro-
sharpest possible filter cut-on at 850 nm, eliminates the neces-duced a~350-um beam diameter at the retina. Smaller fibers
sity for reimaging of the tracking beam. The result is the that produce a smaller tracker beam diameter may be more
ability to aim the OCT beam and tracking beam independently appropriate for tracking other retinal targets such as blood
of each other. The tracking mirrors were placed as close asvessel junctions. To eliminate possible tracking interference
possible to the conjugate to the center of rotation of the eye. from the OCT beam itself, an 860-nm, 10-nm FWHM band-
This placement provides simultaneous partial pupil tracking pass filter was used in front of the detector.
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Table 1 Scan type (corresponding to Fig. 3) and number for each
subject visit in the clinical protocol.

centered either on the optic disc or the foy€#s. 3b) and
3(c)]. The scan length of the radial scan is 5.9 mm or 20 deg

and the nominal transverse resolution is . The radial

Figure  Trials n®  Scan Type Pixel (um) Target NP scan is used to generate a map of a large region of the macula

or disc for measurement of RNFL or retinal thickness or disc
3(a) 1 20 Circle 109 Optic disc 40 parametergdisc rim, disc area, cup area, gtc

A total of 11 subjects with normal healthy eyes and 11
3(b) 3 6 Radidl 59 Opic disc 36 subjects with gIaucorJ'natous eyes were scann()a/d isrll the full pro-
3(c) 3 6 Radial 59 Fovea 36 tocol. Glaucomatous eyes had visual field glaucoma hemifield
ol . test outside normal limits and/or nerve fiber layer defect on
otfa

stereo biomicroscopy. For all subjects, refractive error was
between—7.0 and +3.0 diopters and best-corrected visual
acuity was 20/40 or better. Two subjects had intraocular
lenses(IOL) and one subject had a grade 1 cataract. Women
) ) comprised 45% and minoritigg\sian American and African
_ Although the optical paths of the OCT and retinal _tracker American comprised 14% of the study group. The median
instruments were com.blned, the ;oftvv_are and user 'nterfaceage(range for the normal group was 3@6 to 58 and for the
for both systems remained essentlally_lndepende_nt of one an-glaucoma group was 7(42 to 85. In addition, two normal
other. CZMI softwarg controlled, acquired, and displayed tr_\e subjects partially completed the full protodsingle complete
OCT scans. The retinal tracker control software and user in- yisits) and four more were scanned to test tracking fidelity. Of
terface Jere similar to other implementations of retinal he 28 scanned, only 1 was disqualified from participation due
tracking” " The TOCT functioned quite robustly even though 4 5 congdition that affected tracking. This condition, known as
the two systems were functionally independent. spontaneous venous pulsation, which causes vessels within
the optic nerve head to collapse when the intraocular pressure
3 Clinical Trial Protocol and Procedure exceeds the venous pressure during the cardiac cycle, caused
The clinical protocol called for a series of OCT scans to be @ modulation in the reflectance with heart rate from the vessel
collected both with and without the retinal tracker engaged on that lay over the lamina cribrosa. Although this modulation
three visits to the clinic. Two groups of subjects were re- did not prevent the system from tracking, the tracking position
cruited, one with normal, healthy eyes and one with glauco- shifted during the cardiac cycle. Three glaucoma subjects also
matous eyes. The normal subjects were recruited from New exhibited multiple tracking loci within the lamina cribrosa.
England Medical CentefNEMC) and Physical Sciences Inc.  Although tracking was robust on individual loci, this charac-
staff. The glaucoma subjects were recruited from the patient teristic of lamina cribrosa for a fraction of patients led to
population of NEMC. All subjects gave written informed con-  €rrors when tracking was initiated on different loci within the
sent, which was approved by the NEMC Institutional Review Same scan set. Subjects with multiple tracking loci were in-
Board (IRB) prior to the study. The tracking feature for all cluded in the analysis despite the occurrence of operator
scans was the lamina cribrosa, a bright layer within the optic errors.
nerve head. The lamina cribrosa is generally a stable, robust
feature with characteristics suitable for tracking. The se- .
quence of OCT scans used in this protocol for each visit is 4 Analysis Methods
listed in Table 1. For each type of scan, the order of scans The goal of the clinical protocol was to measure, both quali-
acquired with and without tracking was randomized. Figure 3 tatively and quantitatively, the transverse image registration
illustrates the scan types listed in Table 1. The scan length achieved by TOCT compared to that achieved by the unaided
(circumferencg of the peripapillary scafiFig. 3@] is 10.85 subject who is asked to fixate. The amplitude of involuntary
mm, corresponding to a nominal angular diameter of 12 deg microsaccades for a good fixator is approximately 0.3 deg. If
and a nominal transverse resolution of 108r& (100 pixels. drift and other types of fixational eye motion are also consid-
The peripapillary scan is generally used to measure retinal ered, a reasonable estimate for the amplitude of eye motion
nerve fiber layefRNFL) thickness around the optic disc to while a healthy subject fixates is0.5 deg(~150 um). For
screen for or monitor subjects with glaucoma. The radial scan peripapillary and radial OCT scans, respectively, this corre-
set consists of six scans successively rotated by 30 deg andsponds to approximately 1.4 and 2.5 transverse pixels. Since
reproducibility in scan-to-scan registration is the ultimate
measure of success, the appearance and position variance of
landmarks in coadded images was the primary analysis end-
point. Image coaddition is defined in this paper as the additive
accumulation of a set of aligned OCT or fundus images. Av-
eraging is generally used to increase SNR, since decorrelated
noise varies inversely with the square root of the number of
measurements. Speckle is not random noise, nor is it deter-

@ Number of scans in each set.

b Total number of scans in all sets (tracking and nontracking).

