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Abstract  

Clinical imaging within ophthalmology  has had transformative effects on ocular 

health over the last century. Imaging has guided clinicians in their pharmaceutical and 

surgical treatments of macular degeneration, glaucoma, cataracts and numerous other 

pathologies. Many of the imaging techniques currently used are photography based and 

are limited to imagin g the surface of ocular structures. This limitation forces clinicians to 

make assumptions about the underlying tissue which may reduce the efficacy of their 

diagnoses.  

Optical coherence tomography (OCT) is a non-invasive, non-ionizing imaging 

modality tha t has been widely adopted within the field of ophthalmology  in the last 15 

years. As an optical imaging technique, OCT utilizes low -coherence interferometry to 

produce micron -scale three-dimensional datasets of ÈɯÛÐÚÚÜÌɀÚɯÚÛÙÜÊÛÜÙÌȭɯ,ÜÊÏɯÖÍɯÛÏÌɯ

human body consists of tissues that significantly scatter and attenuate optical signals 

limiting the imaging depth of OCT in those tissues  to only 1-2mm. However, the ocular 

anterior segment is unique among human tissue in that it is primarily transparent or 

translucent. This allows for relatively deep imaging of tissue structure  with OCT and is 

no longer limited by the optical scattering properties of the tissue .  

This goal of this work is to develop methods utilizing OCT that offer the 

potential to reduce the assumptions made by clinicians in their evaluations of their 
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×ÈÛÐÌÕÛÚɀɯÖÊÜÓÈÙɯÈÕÛÌÙÐÖÙɯÚÌÎÔÌÕÛÚȭɯ6ÌɯÈÊÏÐÌÝÌËɯÛÏÐÚɯÉàɯÍÐÙÚÛɯËÌÝÌÓÖ×ÐÕÎɯÈɯÔÌÛÏÖËɯÛÖɯ

reduce the effects of patient motion during OCT volume acquisitions allowing for 

accurate, three dimensional measurements of corneal shape. Having accurate corneal 

shape measurements then allowed us to determine corneal spherical and astigmatic 

refractive contribution in a given individual . This was then validated in a clinical study 

that showed OCT better measured refractive change due to surgery than other clinical 

devices. Additionally, a method was developed to combine the clinical evaluation of the 

iridocorneal angle through gonioscopy with OCT.  
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1. Background and Clinical Significance  

1.1 Optical Coherence Tomography  

1.1.1 OCT Background and Theory  

Since its introduction over 20 years ago, optical coherence tomography (OCT) 

has become a robust imaging modality for micron -scale non-invasive imaging in 

biological and biomedical applications [1]. The capacity for real time non-contact in vivo 

imaging has fueled the investigation of this techn ique for applications in both anterior 

and posterior segment imaging in ophthalmology [2, 3]. The technology was first 

commercialized (by Humphrey Instruments, now Carl Zeiss Meditec, Inc.) and has 

reached significant ophthalmology market penetration in the U.S., Europe, and Japan. 

The first-generation OCT systems used time-domain OCT (TDOCT) in various optical 

geometries. They were successful in supporting biological and medical applications 

including all initial in vivo human clinical trials of OCT.  

 

Figure 1: High -resolution B -Scan of retinal structures  
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Within the past decade, however, an alternate approach to data collection in OCT 

has been shown to have dramatic advantages in increased system robustness, data 

acquisition, stability and signal -to-noise ratio (SNR)[4]. The use of the Fourier domain 

involves acquiring as a function of optical wavenumber, the interferometric signal 

generated by mixing sample light with reference light at a fixed group delay. Within 

Fourier-domain OCT (FDOCT) two distin ct methods have been developed. Spectral-

domain OCT (SDOCT), uses a broadband light source, such as a superluminescent diode 

(SLED) or a femtosecond laser, and achieves spectral discrimination through the use of a 

dispersive spectrometer and high speed line scan camera as the detector[5-7]. An 

example retinal SDOCT image can be seen in Figure 1 [8]. SDOCT uses a fixed reference 

mirror unlike TDOCT which samples depth through the use of an axially scanning 

reference reflector. Reflectors in the sample arm will appear as frequency modulations 

on the spectrum. The governing equation for SDOCT is:  

[ ]

ä

ä
D

+D+=

)*cos(*)()(...

)*cos(*)(*)()(

21 ssss

rssrr

zkzRzR

zkzRRRkSkI
 [Eq. 1] 

S(k) is the spectrum of the source as a function of wavenumber , Rr and Rs are the 

reflectance from the reference and sample arms, respectively, Dzss is the distance 

between reflectors in the sample, and Dzrs is the optical path length difference between a 

reflector in the sample arm and the fixed reference reflector. The equation can be broken 
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in to three parts: the first is the DC term (S(k)* Rr ), the middle term is of interest as it 

contains the OCT interferometric term  as the cross-correlation of the signals, and the 

final term is the auto -correlation of two reflectors within the sample arm.  This signal is 

then Fourier transformed to retrieve depth-dependent reflectivity profiles of the sample. 

The second FDOCT technique, termed swept source OCT (SSOCT) or Optical 

Frequency-Domain Imaging (OFDI) encodes the wavenumber in time by rapidly tuning 

a narrowband source through a broad optical bandwid th [9, 10]. 

In FDOCT, a series of A-scans (individual depth profiles) may be laterally 

scanned to create a B-scan, or a depth slice.  A series of laterally scanned B-scans can be 

combined to create a volumetric dataset.  To determine the lateral resolution of a 

conventional, fiber -based OCT sample arm it is appropriate to treat the optical system as 

a reflection based scanning confocal microscope where the aperture of the single-mode 

fiber serves as the confocal pinhole. The diffraction limited, full width at half maximum 

(FWHM) resolution for confocal microscopes is  [11]: 

NA
x

0*37.0
l

d=  [Eq. 2]

 

Here, 0l is the center wavelength and NA is the numerical aperture of the 

focused beam. Unlike microscopy, however, lateral and axial resolutions in OCT are 

decoupled, where axial resolution is completely governed by the characteristics and 

detection of the illumination source. By characterizing the PSF by the FWHM of a 
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Gaussian source spectrum, the axial resolution can be defined as the round-trip 

coherence length of the light source: 

lp

l

D
=

D
=

*

*)2ln(*2)2ln(2
2

0

k
l c  [Eq. 3] 

FDOCT techniques allow for a dramatic improvement in SNR of up to 15 -20 dB 

over TDOCT because they capture the A-scan data in parallel [4, 12, 13].  This is in 

contrast to time-domain OCT, where destructive interference is  employed to isolate the 

interferometric signal from only one depth at a time as the reference delay is scanned. 

The improved SNR of FDOCT systems may in principle be utilized to obtain higher 

quality images, to image deeper into samples, or to image faster. To date, the majority of 

studies using FDOCT have taken advantage of the improved SNR for increasing the 

acquisition rate by several orders of magnitude to perform not only video -rate for high -

quality B -scan imaging, but to perform densely sampled three-dimensional imaging on 

at a rate of on the order of a second [14]. The dramatically improved image acquisition 

rate is particularly compelling for h uman ocular imaging applications, where 

established ocular exposure safety standards limited the previous generation of 

technology to image rates on the order of one per second. Within a short time after this 

discovery, the first video -rate SDOCT systems optimized for retinal imaging were 

implemented, and several companies now offer commercial SDOCT retinal imaging 

systems targeted for routine clinical applications.  
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1.1.2 Spectral Domain Optical Coherence Tomography  

Detection in SDOCT consists of the mixed light having its wavelengths dispersed 

through a diffractive element and focused onto a linear array detector. The system 

sensitivity is defined as [4]: 

e

RP
SNR s

2

*** tr
=  [Eq. 4] 

Here, SP  is the power incident on the sample, R  is the power reflectivity of the sample, 

r is the responsivity of the detector, t is the integration time of the detector, and e  is 

the electron charge constant. The detection capability of the spectrometer has a finite 

spectral resolution.  This can be defined in wavenumber as the Gaussian FWHM r kd , the 

fringe visibility of the interference signal decreases exponentially with depth, resulting 

in a proportional falloff in sensitivity. This falloff is characterized by a 6 dB decrease in 

optical signal -to-noise ratio (SNR) as: 

lpd

l

r

dBz

2

0
6

2ln
=  [Eq. 5] 

Here rd l is the FWHM spectral resolution defined in wavelengths, respectively [12, 15].  

This places an inherent imaging depth limit for a given source and detector, even when 

imaging through a non -absorbing, non-scattering medium such as air.   
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The maximum depth in SDOCT, regardless of SNR, is limited by the Nyquist 

criterion. The interferograms for SDOCT are recorded on a finite number of spectral 

channels which are linear in wavenumber k by convention.  The total sampled 

wavenumber range can be defined as sk M kdD =  for a total of M  channels, each 

spaced by skd .  The sampling interval in depth can be defined as ( )2 / 2sz kd p= D . 