Fig. 3 Fundus images illustrating OCT scan types used in this clinical
trial: (a) peripapillary scan (single fundus image), (b) disc radial scan,
and (c) fovea radial scan. Fundus images of radial scans were created
by coadding six individual images while the tracker was engaged (nor-
mal subject 10, OD).
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mined by an intrinsic reflectance property of tissue. From the
standpoint of imaging, it can be regarded as an image noise
source. Speckle in OCT images of biological tissue, which
arises from interference of the fraction of cellular constituents
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that are in relative motion, should be reduced by up to the by registration of all fundus images in a set to the position of
square root of the number of measurements. Comparison ofthe OCT beam. If the eye moves with respect to the OCT
qualitative improvement in coadded OCT images can be ac- scan, features will appear blurry in the coadded fundus image.
complished by observation of the sharpness of fine structureslf the eye is made stationary with respect to the OCT scan,
and layers within the retina. One type of fine structure that is fundus features will appear sharp.
readily apparent in the coadded cross-sectional images is For both peripapillary and radial scans, the algorithm pre-
blood vessels, which leave a shadow in the regions below cisely locates the center of the OCT scan in the single fundus
them due to the relatively high extinction by blood at these images, translates each image to align the OCT scan center to
wavelengths. a common point, and coadds all of the images in a set. The
Although the accuracy of the tracking system was found to accuracy of the algorithm can be seen by comparison of the
be <0.05 deg(~15 um) in other implementations of retinal  sharpness of the OCT beam in the coadded fundus image to
tracking (TSLO), the analysis of OCT images from this pro- the sharpness in a single fundus image. In other words, if
tocol is not expected to yield similar results because the trans-there is any blur in the OCT beaitor in the worse case
verse scan resolution for the OCT Il platform is much larger. scenario, multiple OCT beamshen it is clear that the algo-
The tracking accuracy measured from OCT scans will there- rithm failed. However, the sharpness of the OCT beam did
fore scale with transverse image resolution until the image vary from person to person because of the variance in fundus
resolution is better than the ultimate noise-limited perfor- reflectivity, because many subjects had poor ocular optics that
mance of the tracking system. did not allow clear visualization of the fundus, and because
The analysis software built into the OCT system provides the OCT beam was often inadvertently not correctly focused.
quantitative information on retinal and RNFL thickness, but
does not include a suitable algorithm to measure the improve-4.2 OCT Scan Registration Software
ment due to retinal tracking. Because the gradients of the Commercial OCT analysis software generally contains an al-
horizontal retinal layers are shallow, even in subjects with gorithm for z axis registration. This algorithm is able to re-
glaucoma, thickness measurement of these layers is less senmove depth motion since OCT scans are, by design, acquired
sitive to motion than retinal structures with small transverse with high depth resolution such that the fast scan axis izthe
dimensions(e.g., blood vessels Thus, the appearance of axis (10-ms total depth scan duratjoriTherefore, the time
some features of the coadded scans for tracking and nontrackduration between adjacent transverse pixels is longer than for
ing is quite similar because the layer thickness does not other video rate en-face imaging techniqges)., SLQ. SLO
change rapidly in the retinal plane. Therefore, we developed ainstruments, with an image duration of 33 ms but an ex-
library of software routineswith simple graphical user inter-  tremely long confocal range gate in the eye, are susceptible to
faces, GUIgin LabVIEW g-programming languag@lational transverse motion since depth information is essentially unre-
Instruments Ing. specifically designed to automate the pro- solved. Conversely, OCT instruments have extremely high
cess by which qualitative and quantitative measures of the depth resolutior(i.e., 8 to 15um for OCT Il). Depth motion
improvement due to tracking are collected from the large data js uncompensated by the transverse tracking system and must
set of each subject. The software includes the following over- be corrected in all the OCT images. Although the OCT I
all functions: (1) an alignment algorithm was written to reg-  alignment software corrects for depth motion in single OCT
ister and coadd fundus images for an en face view of the images, alternate scan alignment software was developed to
retinal region scanned?) a z axis alignment algorithm cre-  coalign multiple sets of OCT images.
ated for use on all sets of OCT scans to be registered and The z axis alignment algorithm was developed to align a
coadded; and3) an edge position measurement algorithm, weighted mean contour estimate to preserve real surface
created to provide a measure of the variance of the position of height information to the extent possible. This algorithm lo-
a landmark edge in a set of individual scans. These functionscates a feature or layer in every depth scan and aligns to the
are discussed in detail in the following sections. In addition to samez location all the depth scans from a set of OCT images
these algorithms, the software library included functionality to to be coadded. The layers are located by different edge detec-
read, write, and resize OCT and fundus images, stretch andtion algorithms. The edge detection algorithms were required
equalize all images, sort and display OCT and fundus imagesto work equally well for every depth scan through different
within various data sets, remove poor quality images or those portions of the retina. For radial scans through the disc, the
collected in error, set analysis parameters from dialog boxesretinal or optic disc edge is easily located simply by finding

from the GUI front panel, and save analysis data. the first pixel above a threshold as the pixel indeg., loca-
] ) tion in depth is increased. Since the vitreous is transparent,
4.1 Fundus Image Registration Software there is a large sharp increase in pixel intensity at the inner

For each OCT scan collected, a fundus image is also savedlimiting membrang(i.e., vitreoretinal interface, the inner lim-
Since the design of the OCT Il instrument was optimized for iting membrane is not resolved with OCTA median filter is
retinal cross-sectional rather than direct fundes-face im- applied to the retinal edge to remove any errors that arise
aging, the quality of the fundus images is not intended to be from spurious signals or pixel noise. The median filter rank is
as good as other types of ophthalmic imaging technologies kept as small as possibledefault rank=3) to preserve edges
(i.e., SLO. However, the fundus images show sufficiently and depth motion(subsequently corrected forThis simple
good detail of retinal features to provide useful qualitative method was extremely robust—very few errors inherent to the
information on tracking accuracy and reproducibility. There- algorithm (choice of threshold or median filter raniesulted
fore, a software program was devised and developed toduring analysis of hundreds of OCT imadesd thousands of
coalign sets of fundus images. The software algorithm works depth scansfrom the study group even though the same pa-
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rameters were used for every patient. False edges were rarenotion artifacts can be removed while anatomical contours
because the OCT reflectance gradient at the inner limiting are maintained. In practice, some small amount of residual
membrane, which depended to a large extent upon the fixeddepth motion could remain in the OCT image, particularly if
OCT beam power, was fairly constant. the number of images coadded was small. Once the depth
For radial scans through the fovea, the described thresholdscans are shifted, the OCT images are coadded.
algorithm is inappropriate because at the fovea, the OCT sig- The final step in the OCT scan registration software is to
nal is often extremely weak and thus the retinal edge not flatten the final coadded OCT image. The procedure shifted
easily located. Therefore an algorithm was developed to lo- the RPE edge in each depth scan of the coadded OCT image
cate the strongly backscattering retinal pigment epithelium to a fixed position. Flattening the RPE edge rather than the
(RPE edge. The target edge here is between the photorecep-etinal edge preserves topographical information of the retinal
tors, which have extremely low pixel intensity, and the second surface. This last step is optional for the peripapillary and
major bright layer in the OCT image caused by the RPE and fovea radial scan§t may aid in visualization of some struc-
highly vascular choriocapillaris. Since the thickness and tures within the retina but may distort the actual retinal cur-
brightness of every individual's anterior retinal lay¢RNFL vature but was not used for the disc radial scans, because the
to the photoreceptorss variable, the region to threshold is disc lacks an RPE layer.
unknown. However, since this region has the largest gradient,
standard edge detection and correlation algorithms used for4.3  Edge Position Measurement Software
image processing can be employed. The algorithm imple- The analysis algorithms in the preceding sections will result
mented first applies a median filter to every depth scan, takesin the creation of coadded OCT images for qualitative com-
the derivative to locate sharp gradients, and uses a peak deparison. To establish a quantitative measure of tracking accu-
tection algorithm to find the two largest gradients. The rank of racy and reproducibility, the variance of the location of image
the median filter can be made large to minimize false peaks landmarks with sharp gradients must be measured. In the ra-
(default rank=7), as the rank will have only minimal effect  dial disc scans, the edge of the disc is a clear and appropriate
over the location of the final peak. Absent excessive noise, thelandmark. In the macular radial scans, the foveal pit is also a
derivative peaks result from the inner limiting membrane and potential landmark. However, as already discussed, the bot-
the RPE/choriocapillaris where the change in pixel intensity is tom edge of the foveal pit is difficult to locate since it is
largest. The second peak is the target for this algorithm. Fi- absent the overlying layef®NFL to outer nuclear laygrof
nally, a median filter with low ranKdefault rank=3) is ap- the peripheral retina and the photoreceptors have extremely
plied to remove any errors in the edge/peak detection algo- weak back-reflectance. In the circular disc scan, there are no
rithms. This algorithm was also very robust with very few clear landmarks to measure transverse position variance. In all
errors in the hundreds of OCT images analyzed. scans, blood vessel shadows are potential markers but may
Although the second algorithm worked well for radial not have sufficient contrast in the individual OCT images to
scans through the fovea, it will not work for radial scans compare. In general, the retinal and choroidal layers do not
through the disc since there is no second edge correspondinthave a sharp enough gradient to make a meaningful measure-
to the RPE. Therefore, two different edge detection algo- ment. Because of these difficulties, we report only on mea-
rithms were necessary. The edge detection algorithms alsosurements made on the relative location of the edge of the
performed better than other types of correlation algorithms. optic nerve head acquired with radial OCT scans. Future
For the peripapillary scans, both algorithms worked reason- analysis may focus on extraction of quantitative information
able well. In general, the retinal edge algorithm worked better, from the other types of scans.
although for subjects with a thin RNFL thickness in this scan After retinal edge detection but prior to depth scan regis-
region i.e., glaucoma patientsthe RPE edge algorithm fre-  tration, the full width half maximum(FWHM) of both the
quently worked better. right and left edges was found. The algorithm finds the base-
The next step is to align multiple OCT images so that they line, the maximum, and the index that corresponds to the
can be coadded. After the ed@etinal or RPE of each OCT ~ FWHM point. It was important to perform the measurement
image is located, a weighting facteris calculated. This fac-  prior to alignment as the reregistration process could mask
tor is derived from the fact that depth motion is proportional transverse motion if there were spikes in the shift of indi-
to the total length of an edge or interfa@eg., inner limiting  vidual scans because of movement of the edges. Thus, the
membrang Therefore, the weight was calculated as the in- analysis was performed on essentially raw data and unfortu-
verse of the total edge lengtimean-squared distance calcu- nately was susceptible to errors caused by depth motion. It
lation). For a set ofn OCT images, the mean shift, as a  was also important to include both edges of the optic nerve
function of transverse positiox is then calculated from head. Since eye movement is possible in every transverse di-
rection, the vector component of motion normal to the OCT
n scan plane will cause out-of-plane errors and a change in the
Ei:OWiLi(X) f th . R .
pu(x)=——"1—, area of the optic dl_sc cup during sacc_ades. Thereforc_e, the
PIHEAIT? measured left and right edges of the disc cup may shift by
different amounts for a nonsymmetrical cup.
wherelL is the depth of the retinal or RPE edge as a function To facilitate accurate measurement of baseline and hence
of transverse position. Thus, every depth scan in the set ofdisc cup edge, a flattening algorithm was implemer(tit
OCT images is shifted to a location that corresponds to the ferent from the final flattening of the coadded OCT images
weighted mean of the set. In principle, by using a weighted described in Sec. 42The algorithm measures the slope of
mean of the location of the edge for several individual scans, the left and right baseline regions that do not include the disc
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cup (i.e., usually omitting the central 40 pix@lsind shifts the
scan(in the opposite directionby the pixel value calculated
from the slope. Since the region where the optic nerve head is
located is omitted, no artifact is introduced to the edge loca-
tion from the flattening. The software was written to ensure
that no discontinuities were introduced in the retinal edge
from the flattening. In addition to the disc cup edges, the disc
cup and foveal pit area were also measured by the software
using discrete integration.