Therefore, the Nyquist criterion limits the maximum imaging depth in SDOCT to:  

ld

l

d

p

rsk
z

42

2

0
max ==  [Eq. 6] 

Here skd  and sd l are the spectral sampling interval defined in both wavenumbers and 

wavelengths, respectively [4, 16]. 

 Commercial SDOCT systems currently are limited to a scan rate of 20-50,000 A-

scans per second.  Research systems, however, have reached in excess of 100,000 A-scans 

per second using high speed line scan CMOS cameras[17].   
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Figure 2: Schematic for Duke  ophthalmic SDOCT system for retinal imaging  

1.1.3 Swept Source  

Swept source OCT offers many of the same benefits of SDOCT including the 

improved SNR advantage over TDOCT.  Initial adoption was limited due to the need to 

develop new sources compared to SDOCT which continued to use the same sources as 

TDOCT.  However, swept source technology has developed to the point  where the 

imaging speed of SSOCT systems is well beyond those previously demonstrated with 

spectrometer-based systems. Very high-speed swept source lasers based on fast MEMS 

based intracavity tuning of semiconductor lasers and frequency -domain -mode-locking 

(FDML) have allowed for >100 kHz  and  >300 kHz A-scan rates , respectively, allowing 

for rapid volumetric imaging  [18-21]. These ultra-high  speed SSOCT systems depend 

upon advanced lasers which only recently have become available.  
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1.2 Keratometric Optical Coherence Tomography  

1.2.1 Laser Refractive Sur gery and Clinical Keratometry  

Laser refractive surgery (LRS) is a popular elective procedure to help individuals 

reduce dependence on corrective eyewear. In the United States alone, over 7 million 

people have already received some form of LRS (LASIK, PRK, and other variants) 

making LRS one of the most commonly performed of all outpatient surgeries. It is 

estimated that an additional 700,000 people per year in the US will continue to undergo 

the LASIK procedure to eliminate their need for glasses or contacts [22]. LRS has 

typically been performed on adult individu als 20 to 40 years old. These millions of 

individuals have enjoyed nearly 20/20 uncorrected visual acuity on average after LRS 

[23, 24]. However, the deterioration of vision due to age related cataracts requires 

cataract surgery for a return to functional vision. Based on a longitudinal study from 

1995 to 2002, the estimated annual rate of cataract surgery for individuals older than 62 

was 5.3% [25]. Thus, assuming no increased risk of cataracts due to LRS, nearly 370,000 

LRS patients will eventually require cataract surgery in at least one eye with a 

continuing need of about 37,000 per year after those initial patients assuming LRS 

procedure rates continue at current rates.  

In cataract surgery, an artificial intraocular lens (IOL) is implanted to replace the 

refractive power lost from the removal of the natural lens (cataract). After mode rn 
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cataract surgery, patients expect to be spectacle independent in part because of the 

accuracy in predicting the refractive power needed in the IOL.  The predicted refractive 

×ÖÞÌÙȮɯÏÖÞÌÝÌÙȮɯËÌ×ÌÕËÚɯÊÙÐÛÐÊÈÓÓàɯÖÕɯÈÊÊÜÙÈÛÌɯÔÌÈÚÜÙÌÔÌÕÛÚɯÖÍɯÛÏÌɯ×ÈÛÐÌÕÛɀÚɯÛÖtal 

corneal refractive power ( K͖). Physically, this parameter depends upon the curvature of 

the anterior (epithelial) and posterior (endothelial) surfaces of the cornea, as well as the 

indices of refraction of the intervening media (which are well known).  

 

Figure 3: Corneal refractive power optical components  

Currently, the most widely used instruments to measure K͖ are based on corneal 

topography (available commercially from multiple vendors), which estimate the 

refractive power of the cornea from measurements of the curvature of the front surface 

only. Assumptions are made regarding the refractive contribution of the posterior 
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corneal surface [26, 27]. One method to calculate the corneal refractive power starts with 

the thick lens equation to describe the refractive power of both corneal surfaces we have: 

cornea

EFL
n

FFD
FF 21

21

**
-+=F   [Eq. 7] 

This expands to: 

( )( )

2121 rrn

nnnnD

r

nn

r

nn

cornea

corneaaqueousaircorneacorneaaqueousaircornea
EFL

--
-

-
+

-
=F   [Eq. 8] 

Refractive indices for cornea, aqueous, and air above: ncornea =1.376, naqueous =1.336, 

and nair =1.000 respectively are the Gullstrand values found within the literature [28, 29]. 

However this leaves D, r1, and r2 as unknowns for a given subject. Given placido-ring 

topography only measures the anterior surface, the assumption is made that a constant 

ratio exists between the anterior and posterior surfaces such that: 

12 * rkr =   [Eq. 9] 

Using the Gullstrand model eye [27, 28], the anterior corneal radius is 7.7mm and 

the posterior radius is 6.8mm yielding k = r2/r1 = 6.8/7.7 = 0.883. An additional 

assumption used from the Gullstrand model eye is a constant corneal thickness, D = 

0.5mm [27, 28]. Combining the above assumptions we have the below equation: 

öö
÷

õ
ææ
ç

å
+-=F

11

00000618.0
0453.0376.0

1

rr
EFL   [Eq. 10] 
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Given the small value in the numerator of the thickness contribution to the 

refractive power we can make the final assumption of a constant anterior radius of r1 = 

7.7mm for this term only.  This yields: 

( )
111

000.13315.1
3315.0

1

r

nn

rr

airickeratometr
EFL

-
=

-
==F   [Eq. 11] 

Here, 1.3315 equals the calculated keratometric refractive index and 1.000 is the 

index of air. This is a single example based off a certain set of assumptions [27] and the 

thick lens equation. Topographer manufactures have utilized other different but close 

values for nkeratometric and the current ANSI standard specifies a keratometric index of 

1.3375 [27, 30]. This value can be obtained by utilizing the  formula for calculating the 

back focal length of a lens (Eq. 12) [31]. The difference between the effective focal length 

of a thick lens and the back focal length can be seen in Figure 4: 

 

Figure 4: Comparison between effective focal length and back focal length of a lens  
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( )aircorneacornea

EFLcornea
BFL

nnDrn

rn

--

F
=F

1

1

*

**
  [Eq. 12] 

!àɯÚÜÉÚÛÐÛÜÛÐÕÎɯÐÕɯÛÏÌɯÝÈÓÜÌÚɯÍÖÜÕËɯÍÖÙɯ͖EFL in Eq. 11 and again assuming an 

anterior radius of 7.7mm and a corneal thickness of 0.5 mm we obtain: 

( ) 1

3315.0
*

376.05.07.7*376.1

7.7*376.1

r
BFL

-
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This gives us the ANSI specified keratometric index of n = 1.3375 and the corneal 

ÙÌÍÙÈÊÛÐÝÌɯ×ÖÞÌÙɯÖÍɯ͖K. This approach provides satisfactory outcomes for patients with 

normal corneas, which have a predictable relationship between their front and back 

curvature. However, this assumption has p roven flawed for the first patients who had 

LRS, subsequently underwent cataract surgery, and had unsatisfactory outcomes [32]. 

Additional studies have found that on average there is a population bias of >0.5D 

between manifest refraction and the values reported by placido -ring topography [33-36]. 

Excimer laser refractive surgery ablates the anterior surface of the cornea to 

achieve a desired refractive correction for the patient. Because only the anterior surface 

is altered, this changes the previously accepted relationship between the anterior and 

posterior corneal curvatures critical to reflection based topography and negating the 

accuracy of the keratometric refractive index.  Because accurate measurements of corneal 
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power contribute to the proper selection of  intraocular lenses required after cataract 

surgery, patients who have had laser refractive surgery and subsequently underwent 

cataract surgery have had unanticipated and undesirable refractive outcomes [32].  

There continues to be no consensus on the method to overcome this limitation in 

accurately measuring corneal power after laser refractive surgery, and surgeons 

currently warn all these post -ÓÈÚÌÙɯÙÌÍÙÈÊÛÐÝÌɯÚÜÙÎÌÙàɯ×ÈÛÐÌÕÛÚɯÖÍɯ×ÖÛÌÕÛÐÈÓɯɁÙÌÍÙÈÊÛÐÝÌɯ

ÚÜÙ×ÙÐÚÌÚɂɯÈÍÛÌÙɯÊÈÛÈÙÈÊÛɯÚÜÙÎÌÙàȭɯɯ(ÕɯÖÛÏÌÙɯÞÖÙËÚȮɯÚÖÔÌɯ×ÈÛÐÌÕÛÚȮɯÈÍÛÌÙɯÜÕËÌÙÎÖÐÕÎɯÛÞÖɯ

surgeries to correct their vision, will require corrective eye w ear.   