5 Results
5.1 Peripapillary Scans

The average fundus images with and without tracking for
each visit of each subject were compared after application of _. ) o anill ’ | subject: (@) singl
the registration software detailed in Sec. 4.1. For two subjects ggC'T4 Representative peripapillary scans for normal subject: (@) single

) e al scan, (b) coadded OCT scan with tracking engaged, (c) coadded
with poor ocular transmissivitythree visit3, the OCT scan OCT scan with tracking disengaged, (d) fundus image corresponding
was not intense enough or the quality of the fundus images to OCT scan in (a), (e) coadded fundus image corresponding to OCT
did not support registration. Approximately 20 images were image in (b), and (f) coadded fundus image corresponding to OCT
coadded to produce the final average fundus image for theimage in (c). Scale bar for all images is 0.5 mm. (Normal subject 5,
peripapillary scan type. A qualitative improvemésharpness S); T, temporal; S, superior; N, nasal; I, inferior.
of edges along vessels and the optics }digas found in 94
and 82% of the total visits for normal and glaucoma subjects, 52 Di .

. > . . isc Radial Scans
respectively. Of the visits where no improvement was seen, R ]
evaluation of the original fundus images suggested that focusor the peripapillary scans, a large number of consecutive
and alignment were not properly optimized, resulting in a lack images could be coadded and compared. For the radial scans
of sharp edges and insufficient fundus illumination because of (disc and maculg each set took several minutes and therefore
vignetting by the pupil. Therefore, the averaged fundus im- only th_ree each with and \_Nlthout_tracklng were acquired. T_he
ages do not give a final measure of tracking improvement but "eéduction of speckle and image improvement due to tracking
merely indicate those fundus images where clear improve- IS therefore less easily distinguishable in the three scan aver-
ment occurred. age. For this and other reasons, objective comparison of av-
The average OCT peripapillary scans were similarly com- €raged images for the radial scauissc and maculawas de-

pared after application of the registration and coaddition soft- ferred. This analysis may eventually be performed to provide
ware detailed in Sec. 4.2. For the OCT images, the qualitative further characterl_zatlon of any improvement that may be
criteria for improvement due to eye motion stabilization were 9léaned from the images. _ _ _
the number and width of blood vessel shadow edges, and the Registration and edge analysis were applied to the disc
clarity of clearly identifiable features such as distinct retinal 'adial scans as discussed in Secs. 4.2 and 4.3. Figure 6 shows
and subretinal layers. For example, the most posterior layer "éPresentative averaged OCT and fundus images for a normal
visible in OCT images is the choriocapillaris due to decreased Subject with and without tracking. The measured SNR for the
signal caused by absorption and scattering from overlying coadded OCT images shown in Fig. 6 was 1.6 times greater
structures. The degree to which these struct(ressels, etg.  than that for a single OCT image from the same set. Figure 7
can be visualized within this layer depends on the ability to Plots the results of the edge detection algorithm. The motion
stabilize eye motion. Improvement in OCT images taken with 1S clear in Fig. Ta). Also note the change in the shape of the
tracking compared to without tracking was found in 100 and
94% of the total visits for normal and glaucoma subjects,
respectively. Figures 4 and 5 present representative results
from one normal and one glaucoma subject. Note the signifi-
cant reduction of speckle in the averaged OCT imd&égs.
4(b) and 4c) and 3b) and Hc)]. The measured image SNR
for the coadded OCT images in Figs. 4 and 5 is 2.8 and 3.5
times greater than the single OCT images from the same set,
respectively. The increase in SNR was nearly the same for
tracking and nontracking sets. This implies that the large de-
gree of speckle decorrelation between scaver many sec-
onds at leastis an intrinsic property of the OCT signal in
each voxel. Also note the blurred retinal features in the coad-
ded fundus images acquired without tracking engddeds.
4(f) and §f)]. Conversely, the coadded fundus images ac-
quired with tracking engagelfigs. 4e) and He)] retain al-
most all of the clarity of the retinal features of the single Fig. 5 Representative peripapillary scans for glaucoma subject. Im-
fundus imagdFigs. 4d) and 5d)]. ages arranged as in Fig. 4. (Glaucoma subject 11, OD.)
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Table 2 Disc edge statistics for normal subjects analyzed from indi-
vidual visits (see text for a description).

Tovg NT,, T<NT T<RP NT<RP

Subject  Age  (pixel) (pixeﬁ (%) (%) (%)

1 26 0.98 1.46 0.50 0.89 0.69

2 47 1.32 3.25 0.75 0.81 0.44

3 33 0.50 1.65 0.81 1.00 0.72

4 39 0.65 2.05 0.81 0.94 0.58

Fig. 6 Representative disc radial scan (1 of 6 in a set): (a) coadded 5 34 0.50 1.87 0.92 1.00 0.75

OCT scan with tracking disengaged, (b) coadded OCT scan with 6 50 0.85 1.52 0.78 0.94 0.64

tracking engaged, (c) coadded fundus image corresponding to OCT 7 58 0.70 2.13 0.88 1.00 0.63

scan in (a), and (d) coadded fundus image corresponding to OCT scan 8 34 0.64 2.27 0.92 0.97 0.39

in (b). (Glaucoma subject 5, OS.) 9 50 0.74 2.37 1.00 1.00 0.45

10 54 0.63 1.48 0.79 1.00 0.79

. . 11 39 0.63 2.58 0.94 1.00 0.44

d|sc_cup for_ run 3_—the lack of the flat trough seen in the other Total 300 0.76 207 0.82 0.95 0.50

profiles. This indicates an out-of-plane error, where large eye - ed

eaian age.

motion 90 deg to the direction of the OCT scan occurs.
Tables 2 and 3 list the results of the disc cup edge position ° The threshold R=2 pixels.

analysis for normal and glaucoma subjects. The third and

fourth columns refer to the mean variantandard devia-

tion) in edge position for all sets of all visithoth left and sixth and seventh columns are the percentage of individual

right edge for the tracking(T) and nontrackingNT) trials. sets where the tracking standard deviation is less than a fixed

The standard deviation of each set of three scans was calcuthresholdR of 2 pixels.

lated, and then all scar(se., different radial anglesfor all

v?s?ts were _averagedn:18_ for six r_adial angles_ and three 53 Aacula Radial Scans

visits, tracking or nontracking The fifth column is the per-

centage of individual sets where the tracking standard devia-

tion was less than the nontracking standard deviation. The

Edge position analysis was also performed on the OCT scans
collected from the foveal pit of each subject. However, since

the signal is decreased in the fovea, the retinal edge is ex-
tremely difficult to measure regardless of the processing tech-

0 . . . : nique used. Therefore, a quantitative and automated analysis
(a) 3 could not be completed for the macular scans because of the
: : : ‘ large number of software errors from retinal edge misidenti-
100 = fication. Figures 8 and 9 show data collected on a glaucoma
subject that had high enough brightness in the fovea to allow
= 200 registration and measurement of retinal edge. The measured
5 SNR for the coadded OCT images shown in Fig. 8 was 1.5
> 300 times greater than that for a single OCT image from the same
set.
400
: : : : Table 3 Disc edge statistics for glaucoma subjects analyzed from
0 ; ; ; ; individual visits.
(b) :
100 b - ; T NT,, T<NT  T<R NT<R
Tt : Subject Age  [pixel) (pixeﬁ (%) (%) (%)
= 200 1 42 0.81 2.24 0.83 0.97 0.56
=3 : 2 74 1.12 1.78 0.81 0.81 0.61
- 300l - - : 3 85 1.82 3.2 0.77 0.66 0.31
4 70 1.03 3.24 0.64 0.92 0.25
- 5 57 0.51 2.00 0.96 0.96 0.58
400 : 6 77 0.96 1.71 0.75 0.92 0.67
: 7 68 1.04 207 0.82 0.85 0.58
500 ; 8 55 1.07 174 071 086 0.7
0 20 40 60 80 100 9 70 1.91 2.48 0.67 0.78 0.47
x [pixel] 10 75 117 2.54 0.79 0.85 0.39
Fig. 7 Retinal edees for individual dqt e o Fi 11 63 0.75 1.66 0.81 0.92 0.69
18. etinal edges Tor individual sCans used to create Images in rig. TOTCI' 70 .|.|3 225 077 086 053

6: tracker (a) disengaged and (b) engaged.
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Table 4 Disc edge statistics for normal subjects analyzed from mul-

tiple visits.