Tomographic corneal imaging methods offer the ability to overcome the 

assumptions regarding the posterior curvature by directly measuring it.  There are 

several clinical modalities available including: a slit-scanner based method (Bausch & 

Lomb Orbscan®), a time-domain based OCT (Carl Zeiss Meditec Visante®), and a 

rotating Scheimpflug photography based method (Oculus Pentacam®). The slit -scanner 

calculates the posterior surface mathematically from the front surface [37], but there are 

questions regarding its ability to accurately represent the posterior surface [38]. The 

time-domain OCT instrument does not currently derive curvature information from  its 

images. Because of these limitations and others including acquisition speed, neither the 

slit -scanner nor time-domain OCT is used in clinical practice for quantitative evaluation 

of corneal curvature. Rotating Scheimpflug device s takes 25 or 50 full diameter, radial 
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pictures of the cornea and then reconstructs the anterior and posterior corneal surfaces 

from those photos. These devices are used clinically for examining corneal curvature , 

corneal thickness and deriving corneal refractive power . There is debate regarding the 

sufficiency of photographic resolution to accurately determine these parameters  [39-44]. 

None of these approaches appear capable of meeting the rapidly oncoming demand of 

millions of LRS patients who chose an elective procedure to obtain 20/20 vision and will 

now expect the same after modern cataract surgery[45].  

Accurate determination of corneal power would allow for more reliable 

intraocular lens predictions and better functional results in cataract surgery after prior 

laser refractive surgery. With direct imaging of both surfaces of the cornea it is possible 

to calculate the wavefront aberration of th e cornea. This information could allow for the 

theoretical creation of customized wavefront intraocular lenses for that particular cornea 

and eye.  Current state-of-the-art toric  IOLs correct for both spherical and astigmatic 

refractive errors. However, th ere are challenges in accurately measuring the corneal 

astigmatic contribution limiting widespread adoption [46-49]. Accurate measurements 

of corneal astigmatic refractive power could increase the adoption of toric IOLs. Imaging 

device improvements that would allow for the measurement of higher order corneal 

aberrations may yield a new generation of IOLs with patient specific corrections. This 

may be possible through the use of an IOL with an ablative surface that could be 
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modified utilizing a surgical technique similar to current corneal LRS techniques. The 

ability to accurately quantitate corneal shape and dimensions at micron level resolution 

offers the opportuni ty to vastly improve patient sight and patient outcomes for corneal 

based interventions. 

1.2.2 Keratometry  

Keratometry is the measurement of the refractive power of the cornea. The 

refractive power of an optical surface or combination of optical surfaces i s measured in 

Diopters (D), and is defined as the inverse of the focal length of a surface or combination 

of surfaces measured in meters. Accurately calculating the total refractive power 

requires knowledge of the radii of curvature of both the anterior an d posterior surfaces. 

However prior to when tomographic techniques like OCT became available, the 

dominant technology for keratometry was corneal topography which only had the 

capacity to measure the anterior surface curvature. If it is assumed that the ratio of the 

anterior to posterior curvature is constant, one can obtain a reasonably accurate 

approximation to the total corneal power (mean keratometric power) from the anterior 

surface alone by use of an empirically determined ɁÒÌÙÈÛÖÔÌÛÙÐÊɯÙÌÍÙÈÊÛÐÝÌɯÐÕËexɂ (See 

Section 1.2.1 Laser Refractive Surgery and Clinical Keratometry ).  
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Figure 5: Keratometric parameters 

Calculation of corneal refractive power by measurement of the anterior segment 

radius of curv ature over its central 3mm and use of the keratometric index is the current 

clinical standard of care. This method routinely achieves ~0.25D accuracy; this 

represents the standard resolution of eyeglass prescriptions. The keratometric index 

method of calculating corn eal refractive index is invalid, however, if the assumption of a 

constant ratio between anterior and posterior corneal curvatures is altered, as occurs 

after laser refractive surgery. In this case, direct measurement of both corneal surfaces is 

necessary. 

Following estimation of the curvature values for both the anterior and posterior 

surfaces of a cornea (ra and rp respectively) as well as the thickness in the center of the 

cornea (CCT), the paraxial corneal power (inverse effective focal length) may be 

determined via the thick lens equation [50]: 
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Refractive indices for cornea, aqueous, and air above: nc=1.376, nq=1.336, and 

na=1.000 respectively are the Gullstrand values found within the literature [29]. 

Topography systems, however, use the posterior vertex as a reference for the rear focal 

point instead of the rear principal plane as used in paraxial lens formulas [31]. In other 

words, thi s equates to using the back focal length of a lens instead of the effective focal 

length. As stated in Section 1.2.1 Laser Refractive Surgery and Clinical Keratometry , this 

discrepancy is due to topography devices measuring only t he front surface curvature 

and utilizing a keratometric index, often given as nk=1.3375. To determine a 

ȿÒÌÙÈÛÖÔÌÛÙÐÊɯÌØÜÐÝÈÓÌÕÛɯ×ÖÞÌÙɀɯȹ*$/ȺȮɯÞÌɯÈËÈ×ÛÌËɯÛÏÌɯÝÌÙÛÌßɯ×ÖÞÌÙɯÍÖÙÔÜÓÈɯȹÐÕÝÌÙÚÌɯ

back focal length) to use the applicable ophthalmic variables [51]: 
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 Using these formulas and simple geometry, i t is straightforward to show that an 

error in estimation of the axial sag of the corneal anterior  surface (shown in Figure 5) of 

only 4µm at 6mm radius  from  the optic axis leads to 0.25D error. Utilizing Eq. 14, we can 

limit our refractive power calculation to only account for the anterior radius simplifying 

the error estimation. The radius of curvature of a circle segment, r, can be calculated 

from the chord , w, and associated sagitta, h, as diagramed in Figure 6 and shown in Eq. 
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17. Starting with an initial anterior radius of curvature of r i = 7.7mm and Eq. 14 we have 

an initial refractive power of 43.83 Diopters. Adding 0.25 D powe r yields a radius of 

curvature of r j = 7.656mm.  

 

Figure 6: Radius, chord, and sagitta of a circle  

28

2 h

h

w
r +=  [Eq. 17] 

If we fix the chord length to 6mm (which corresponds to the width of a 

tomographic image) we can calculate the sagitta for both radii of curvatures r i and r j. The 

result is hi = 0.608mm and hj = 0.612mm or a difference of ~4µm. Any tomographic 

technique must have at least this much accuracy to be competitive with topography.  

Current -generation SDOCT systems feature 3.5µm axial resolution, which is 

theoretically sufficient to calculate corneal refractive power with better than 0.25D 

accuracy independent of the assumptions upon which corneal topography depend. 

However, OCT imaging faces the additional technical hurdle that cross-sectional images 

are built up sequentially rather than simultaneously.  Each sectional image is built up 

sequentially as the focused beam is scanned across the corneal surface. Despite the 
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provision of a forehead rest in clinical SDOCT systems, it is difficult to immobilize the 

×ÈÛÐÌÕÛɀÚɯÏÌÈËɯÛÖɯÉÌÛÛÌÙɯÛÏÈÕɯȃƕƔ-100µm during the 0.05 second required for acquisition 

of each standard SDOCT B-scan and more so in relation to the full second required to 

obtain a sufficiently sampled volum e. Thus, as a sequential image is acquired, patient 

motion inevitably corrupts the true profile of the corneal surfaces sufficiently to degrade 

the corneal power calculation beyond an acceptable level. Previous studies published so 

far which quantified ker atometric accuracy, reported as little as ~0.75D accuracy using 

OCT alone [52, 53].  

1.2.3 Refraction Correction  

 

Figure 7: (ÓÓÜÚÛÙÈÛÐÖÕɯÖÍɯ%ÌÙÔÈÛɀÚɯtheorem 

An issue of importance in the development of anterior segment OCT for 

quantitative measurements of the anterior segment is dewarping of OCT datasets for the 

effects of optical refraction at surface interfaces within the anterior segment where there 

is a refractive index change. In retinal OCT, the traditional solution to this problem is 

simply to divide all observed optical path length distances by some assumed group 
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refractive index. Howeve r in the anterior segment, where discrete and large index 

interfaces are present (including the major refractive element in the eye at the corneal 

epithelium), this method is not satisfactory.  Our group published the first practical 

solution to this probl ÌÔȮɯÞÏÐÊÏɯÌÔ×ÓÖàÌËɯ%ÌÙÔÈÛɀÚɯ×ÙÐÕÊÐ×ÓÌɯÛÖɯÊÖÙÙÌÊÛɯÍÖÙɯÙÌÍÙÈÊÛÐÖÕɯÈÛɯ

both corneal surfaces in individual time -domain OCT images [54]. Figure 7 illustrates as 

follows: A) Raw uncorrected image. B) Corrected for nonlinear axial scanning  C) 

Additionally corrected for diverg ent scan geometry  D) Final image, corrected for 

refraction at the air cornea interface (assumed cornea index of refraction n = 1.38) and 

endothelium -aqueous boundary (assumed aqueous index of refraction n = 1.33) From 

[54].  This technique was used in a series of publications exploring the use of time-

domain OCT for quantitative anterior segment biometry [55]. Subsequently, we [56] and 

others [52] ×ÙÌÚÌÕÛÌËɯÚÐÔ×ÓÌÙɯÈÓÎÖÙÐÛÏÔÚɯÍÖÙɯƖ#ɯÙÌÍÙÈÊÛÐÖÕɯÊÖÙÙÌÊÛÐÖÕɯÜÚÐÕÎɯ2ÕÌÓÓɀÚɯÓÈÞȭɯɯ

However these algorithms (including, presumably, that built into t he Visante® 

commercial device) have been restricted to processing single two-dimensional images. 