Tae NT,, T<NT T<R NT<R

Subject Number of Visits  (pixel) (pixeig] (%) (%) (%)
1 2 1.09 272 083 092 0.33
2 2 1.48 267 083 075 0.50
3 3 075 3.09 100 1.00 0.17

4 — — — _ — —

Fig. 8 R ive f dial | d as in Fig. 6 > N i o » - N
(Cl;glliucorer-]greszebr}teagtlv1eo o(v)esa) radial scan. mages arrange as in Ig. . é 3 -IS-I -I 99 067 075 067
’ 7 2 0.88 295 1.00 1.00 0.08
8 3 .11 3.07 1.00 1.00 0.08
9 2 099 3.16 1.00 1.00 0.08
5.4 Comparison of Scans from Multiple Visits 10 2 078 1.89 1.00 092 0.58
One of the significant improvements expected from TOCT is 11 3 117311 1.00 1.00 0.08
the ability to measure the same retinal location every time a _Total 108 274 093 093 029

patient is examined to monitor longitudinal progression of a
disease or defect. To test the hypothesis that tracking im-
proved the ability of the technician to return to a fixed retinal tion calculated across visits. In other words, the standard de-
position, the variance in disc cup edge position for multiple viation of nine scans was calculated and then all scans for
visits was examined. For reasons related to platform integra- each radial angle were averag@t=06).

tion, there were difficulties in comparing every visit of every

subject that had nothing to do with tracking fidelity. The in- ¢ Discussion

tervisit results for normal and glaucoma subjects are listed in

Tables 4 and 5 and displayed in Fig. 10 for one normal sub-

ject. Tables 4 and 5 are arranged in a manner similar to Tables
2 and 3. However, the values in the third and fourth columns

refer to the mean variangstandard deviationin edge posi-

To summarize results, robust, continuous, repeatable, and
clinically useful tracking on the lamina cribrosa was achieved
in 96% of subjects tested in the clinical protocol. Examination
of coadded peripapillary OCT images found an improvement
in 100 and 94% of the images for normal and glaucoma sub-
jects. Analysis of the mean variation in disc edge position
found an improvement in every subject. The variation in in-

175 . R . ] dividual sets found an improvement in 82 and 77% of intra-
: 3 : : 1 visit sets and a reduction in standard deviation from greater
: than 2(~120 um) to approximately 1 pixe[~60 um) for
200 normal and glaucoma subjects. Similar analysis found an im-
provement in 93 and 94% of individual intervisit sets and a
E 225 variance reduction from nearly 8~180 um) to approxi-
5 mately 1 pixel(~60 wm) for normal and glaucoma subjects.
> 250 Neither IOLs nor media opacities adversely affected tracking
fidelity.
275 : : :
1 : : : Table 5 Disc edge statistics for glaucoma subjects analyzed from
(@ ‘ : : '
=‘ ; i i multiple visits.
175 ........... .......... .......... .......... ..........
Tag NT,. T<NT T<R NT<R
200} - Subject Number of Visits  (pixel) (pixef;] (%) (%) (%)
= ‘ : o~ 1 2 0.68 213 092 1.00 0.58
z — — — — — —
- - 3 — — — — — —
250 4 3 1.66 427 1.00 0.67 0.00
5 2 0.83 223 100 1.00 0.33
6 3 1.29 279 1.00 1.00 0.00
275 7 - - o - - -
8 2 1.18 285 092 0.83 0.33
9 3 283 331 0467 033 0.08
X [pixel] 10 2 095 329 1.00 0.92 0.00
Fis. 9 Retinal edges for individual d ) o Fi 11 3 095 232 100 092 033
18. etinal e ges Tor individual scans use to create Images In rig. TOTGI ]30 290 094 083 02]

8: tracker (a) disengaged and (b) engaged.
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sitions of fine scale features never shift. Further, compensa-
tion of transverse motion will enhance the performance of the
vertical alignment algorithm providing a better estimation of
true retinal profile.

Since only three radial scaitdisc cup and macujat any
angle were collected and coadded, the reduction of speckle is
not as dramatic in Figs. 6 and 8. In Figag the true shape of
the cup is distorted because of out-of-plane mot&ee later.

The disc cup edge in Figs.(® and Gc¢) is broadened and
blurred compared to Figs.(® and &d). Without tracking,
vertical alignment suffers somewhat from motion—tending to
make boundaries visibly fuzzier. In Fig(a, the foveal pit is
not visible and the retinal boundary in this region blurred.
Retinal layers visible on either side of the fougaore clearly

to the righy with tracking[Fig. 8b)] are completely washed

Fig. 10 Representative OCT scans for multiple visits: (a) single OCT

scan from one visit, (b) coadded OCT scan combined from three visits out in th_e nontracl_<ing cad€ig. 8(a)]. Tracking thus pr(_)vides

with tracker engaged, (c) coadded OCT scan combined from three a benefit by making low contrast boundary detection more
visits with tracker disengaged, (d) fundus image corresponding to OCT robust. But this benefit may not be resolvable with only three
scan in (a), (e) coadded fundus image corresponding to OCT image in scans. The effect lies within the standard deviation of the
(b), and (f) coadded fundus image corresponding to OCT image in (c). image noise statistics for so few scans, at least for good fix-

(Normal subject 3, OD.) ators. Figure 9 also illustrates one reason why extraction of

edge and area information from the foveal pit is more difficult
than that for the disc cup: because the pit area is much smaller

As already noted, the purpose of the peripapillary scans is and the edges more shalldnote the 5 reduction in scale of
to measure RNFL thickness for early diagnosis of glaucoma. Fig. 9 compared to Fig.)7 The other primary reason is that
Although preliminary analysis of RNFL thickness found no the OCT signal is reduced in the foveal pit because of the
improvement due to tracking, RNFL thickness may not be  absence of overlying layers that are more highly scattering
an appropriate measurement endpoint for the characterizationrand thus produce a clear demarcation of retinal edge.
of improvement due to tracking. This is because the effect of = The appearance of OCT images coadded from three visits
tracking may not be revealed within the typical RNFL stan- in Fig. 10 is similar to the images coadded from single visits
dard deviation(<10 um with ~120-um mean. As seen in in Figs. 4 and 5. Since this subje@tormal subject Bwas a
Figs. 4 and 5, the shallow gradients of these layers renderfairly good fixator and for the reasons discussed above, the
such measures less sensitive to transverse motion. This doeappearance of some layers is preserved in the nontracking
not mean that tracking is not effective in obtaining more ac- coadded OCT imaggFig. 10c)]. However, distinct layers of
curate RNFL metrics, and therefore potentially more sensitive both the retina and choroid are blurred in the nontracking
and specific glaucoma diagnosis. Rather it means that an im-OCT image where they are clear and sharp in the tracking
provement should be made in the methodology of standard OCT image[Fig. 10b)]. Moreover, the location of blood ves-
clinical RNFL measurements. For example, in other current sels, denoted by their shadows, are preserved and enhanced in
(e.g., Stratus OCjTand future systems, there is an improve- comparison to the single sc@lfig. 10(a)]. The effect of track-
ment in both transverse and axial image resolution. The im- ing as illustrated by the fundus imagésgs. 1@d) to 10(f)] is
proved resolution should inevitably yield higher precision val- clear.
ues for RNFL thickness. Also, as illustrated by Figs. 4 and 5, Before a full discussion of the quantitative analysis pre-
an increase in the number of coadded OCT images will sig- sented in Tables 2 to 5, one consideration of the method of
nificantly reduce speckle artifacts. A 5% change in RNFL is data analysis alluded to in Sec. 4.3 must be fully explained.
significant loss. Without tracking, the effect of motion is For many of the nontracking scans, eye motion with a large
masked by co-adding noisy scans. This constraint no longervector component normal to the OCT scan was large enough
exists with TOCT: boundaries will become better defined only to prohibit measurement of disc cup edge position. This large
by averaging because high image spatial frequencies are preout-of-plane motion is illustrated in Fig. 11. In Figs.(@land
served with tracking. 11(d), an appropriate scan through the center of the disc is

In Figs. 4 and 5, the overall appearance of the averagedmade. In the very next scan, Figs.(filland 11e), the motion
peripapillary scans with and without tracking is similar be- was large enough so that no portion of the disc was scanned.
cause the layer thickness does not change rapidly in the retinalFigures 11c) and 11f) show the coadded OCT and fundus
plane. However, with tracking the most significant improve- images from this set. Obviously, the edge position of the disc
ment is in resolving fine structure. Shadows of major retina cup cannot be measured for this large motion. Therefore, the
vessels and often the vessels themselves can be clearly seemntire set was thrown out. The effect of this is to make the
Note that considerably greater structure in the underlying cho- standard deviation in Tables 2 to 5 for the nontracking cases
roidal vessels is also evident. Further, there is a subtle en-artificially lower than is actually the case. Mild out-of-plane
hancement of the contrast at the outer boundary of the RNFL. motion is also illustrated in the retinal edge position in run 3
These features are easily understood because tracking causex Fig. 7(a).
successive images to align in the transverse directions to It is clear from the results of the disc cup edge analysis
much better precision than thel10-um pixel size. The po- presented in Tables 2 and 3, that there was a wide range of
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correlated to the physiological factors that determine involun-
tary eye motion amplitude, the tracking standard deviation is
limited by the image resolution. We expect that as the trans-
verse pixel resolution is decreased to the limit of tracking
accuracy, the variation in edge position will remain between
0.5 and 1 pixel for most subjects with tracking engaged, but
will increase to the pixel equivalent for the range of fixators
tested without tracking engagéfiom approximately 0.5 deg
or 150 um for the best fixatops

Although there is a slight difference in disc cup edge po-
sition standard deviation between normal and glaucoma sub-
jects, the degree to which this difference is significant is not
known. Most of the problems may be traced to factors unre-
lated to tracking. For example, some glaucoma subjects had

Fig. 11 Large out-of-plane motion, common only in the nontracking intraocular lense$lOLs) that caused a drastic degradation of
case, made coaddition of images and measurement of disc cup edge the OCT signal. Although this did not affect tracking robust-
impossible: (a) single OCT scan centered on disc, (b) single OCT scan - . - . -

with large position error, (c) coadded OCT image from three indi- ness, It. made extraction of mform.atlon from poor OCT im-
vidual scans including (a) and (b), (d) single fundus image correspond- ages difficult. There was also an increase in other problems
ing to OCT scan in (a), (e) single fundus image corresponding to OCT with the glaucoma group that were not related to the perfor-
scan in (b), and (f) coadded fundus image corresponding to OCT scan mance of the TOCT systele.g., subject attentiveness, gtc.