The assumptions underlying these approaches for 2D refraction correction are that only 

radial scans are acquired and that the corneal surface is rotationally conic symmetric. In 

this case, refraction correction in 2D is sufficient so long as all B-scans pass exactly 

through the apex [52]. Unfortunately for routine clinical applications, neither one of 

these assumptions is accurate. Real patient corneas, both natural and especially those 
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which have been altered by LRS are rarely rotationally symmetric. Our group develop ed 

and recently published a technique for 3D refraction correction [53], freeing curvature 

calculations from the assumption of rotationally conic symmetric cornea and opening 

the door for novel scan patterns where not all B-scans pass through the apex of the 

cornea. 

1.2.4 Effects of Patient Motion  on Keratometric OCT  

Patient motion during the acquisition of an OCT volume can corrupt the 

structural information and prevent quantitative measurements [14]. In OCT, as in any 

axially symmetric optical system, it is convenient to categorize patient motion into 

orthogonal directions parallel (axial) and perpendicular (lateral) to the incident sample 

arm beam. Lateral motion may be due to voluntary head or eye motion, such as 

exploratory or voluntary saccades, or involuntary motion, such as microsaccades, 

tremors or drifts [57-59]. The amplitude and temporal characteristics of these motions 

are well characterized in the literature, and the majority of involuntary lateral eye 

motions are reported to occur at a rates of less than 100 Hz [57, 59] and over short arc 

lengths (<1°) [59]. However, while lateral motions of a rotating spherical eyeball during 

OCT volume acquisition clearly lead s to reduced lateral image resolution, axial patient 

motion may have a much more direct effect on errors in biometric parameters resulting 

from overall distortion of OCT images . For this reason, addressing biometry errors 
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resulting from axial patient motion is the principal focus of this work. In previous work, 

axial eye motion has been reported to arise primarily from  gross patient head motion, 

cardiac pulsations, and patient breathing [14]. However, the amplitude and frequency 

distribution  of human eye axial motions are not well characterized in the literature.  

 As stated earlier, it can be shown that an error in estimation of the axial sag of 

the corneal posterior surface of only 4µm at 5mm radius from the optic axis leads to 

0.25D error. While FDOCT greatly increased the rate at which individual A -scans are 

acquired in comparison to TDOCT, the time between acquiring the first and last A -scans 

in a given volume can take on the order of seconds.  Figure 8 shows an initial 

investigation into the amount of ax ial motion of a subject over the course of 5 seconds 

and the corresponding frequencies.  Accurate information regarding patient motion in 

both the axial dimension and, to a lesser degree, the lateral dimensions is required to 

develop an accurate method of quantitative measurements of the anterior segment.  

Unfortunately no commercial corneal imaging system utilizes eye tracking for lateral 

motion correction.  Software based motion correction has been developed utilizing 

commercially available hardware.    In Figure 8 below: A) M -scan data comprising 

100,000 repeated A-ÚÊÈÕÚɯÈÊØÜÐÙÌËɯÈÛɯÛÏÌɯÚÈÔÌɯÓÖÊÈÛÐÖÕɯÕÌÈÙɯÛÏÌɯÈ×ÌßɯÖÍɯÈɯÚÜÉÑÌÊÛɀÚɯ

cornea. The integration time per A-scan was 50µs, thus the total acquisition time was 5s. 

B) Axial corneal motion was estimated by normalized cross-correlation of the data in (A) 
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with this kernel obtained by averaging the first 50 A -scans. C) Result of cross-correlation 

analysis comprising an estimate of axial patient motion over the 5s acquisition period. 

Maximum (peak -peak) motion of ~70µm was observed over the 5 s acquisition. D) 

Scaled amplitude spectrum of the patient motion data. Peak motion with amplitude of 

~30µm occurred at a frequency of ~0.7Hz, likely due to subject heartbeat. Ignoring sharp 

data acquisition artifacts at harmonics of the M -scan frame rate of 20Hz, patient motion 

drops well below 1µm amplitude for frequencies above ~50 -100Hz. 
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Figure 8: In vivo  pilot corneal axial motion experiment results  

This initial expe riment prompted a further study of patient motion across a small 

representative population of potential LRS candidates. For the pilot study of axial eye 

motion, four  normal human volunteers were imaged using a commercially available 

SDOCT system described in Aim 1 . Prior to imaging, informed consent was received for 

all subjects. The scan protocol consisted of a 40,000 M-mode scan with an integration 

time of 50µs utilizing the device described above. Total scan time was 2 seconds with the 
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position of the beam positioned near the vertex of the cornea. Two scans were 

performed on one eye for each subject. One subject was wearing contacts during the 

acquisition but this had no effect on the estimation of motion and was not expected to 

affect the amplitude and f requency of axial motion.  

Motion was estimated by averaging the first 50 A -scans to create a kernel and 

cross-correlating the kernel with every A -scan to generate a one-dimensional vector 

containing the position of cornea at each A-scan. The resulting frequency amplitude 

spectra from all data sets were averaged and the standard deviations calculated at each 

frequency to create the power spectrum plot shown in Figure 10. This study provided 

characterization of axial eye motion from 0.5-125Hz. On average, axial eye motion 

within one standard deviation of 1 µm was band-limited to less than 25Hz, and no 

patient exhibited motion of greater than 1µm at 50Hz.   

This pilot study indicated that motions of >1 µm, sufficient to distort biometri c 

measurements according to prior reports [60], were indeed band-limited to less than 

approximately 50Hz. This pilot study did not address tear film dy namics due to the 

~5µm axial resolution of our system. These results provided a quantitative target for our 

selection of a cut-off frequency between natural patient motion and artificial (apparent) 

motion we induced by distributed scanning, which we set co nservatively at 100Hz. For 

this pilot study, we made the assumption that we were only measuring axial motion. 
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Because we imaged near the vertex of the cornea and had the subjects fixate on a target, 

small lateral motion should result in very small changes in apparent axial motion which 

would be overwhelmed by actual axial motion. For this assumption to remain true, a 

two second scan time was a relatively long scan time. This was a compromise between 

ÏÈÝÐÕÎɯÈɯÚÊÈÕɯÛÏÈÛɯÞÈÚÕɀÛɯÛÖÖɯÓÖÕÎɯÈÕËɯÖÕÌɯÛÏÈÛɯÊÖÕÛÈÐÕÌËɯenough data to provide the 

low -frequency information we required.  



 

27 

 

   

   

     

   
Figure 9: In vivo  corneal axial motion study data 
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Figure 10: In vivo  corneal axial motion frequency results  

1.3 Gonioscopy   

Resistance in the ocular outflow pathway ( Figure 11 [61]) results in elevated 

intraocular pressure (IOP) ɬ one of the most important risk factors for the development 

of vision threatening glaucomatous changes  [62]. All current glaucoma therapeutics 

lowers the IOP to prevent further neuronal death from this blinding disease  [63, 64].  

Many of the clinically most vulnerable elements of the outflow pathway 

(trabecular meshwork, Canal of Schlemm, collector channels, and other distal structures) 

cannot be imaged using conventional medical imaging modalities. They cannot be 

imaged with routine clinical ultrasound, computed tomography (CT) or magnetic 
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resonance imaging (MRI) because the structures are too small (sub-millimeter) to be 

resolved with these techniques. 

 

Figure 11: Ocular outflow  pathway  

External imaging through the corneoscleral limbus with OCT has been used to 

image the angle and other local, internal structures [56, 65-71]. Typically, this is imaging 

technique is performed by utilizing a conventional anterior segment OCT scanning 

system. However, instead of imaging the apex of the cornea either the scanner or the 

subject is tilted such that the corneoscleral limbus is orthogonal to the optical axis of the 

scanner. The primary benefit of this method is that it may be performed with a 

conventional, non-contact OCT system. However this technique has a couple of 
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limitations as well, prevent ing its adoption clinically. One, the corneoscleral limbus is 

not optically transparent but instead is the location of where the organized collagen of 

the cornea transitions to the disorganized, optically scattering collagen of the sclera. This 

scattering reduces the resolution and signal of the OCT images at the angle. Second, 

ÉÌÊÈÜÚÌɯÛÏÌɯÓÐÔÉÜÚɯÐÚɯÕÌÈÙÓàɯÖÙÛÏÖÎÖÕÈÓɯÛÖɯÛÏÌɯÐÔÈÎÐÕÎɯÚàÚÛÌÔɀÚɯÖ×ÛÐÊÈÓɯÈßÐÚȮɯ."3ɯ

images are limited to individual B -scans or volumes in a local region and not the entire 

eye. Alternatively, these structures cannot be readily imaged optically from inside the 

eye because the strong index mis-match at the air-cornea interface renders this angle 

region optically inaccessible from outside the unaltered eye (any light reflected from the 

angle region toward the cornea is totally internally reflected at the air -cornea interface).   

Because of this, diagnostics for the outflow pathway in vivo are limited. Two 

techniques have been used clinically to evaluate the outflow pathway: tonography and 

conventional gonioscopy. Tonography involves the continuous measurement over 

minutes of the intraocular pressure in response to a deforming weight placed on the eye. 

Due to challenges with both the patient interface and the technical difficulty of this tes t, 

tonography is currently rarely used in the clinical setting. In contrast, gonioscopy 

involves the placement of a special contact lens on the eye to directly visualize the 

entrance of the outflow pathway from the inside of the eye, and remains a standard  

component of the glaucoma exam. However, visualizing only the entrance of the 
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outflow pathway informs one only of the patency of the entrance ɬ to distinguish 

ÉÌÛÞÌÌÕɯɁÖ×ÌÕɂɯÖÙɯɁÊÓÖÚÌËɂɯÈÕÎÓÌɯÎÓÈÜÊÖÔÈÚȭɯ-ÖɯÍÜÙÛÏÌÙɯÐÕÍÖÙÔÈÛÐÖÕɯÈÉÖÜÛɯÛÏÌɯ

remainder of the outflow pathway beyond the entrance (such as the trabecular 

ÔÌÚÏÞÖÙÒɯÈÕËɯ2ÊÏÓÌÔÔɀÚɯÊÈÕÈÓȺɯÐÚɯÖÉÛÈÐÕÌËɯÉÌÊÈÜÚÌɯÊÖÕÝÌÕÛÐÖÕÈÓɯÎÖÕÐÖÚÊÖ×àɯËÖÌÚɯÕÖÛɯ

allow for visualization below the tissue surface. These internal structures are the 

postulated actual sites of outflow resistance [72, 73].   

To view the entire extent of the outflow pathway, a tomographic imaging 

technique is required, preferably to view the critical structures directly from inside the 

eye. Optical coherence tomography (OCT) is a non-invasive, micrometer resolution 

optical imaging technique that has been successfully used in medicine to produce cross-

sectional in vivo images of a variety of tissues. In ophthalmology, OCT has become an 

accepted clinical standard technique for imaging of retinal pathology. OCT is also 

routinely used for imaging the anterior segment, including the irido -corneal angle in the 

region of the trabecular meshwork from the outside, in which it is limited to providing 

gross anatomical views of those structures [65-67]. The shortcomings of conventional 

anterior segment OCT for imaging the ocular outflow pathway from outside the eye 

include loss of signal and resolution by imaging externally through the optically 

translucent corneal-scleral limbus, and the ability to only measure selected angular 

locations (typically temporal and nasal) limiting complete circumferential analysis. 
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Histologically, the outflow pathway has been shown to vary circumferentially  [74], and 

limited sampling may not identify the pathologic areas.  

To overcome these issues and to maximize the imaging capabilities of OCT for 

this anatomical region, light would ideally be directed through the optically clear cornea 

into the internal entrance of the outflow pathway and scanned circumferentially. 

Because of the large refractive index change between the corneal surface and the 

surrounding air, though, the iridocorneal angle is optically isolated (total internal 

reflection), making optical imaging of this area challenging.  

1.4 Specific Aims  

Specific Aim 1: Optical Coherence Tomography Subj ect Motion 
Estimation and Correction  

The first aim of this work will develop  a technique of reducing the effect of 

subject motion on volumes acquired by a commercial Spectral Domain Optical 

Coherence Tomography (SDOCT) system. Motion during the acquisition  of an OCT 

volume prevents accurate quantitative measurements of tissue surfaces. This is a key 

step in accurate quantitative measurements made with OCT. These techniques will first 

be applied to measuring the optical power of the cornea using SDOCT in a small patient 

study. This can be found in Chapter 2 
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Specific Aim 2: Applications of Quantitative Keratometric Optical 
Coherence Tomography in a Population Undergoing Laser Refractive 
Surgery  

The second aim of this work will utilize  the methods developed in Specific Aim 1 

to create quantitative 2D corneal topography maps that combine the refractive effects of 

the corneal thickness and the anterior and posterior surfaces. This aim will also  evaluate 

changes in spherical and astigmatic refractive power in a normal population that 

undergoes LASIK. Current clinical devices do an inadequate job of measuring the 

curvature of the posterior corneal surface. We will compare  OCT to imaging devices that 

are the current clinical standards. Chapters 3 and 4 will cover thes e methods and results. 

Specific Aim 3: Gonioscopic Optical Coherence Tomography  

Current gonioscopy methods only allow for surface imaging of the angle and 

only a portion of the angle at a given time. Total internal reflection at the air -cornea 

interface prevents conventional OCT systems from accessing the angle directly. External 

imaging through the sclerocorneal limbus is possible but with the limitations of signal 

attenuation and like gonioscopy only a portion of the angle at any given time.   A  novel 

opti cal system which offers the potential to clinically image the iridocorneal angle using 

an internal method in a full 360° circumference  will be designed, constructed, and tested 

on phantoms.  
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2. Optical Coherence Tomography Subject Motion 
Estimation and Co rrection  

2.1 Distributed Scanning Premise  

In a conventional SDOCT linear scan of an object, sequential A-scans are both 

temporally and spatially related.  Using a distributed scanning technique,  however, 

spatially adjacent points are temporally decorrelate d.  By applying the proper 

reconstruction, the object motion is encoded as a high frequency spatial component.  By 

applying a low pass filter, the original object profile can be recovered.   Figure 12 

illustrates the concept of distributed scanning using a single B-scan as a model.  During 

the acquisition, the object moves suddenly.  This would appear as an artifact using a 

linear scan technique and would prohibit accurate measurement of corneal refractive 

power.  Using a distribut ed scanning technique, spatially adjacent points are 

decorrelated temporally.  By applying the proper reconstruction  the original obj ect 

profile can be recovered. 
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Figure 12: Distributed scanning concept for one B -Scan 
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2.2 Rando m Access Scanning OCT  

2.2.1 Materials and Methods  

Acousto-optic deflectors (AOD) have been used previously in a variety of 

applications including multi -photon laser-scanning microscopy (MPLSM) as a non-

inertial scanning technique [75]; however these systems are typically limited in optical 

bandwidth to ~15nm. The developed solution in MPLSM is to use negative angular 

dispersion prior to the AOD pair. An AOD can be modeled as a diffraction grating with 

a time-varying ruling. If designed to correspond to : 

cf*2  [Eq. 18] 

where fc is the center acoustic frequency this can fully correct the center scan position 

and mostly correct all other positions. This technique is successful in MPLSM, correcting 

the limited 15nm of bandwidth of the femto -second laser to an acceptable degree.[76]  

To meet our requirement for fast distributed SDOCT sample arm scanning, we 

designed a novel scanning approach based on acousto-optics scanners which allows for 

random-access scanning with a seek time on the order of 10µs. We termed this technique 

Random Access Scanning OCT (RASOCT). However to correct for the large optical 

bandwidth of OCT sources, further optical design was required beyond the above 

technique.  
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A ZEMAX ray diagram illustrati ng the OCT sample arm, including scanning 

optical elements, is illustrated in  Figure 13. The system used a source with a center 

wavelength of 840 nm and a bandwidth of 50 nm.  From the source, light goes through a 

circulator to the combined reference and sample arm.  This light passes through a 

double Amici prism and unity telescope to provide negative spatial dispersion prior to 

entering the AOD pair.  We used the AOD pair to provide random access scanning at 

the sample.  The light was then scanned over the diffractive refractive hybrid lens 

(DRHL) to focus and ful ly  correct the spatial dispersion introduced by the AOD pair.  

The light was split by a 50:50 non-polarizing beam splitter to the reference and sample 

arms.  The back reflected light was mixed and passes back the path it arrived on back to 

the circulator and on to the spectrometer. 