in (c). (Glaucoma subject 1, OD.) As mentioned previously, there were also several subjects in

the glaucoma group that had multiple tracking points within

the optic nerve disc. These patients require particular attention
fixators in both the normal and glaucoma groups. This can be from the operator. Many of these problems are inevitable in a
seen in the “NT avg” column, which displays the variation in  clinical environment. It is expected that in clinical testing with
disc cup edge under normal, non-tracking conditions. It higher resolution OCT instruments, the tracker would give
should be emphasized that the standard deviation calculationtransverse scan alignment absolutely equivalent to the normal
made in these tables is a measure of the variance and is dif-subjects—better than is possible for even the highest function-
ferent from the peak-to-peak amplitude of eye motion esti- ing fixators. It is under such circumstances that the clinical
mated in Sec. 4 to be 0.5 dég-150 um) or 2.5 pixels for value of TOCT will be most evident.
radial scans for a good fixator. The peak-to-peak amplitude  When the data are resorted to compare disc cup edge vari-
can be severali.e., 2 to 4 times larger than the standard ance between visitéTables 4 and j it is clear that tracking
deviation. Thus, a range from 1.46 to 3.25 for normal subjects improves the registration of OCT images from visit to visit.
and 1.66 to 3.24 for glaucoma subjects for the standard devia-An improvement in overall standard deviation was again seen
tion means a wide range of fixators were present in the in all subjects, with improvement in 93 and 94% of individual
sample, with the normal subjects slightly better fixators over- sets. This increased improvement results from the capability
all. of the tracking system to continually return the OCT imaging

Although the overall standard deviatidine., mean for all beam to the same pixel coordinates. Conversely, without

setg was reduced for all subjects when tracking was engaged, tracking, the operator is relied upon to locate the same disc
an improvement was found in only 82 and 77% of individual cup position from the fundus imagé~or macular scans, this
sets for normal and glaucoma subjects, respectively. Furtherdegradation from visit to visit may not be as profound because
examination of the data shows that the normal subjects thatthe OCT scan automatically goes through the center of the
had particularly low percentages were generally the best fix- fixation point, that is, the foveaThus, between visits with
ators(Table 2. For example, the three best fixatgssibjects tracking engaged, the disc cup edge position variation is less
1, 10, and 6 had three of the four worst percentages. This than a fixed threshol@® pixel9 the same percentage of time
leads to the obvious conclusion that tracking will be less use- as within visits(see “T<<R” columns in Tables 2 to b How-
ful for good fixators, subject to the transverse image resolu- ever, for the same fixed threshold with no tracking, the per-
tion. That is, if the amplitude of involuntary eye motion in a centage drops between visits compared to within visits
subject is lower than the pixel resolution of the imaging tech- (“NT<R” columns in Tables 4 and 5 compared to 2 and 3
nigue, then tracking can improve position accuracy only to the This is also seen in the large increase from approximately 2 to
size of an individual pixel. In current and future high- 3 in the total nontracking standard deviation. The slight in-
bandwidth OCT systems, the limiting factor may be tracking crease in tracking standard deviation probably results from the
accuracy rather than transverse pixel resolution. For example,accuracy of a calibration methdd=1 pixel), which was re-
the current CZMI Stratus OCT system uses 500 transversequired to align coordinate axes of the OCT and tracker com-

pixels, or an improvement of fivefold in resolution tel2 ponents of the TOCT. If tracking were fully integrated with
um, near the tracking accuracy found in other systgm5 OCT scanning, we would expect the tracking standard devia-
um for TSLO (Ref. 9]. tion to be identical within and between visits.

The limiting factor of transverse pixel resolution on track- Recently, a technology called spectral domain OCT

ing performance can also be seen in the overall reduction in (SDOCT) has been introduced for very high speed acquisition
standard deviation from tracking to nontracking. While the of OCT images. SDOCT uses a spectrometer and linear array
nontracking standard deviation in disc cup edge position is in the detector path rather than the traditional photodiode de-
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well-sampled transverse section. The speed of SDOCT makesReferences
individual transverse sections less susceptible to eye motion 1. C. A. Puliafito, M. R. Hee, J. S. Schuman, and J. G. Fujimoto, Eds.,

artifacts. However, SDOCT imaging will still benefit from
retinal tracking for several important applications. First, even
moderately sampled 3-D maps made up of multiple transverse
sections will require several seconds in the fastest SDOCT
systems. These maps may be difficult to construct without
some means of stabilization, and the full potential of SDOCT
may thus go unrealized. Second, retinal tracking improves the
ability to align the scan to the same retinal coordinates for

longitudinal studies to track disease progression. Although 4

postprocessing techniques can be used to align individual

scans to retinal landmarks with accuracy dependent on the g

fundus imaging technique, relocation to those coordinates for
subsequent scans would still be subject to fixational precision.
Third, as shown in this paper, retinal tracking enables a re-

duction in noise and speckle by coadding large numbers of ¢

transverse scans.

For this laboratory TOCT instrument, these results show a
clear and significant enhancement of scan position accuracy
and reproducibility for retinal tracking compared to fixation.

Fine structure not readily resolved in single scans can easily 7.

be seen in averaged images. In the coadded images acquired
without tracking, the finest scales are washed out—typically
over three or more image pixelsver 300um microns at 110
um/pixel, i.e., motion of~1 deg. This motion occurs both
laterally, and most problematically, in and out of the image

plane. This blurring and distortion is particularly clear with -

scans through the disc with steep vertical features, at the

fovea, and with circular scans with blood vessel and their 19

shadows. The precise shape of cup, disc, and rim area may be
degraded when this effect is large. In multiframe averages of
circular scans around the disc, disc radial scans, and macular.
scans, the reduction in speckle is significant, while the fine
structure is still clear. The vessel shadows line up perfectly in
all tracked images taken over the hour-long visit duration in

all subjects, boundaries are sharp, choroidal vessel structure ig?

evident. For nearly all subjects, the effect of tracking is to
make everyone a perfect fixator, regardless of age and eye
motion characteristics. The observed level of transverse scan
reproducibility appears to be consistent with the requirements
for potential acquisition of high-quality, long-duration com-
plex scan patternge.g., 3-D maps
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