 

Figure 13: Schematic for telecentric Random Access Scanning SDOCT system 

The OCT scanning system illustrated in Figure 13 was designed using an AOD 

pair with 9mm aperture and 2.7° scan angle illuminated by a light source with center 



 

38 

 

wavelength of 840 and a 50nm bandwidth  (Isomet Corp.). The effects of this bandwidth 

can be seen in the ZEMAX spot diagram in Figure 14, where the uncorrected spectrum is 

unacceptably dispersed to over 1cm at the cornea for a given spot.   

 

Figure 14: RASOCT  ZEMAX model showing  uncorrected spatial dispersion  

Figure 15 shows spots at the cornea with the addition of a diffraction grating 

prior to the AOD pair.  The correction induced by the diffraction grating may also be 

applied through the use of refractive optics, such as a prism. Spatial dispersion is still 

present causing spots at the edge to have a length of about 200µm. 
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Figure 15: RASOCT ZEMAX model showing linear spatial dispersion correction  

The differences in spatial dispersion structure can be seen between Figure 14 and 

Figure 15 where the spatial dispersion of the linearly corrected design exhibits an axially 

symmetric configuration . Noticeably lower wavelengths are closer to the center of the 

scan range with longer wavelengths farther out. A similar dispersion structure can be 

seen in the effects of positive chromatic aberration of a glass singlet lens. To further 

correct the spatial dispersion caused by the AOD pair we incorporate a diffractive -

refractive hy brid lens (DRHL)  [77]. Such a lens is unique in that it exhibits negative 

chromatic aberration as illustrated in  Figure 18. It consists of two elements: a glass 

singlet made of BK7 and an axially symmetric diffractive optic (manufactured by Apollo 

Optical Systems).  The singlet provides some of the optical refractive power and also 

acts as protection for the diffractive optic. The diffractive optic is acrylic that has been 
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diamond turned with Fresnel zones as small as 10µm in width. It is highly chromatically 

dispersive however it corresponds to a negative Abbe number, whereas glasses and 

other refractive materials have a positive Abbe number. Using the DRHL after the AOD 

in place of a standard refractive lens, the dispersion from the AOD is fully corrected as 

seen in Figure 16. Using this design, the OCT scanning spots are corrected across the full 

6mm lateral scan range with a spot size of 40µm. 

 

Figure 16: RASOCT ZEMAX model showing total spatial dispersion correction  
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2.2.1.1 Double Amici P rism  

 

Figure 17: Double Amici prism ZEM AX model  

To provide linear negative spatial dispersion, a dispersive element needed to be 

inserted in the optical path prior to the AOD  pair.  Multi -photon laser scanning 

microscopy (MPLSM) groups have used acousto-optic modulators  (AOMs) , diffraction 

gratings and prisms in the past to achieve the desired effect [75, 76, 78-80].  A double 

Amici prism was chosen, designed and manufactured for this application.  The prism 

has the advantages of being inexpensive relative to the other methods and the highest 

theoretical efficiency after having anti -reflective coatings at the air to glass interfaces.  

The double Amici prism design has advantages over other prisms as well.  This prism 

was designed to be placed in line with the optical path of a collimated beam where the 

center wavelength of 840nm exits the prism at the same height and angle as it entered.  

The prism was designed with a wedge of flint glass (N -SF6) sandwiched between two 

wedges of crown glass (N-BK7).  This configuration provides twice the dispersion of a 

single Amici prism and allows the center wavelength to exit at the same height as the 

entrance (both designs allow for the same exit angle).  The prism was oriented to 
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provide spatial dispersion that was opposite in the direction of the addition of both the 

X and Y deflectors.  Temporal dispersion was not a consideration due to the light going 

to both reference and sample arms of the interferometer shared a common path through 

the prism.  Disadvantages of the prism include the actual size of the prism and the fixed 

amount of dispersion provided by the prism.  Both diffraction gratings and acousto -

optic modulators are physically smaller and provide a more linear response. In addition, 

AOMs provide the capability to tune the amount of spatial dispersion. The angles at the 

glass interfaces were optimized using ZEMA X to ensure the proper amount of 

dispersion and that the center wavelength (840nm) exited the prism at the same entrance 

height and at an angle of 0° assuming an entrance angle of 0° (both parallel to the base of 

the prism) . 
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2.2.1.2 Diffractive Refractive Hybrid Lens  

 

Figure 18: Illustration of a lens exhibiting negative chromatic dispersion  

Techniques previously used with AOD pairs in MPLSM were limited to only 

having negative spatial dispersion correction prior to the AOD because  of the narrow 

bandwidth (~15nm) femtosecond lasers being used [76].  The prism or other dispersive 

elements used were sufficient enough to provide nearly diffraction limited spots.  The 

use of only the prism would result in spots that were ~200µm in length for the 50nm 

bandwidth of th e SLED.  Upon observation of the resulting simulated output, it 

appeared to have a similar output as scanning a beam of broadband light across a singlet 

and the resulting axially symmetric chromatic dispersion.  Chromatic dispersion is 

typically corrected by replacing the singlet with an achromatic or apochromatic lens.  
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This unfortunately was not an option and instead it was determined that a lens with a 

negative Abbe number needed to be used.  A lens with a negative Abbe number would 

result in a lens that focuses blue light at a farther distance than red light, or the opposite 

of typical refractive glass lenses.  No glass has an Abbe number less than 0, but one can 

be designed using an axially symmetric diffractive optic.  Figure 18 consists of a 

diffractive -refractive hybrid lens illustrating negative chromatic dispersion or a negative 

total Abbe number.  Note Fresnel zones not shown to scale but enlarged for viewing.  

 

Figure 19: ZEMAX model of a diffrac tive refractive hybrid lens  

We designed a custom diffractive refractive hybrid lens (DRHL) to serve this 

purpose[77, 81].  The refractive optic was a single N-BK7 singlet with a focal length of 

400mm and served to increase the total optical power of the DRHL while the diffractive 

optic provided optical aberration correction and a total Abbe number of less than 0 for 
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the DRHL.  A 5mm N-BK7 flat optical window was included to provide protection to 

the relatively fragile diffractive lens. The Fresnel zone spacing of the diffractive optic 

was optimized using ZEMAX with feedback from Apollo Optical Systems, Inc. with 

regard to manufacturability. The Fresnel zones were verified using a Zygo NewView 

5000 3D optical profiler. An intensity image from the Zygo system can be seen in Figure 

20. 

 

Figure 20: Intensity image showing central Fresnel  zones of PDMS  diffractive lens 

2.2.2. Results  

As this type of optical geometry had not previously been tested, we 

characterized the optical performance and throughput efficiencies. Due to the number of 

diffractive elements used, power efficiency was a very real concern.  The double Amici 

prism was chosen over a diffraction grating because their theoretical efficiencies were 

>90% and 80% respectively.  Because this system is double pass all losses were 
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compounded.  The actual efficiency of the prism was found to be 79%.  The AOD pair 

had a listed total diffraction efficiency of 42% at the center wavelength.  Actual efficiency 

was closer to 20% (depending on the polarization incident light).  The diffractive 

element of the DRHL was expected to be around 97% efficient.  The total efficiency for 

the entire DRHL was almost 96%.  A non-polarizing 50:50 beam splitter was used to 

create the reference and sample arms of the interferometer.  Discrepancies between 

theoretical and actual values will be looked at in the next section. 

The largest challenge in using AODs with the broadband source of OCT is the 

spatial dispersion that occurs when scanning.  Proper alignment of both the prism and 

the DRHL are required to obtain spots that meet specifications.  While the prism  is 

tolerant to the position and lateral angle of the incident beam, the rotation angle of the 

prism plays a large role in correcting the dispersion of the AODs.  The DRHL needs to 

be aligned in the center of the total scan range of the AODs.  The DRHL is radially 

symmetric however laterally it is anisotropic causing differing amounts of spatial 

dispersion at different locations radially away from the center.  Figure 16 shows the 

validation of spot sizes with respect to the original design.  
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Figure 21: Spot size validation results for RASOCT scan grid  

The next step required the development of a non-sequential scan pattern.  To 

demonstrate a non-sequential scan pattern, code was written in MATLAB to take a 

250x250 grid scan pattern (Figure 22) representing input voltages for the AOD pair and 

create a pseudo-random permutation with regard to the order of the points in time.   
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Figure 22: Basis linear raster scan pattern for RASOCT  

The permutation order was saved for reconstruction of the dataset later.  Figure 17 

shows the permutated 250x250 grid.  This configuration was chosen due to the number 

of 43µm spots within the 6mm scan range, around 140.  This pattern, over the entire time 

course, scanned a 6mm x 6mm square area. The validation of the scan pattern can be 

seen in Figure 24. This figure shows a single frame from video of the scan pattern shown 

in Figure 23.  Each video frame had an integration time of 30ms.  However, due to the 

sensitivity of the 2D camera used, 1ms integration times were used to image the spots.  

No streaking was observed between scan points and points maintain the correct spot 

shape and size. 
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Figure 23: Pseudo-random scan pattern for RASOCT  

 

Figure 24: Validation of pseudo -random scan pattern for RASOCT  
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Next an OCT volume was acquired of both an IR detection card and a rigid gas 

permeable contact lens.  Acquired data from the contact lens can be seen in Figure 25 

and the spatially reconstructed data can be seen in Figure 26.  The integration time was 

250µs to increase the SNR of the acquired data.  Data was acquired and processed in 

Bioptigen OCT software v1.7.  Scanning software was performed using LabView and 

was triggered off  of the camera line clock.  The source and spectrometer were both part 

of the commercial Bioptigen engine.  The optical  power leaving  the fiber from the 

circulator into the interferometer arm was 3.6 mW with 340µW reaching the sample 

plane. 

 

Figure 25: Unreconstructed RASOCT image of rigid -gas permeable contact lens 
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Figure 26: Reconstructed RASOCT image of rigid -gas permeable contact lens 

 

2.2.3 Discussion  

One of the largest challenges for this system was optical throughput.  The 

interferometer arm alone was only about 10% efficient assuming that the polarization of 

the beam incident on to the AOD pair is optimized (this was done with a pair of paddle 

polarization controllers).  Movement of the single mode fibers alters the incident 

polarization causing fluctuations in AOD diffraction efficiency.  The throughput of the 

prism was lowe r than expected.  Initial thoughts included incorrect anti -reflective 

coatings on the air-to-prism interfaces though measurements later showed that this was 

not the case.  The most likely causes include reflections off of the internal surface 

interfaces and the absorption of light in the glass.  The light passes through around 6 

inches of glass and while the design called for glass from the Schott Corporation, the 
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glass used by the manufacturer (Shanghai Optics) may have only have had equivalent 

dispersion curves. 

 The diffraction efficiency of the AOD pair was not as high as expected as well.  

Two factors that may have played a role include the bandwidth of the source and the 

incident angle of the individual wavelengths on the AOD.  The AOD was rated for it s 

maximum diffraction efficiency for the center wavelength of the source (840nm).  At 

higher and lower wavelengths the throughput was most likely lower.  This was 

validated by removing the prism and maximizing the output power.  Without the prism 

the throughput reached 36% through the AOD pair.  The hypothesis for this is that the 

light entering the AODs after passing through the prism is entering at a wavelength 

dependent angle and that this change in angle over the wavelengths results in reduced 

throughpu t for wavelengths at steeper angles with respect to center.  This spectral 

filtering can be seen on the spectrometer reducing the 50nm bandwidth source to 21nm 

of bandwidth and reducing the axial resolution of the system to 15µm.  

 The last point to increase throughput is to replace the 50:50 beam splitter with a 

more favorable ratio for the sample arm.  A 93:7 pellicle was attempted however not 

enough signal returned from the reference arm.  Throughput remains the largest barrier 

to practical use of this system in OCT. 
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 A unique aspect of this system is that to accommodate phase changes in the 

beam when passing through the AOD pair both sample and reference arms were placed 

after the scanning optics.  This results in a reference arm that scans across the mirror 

instead of remaining stationary.  Care must be taken to minimize variations of incident 

angle across the mirror to maximize return light across the entire scan area. 

This scanning technique has potential for fast non-sequential scan patterns in 

OCT.  As a proof of concept, this system has shown that random access scanning OCT is 

possible though due to certain challenges and total cost of manufacture, it most likely 

will be limit ed to only niche applications. With these limitations in mind and a need to 

move to the clinic, a new technique was developed utilizing a commercially available 

OCT system and conventional galvanometer based scanning. 
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2.3 Distributed Scanning OCT  

2.3.1 Materials and Methods  

2.3.1.1 Modified Clinical SDOCT System  

We acquired all data using a current-generation, commercial SDOCT system 

(Bioptigen, Inc.; DÜÙÏÈÔȮɯ-"ȺɯÞÐÛÏɯÈɯÊÌÕÛÌÙɯÞÈÝÌÓÌÕÎÛÏɯϞɯÖÍɯƜƘƔÕÔɯÈÕËɯÉÈÕËÞÐËÛÏɯͅϞɯ

of 49nm (Figure 27). The axial resolution of the system was 6.2µm in air and 4.5µm in 

cornea (ngc = 1.387). The imaging depth of the system was 2.2mm. The sensitivity of this 

system was measured to be 105dB at an A-scan repetition rate of 20 kHz with 550 µW 

incident on the patient cornea. The portable commercial telecentric scanner was 

mounted on a modified slit -lamp base with a chin and forehead rest for subject stability. 

Software provided by Bioptigen, Inc. was used for real -time data detection, processing, 

display, and archiving, while custom software was used to apply a custom scan 

waveform to the galvanometers for beam scanning control. Each A-scan acquired had 

DC subtraction, dispersion compensation and FFT applied in real -time during 

acquisition. 

Fourier domain OCT suffers from signal falloff due to finite sampling of the 

acquired spectra [25-27]. This issue results in a highest sensitivity close to the DC 

component of the Fourier transform, nearest the exact path length matching relative 

location of the reference and sample arms. The signal and contrast of deep sample 
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features can be enhanced relative to shallow sample features by locating the DC position 

below the object features of interest, a procedure denoted enhanced depth imaging (EDI) 

in retinal OCT [28]. We adapted this technique in all acquired volumes to improve the 

contrast of the corneal endothelium-aqueous boundary by placing the DC position 

below that boundary.  

 

Figure 27: Optical schematic of the commercial SDOCT system used for DSOCT  

2.3.1.2 Distributed Scanning OCT  

In a conventional OCT B-scan scan of an object, neighboring A-scans are 

acquired sequentially . Any sample motion that occurs during the acquisition of the B -

scan is thus encoded into the data as spatial distortion or warping of the B-scan image. 

Thus, using conventional linear scanning it is difficult to discern which changes in 

apparent position of the subject are due to motion and which are due to the inherent 

shape of the imaged subject. Three-dimensional OCT volume acquisitions of samples are 

conventionally performed by acquiring multiple rapidly acquired A -scans while 
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laterally scanning to create each B-scan, then acquiring multiple B -scans while 

azimuthally scanning to create a volume scan. Using such a linear scanning approach, 

any sample motion which occurs during data acquisition is also encoded directly as 

spatial variation in the B -scans. SDOCT volumes acquired using conventional linear 

raster scans, meridian radial scans, and annular scans all suffer from this motion-related 

artifact.  

For distributed scanning OCT, we developed a scan pattern that allowed for 

spatially adjacent points to be temporally de-correlated, with a de-correlation time fast 

compared to the natural motion of the object over the time scale of interest. Based on the 

pilot study of axial eye motion reported in section 1.2.4 Effects of Patient Motion on 

Keratometric OCT, which found axial eye motions of >1µm in normal, relaxed patients 

to be band-limited to less than approximately 50Hz, we considered any axial eye motion 

occurring in less than 10ms to be negligible.  

The basis for the custom scan pattern was a meridian radial scan. We chose this 

scan pattern for two reasons: 1) this pattern emphasized spatial sampling in the central 

region of the volume and 2) the central region of every B-scan, when centered and 

scanning a cornea, provided a high contrast region for post-processing and 

segmentation. The basis scan consisted of 20 meridian B-scans each with 500 A-scans 

and a depth of 1024 pixels with an integration time of 100µs per A-scan. Starting with 
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the location of the first A -scan of the first meridian (i.e. cutting horizontally across the 

sample) the meridians were subsampled, taking an A-scan at every 5th location of the 

basis radial scan until a single subsampled volume is acquired. This process started over 

at the location of the second A-scan of the first meridian, taking every 5 th location and so 

on until all locations within the original ba sis scan pattern were acquired. 

 

Figure 28: DSOCT scan pattern used in clinical study  
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Figure 29: 10x Zoom of DSOCT scan pattern  

 

To cope with limitations imposed by inertia of the scanning mirrors, we designed 

ÛÏÌɯ×ÈÛÛÌÙÕɯÛÖɯÔÈßÐÔÐáÌɯÚÈÔ×ÓÐÕÎɯÊÖÕÛÐÕÜÐÛàȭɯ3ÏÜÚȮɯÛÏÌɯÛÐ×ÚɯÖÍɯÛÏÌɯȿ×ÌÛÈÓÚɀɯÚÌÌÕɯÐÕɯÛÏÌɯ

ȿÙÖÚÌÛÛÌɀɯÚÏÈ×ÌËɯÚÊÈÕɯ×ÈÛÛÌÙÕɯÐÕɯFigure 28 were not included in the final OCT volume, 

but instead were treated as inactive lines that were used to transfer from one meridian to 

another. The petal tips accounted for 10% of the total scan time. This approach had the 

advantage of allowin g for a smooth scanning of the mirrors from meridian to meridian, 

but added a layer of complexity to reconstruction as even meridians were acquired in 

reverse with respect to the odd meridians.  
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2.3.1.3 Reconstruction and Segmentation 

Because distributed scanning acquires A-scans linearly in time but not space, B-

scans with correctly located A-scans were reconstructed in post-processing. 

Reconstruction was a fully automated multi -step process yielding a volume with 20 

evenly spaced meridians of 420 A-scans each. Using our previously described corneal 

layer segmentation algorithm [82], based on our graph-theory and dynamic 

programming layer segmentation framework [83], we then segmented reconstructed 

volumes to find both the anterior and posterior surface s in each meridian B-scan. This 

segmentation information had 3 -D refraction correction applied [53, 84, 85], and 

curvature values and corneal thicknesses were recovered using techniques as defined by 

Zhao et al. [51, 53]. We used these recovered values to determine the refractive power of 

the corneas. 

The reconstruction and transformation from a distributed scan acquisition to the 

desired basis meridian volume was a multi -step process. We implemented all post-

processing algorithms in MATLAB (MathWorks; Natick, MA). The distributed scanning 

protocol used included 5 passes over 20 meridians creating 100 distinct corneal profiles. 

The first step of reconstruction was extracting these profiles from the acquired data and 

organizing them in a stack with respect to their associated meridian (i.e. the first five 
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profiles in the stack belong to the first meridian; the next five belong to the second, etc.). 

Based on whether a meridian was odd or even, the corresponding profiles were 

unchanged or reversed left to right to account for the scan direction of the scan pattern. 

We corrected all profiles for 3 pixels of spatial delay per meridian due to the 

galvanometer mirror inertia and control circ uit loop delay.  

As stated earlier, the threshold that we considered to have no patient motion was 

on the order of 10ms; each profile consisted of 100 A-scans acquired at 100µs per A-scan 

yielding an acquisition time of 10ms per profile [86]. Given this, we assumed that there 

was no significant motion in any given profile, while considering the motion that 

naturally exists (and is expected to be significant) between individual profiles. Corneal 

profiles within a given meridian were spatially (but not temporally) correlated. Using 

this spatial correlation, we were able to estimate and remove the motion that occurred 

between acquisitions.  

For the following  step in reconstruction, we assessed each meridian 

independently. First, we found the corneal apex in each of the profiles of a meridian. 

Following this, the anterior and posterior surfaces of the central portion of the corneal 

profile were segmented using previously described techniques  [82]. We used these 

segmentation profiles to create two sets of masks for each meridian, one representing the 

location of the anterior surface and one for the posterior surface. We used these masks to 
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find the relative movement (both axial and lateral motion across the individual 

meridian) between passes. The registration process was done twice for each meridian, 

once for anterior masks and once for posterior masks.  

To minimize the overall mot ion estimation error, we exploited the bundle -

adjusted multi frame motion estimation framework [87, 88]. In this framework, for a 

ÚÌØÜÌÕÊÌɯÖÍɯ-ɯÔÌÙÐËÐÈÕɯ×ÙÖÍÐÓÌÚȮɯÐÕɯÛÏÌɯÍÐÙÚÛɯÚÛÌ×ȮɯÞÌɯÌÚÛÐÔÈÛÌËɯÈÓÓɯ-ɖȹ-ɯǸɯƕȺɯ×ÖÚÚÐÉÓÌɯ

pairwise motion vector fields using cross -correlation. In the second step, (following [88], 

Section 3.2), these motion vectorÚɯÞÌÙÌɯ×ÙÖÑÌÊÛÌËɯÖÕÛÖɯÈɯÊÖÕÚÐÚÛÌÕÛɯÚÌÛɯÖÍɯ-ɖȹ-ɯǸɯƕȺɯ

pairwise motion vectors, effectively reducing the motion estimation error between 

meridian profiles. The estimated motions for both the anterior and posterior surfaces in 

a set were then averaged to determine the final estimated motion for the set. Using this 

technique, we reconstituted all meridians to create a volume that was of the same form 

as the basis volume, in this case a meridian radial volume, which has also been motion 

corrected. 

In the reconstructed volumes, we cropped the lateral edges of each meridian to 

remove empty A -scans generated from lateral motion and the galvanometer inertia 

correction previously applied. This left each meridian with 420 unique A -scans covering 

a distance of 5.04mm. The anterior and posterior surfaces were then found using our 

automated segmentation algorithm [82]. The estimated surface topologies were then 
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corrected for optical distortions due to non -telecentric scanning and refraction of the 

sample using our previously described methods  [53] and were similar to those described 

by Ortiz, et al.  [84, 85]. 

 

 

Figure 30: DSOCT reconstruction and segme ntation process  
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Figure 30 illustrates the reconstruction and segmentation process for the initial 

DSOCT study. In the top image of Figure 30, the first 540 lines of volumetric data 

acquired utilizing  the scan pattern illustrated in Figure 28 are shown. Each small corneal 

profile contained 100 lines of data from 5 different radial slices. The full distributed 

volume was acquired in 1.1 seconds. In the middle image of Figure 30, a single 

representative under-sampled corneal profile is shown. Each corneal profile consisted of 

100 active lines and 10 inactive lines. Five slightly offset profiles were used to 

reconstruct a given final corneal meridian . The centers of all five profiles of a given slice 

were automatically registered to one another to provide axial and lateral translation 

information. This was done for all twenty radial slices. The bottom image of Figure 30 

illustrates how  using all i nformation from the middle diagram  allows for accurate lateral 

and axial motion estimation. All A -scans were automatically shifted to the estimated 

axial and lateral positions to reconstruct all twenty meridians. The anterior and posterior 

surfaces were automatically segmented for all twenty meridians. This information was 

used to calculate the surface curvatures. 

2.3.1.4 Validation Phantoms  

We used two types of phantoms to validate the extracted curvature values from 

reconstructed DSOCT volumes. All phantoms were scanned using the SDOCT system 

and scanning protocol described above. Post processing consisted of reconstruction and 
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segmentation of applicable surfaces. All targets were laid flat against and imaged on a 3-

axis translational stage with a ball joint stage for gross rotational alignment. The 

telecentric sample arm of the SDOCT system was mounted to a vertical translation stage 

allowing for simplified and stable acquisition of the targets.  

 

Figure 31: Glass topography reference spheres 

 

Figure 32: Rigid gas permeable contacts  

First, we used reference glass spheres to validate a single curved surface in air 

simulating the corneal epithelium -air interface. The spheres used were designed for 
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calibration of corneal topography machines. The second set of validation phantoms used 

consisted of rigid gas permeable (RGP) contact lenses (conformAthin; Conforma; 

Norfolk, VA) in air. To more closely mimic the physical configuration of the eye, we 

imaged the RGP contact lenses placed on rubber grommets that had a central clear 

aperture. Because the contacts were not mounted but instead simply placed on the 

grommets, they were measured in triplicate to validate repeatability in the event of any 

movement. We used the contacts to validate measuring the posterior surface and the 

central thickness of phantom, simulating the endothelial surface and the central 

thickness of the cornea respectively. For optical dewarping, the refractive index of the 

contacts was provided by the manufacturer.  

2.3.1.5 DSOCT Pilot Study Subject Imaging  

All human subject research was approved by the Duke University Medical 

Center Institutional Review Board. Prior to imaging, informed consent was received for 

all subjects after explanation of the possible consequences and nature of the study. All 

portions of this research followed the tenants of the Declaration of Helsinki.  

The population for this preliminary study was drawn from healthy volunteers at 

the Duke Eye Center undergoing LASIK surgery for refraction correction. On the day of 

and prior to surgery, the subjects were imaged using corneal topography (Atlas 995®; 

Carl Zeiss Meditec Inc.; Dublin, CA), Scheimpflug photography (Pentacam ® V2.73r19; 
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Oculus Optikgeräte GmbH; Wetzlar, Germany), and the above described DSOCT 

technique. Only eyes undergoing surgery were imaged and each imaging modality was 

done in triplicate for a given eye, providing a total of 9 measurements for each eye. The 

DSCOT volumetric data was post-processed as described in the above sections 

providing calculations for anterior corneal radius of curvature ( ra), posterior corneal 

curvature ( rp), central corneal thicknesses (CCT) and overall corneal refractive power for 

each imaged cornea. Similar values were produced from both topography and 

Scheimpflug devices using proprietary software on each device. In addition, we 

calculated the keratometric equivalent power, as described above, for Scheimpflug 

photography using the reported anterior and posterior radii as wel l as the reported 

central corneal thickness. Each set of triplicate measurements was used to generate a 

mean value to compare each device in a pair-wise fashion. The standard deviation of the 

measurements from each triplicate set was used to denote the repeatability of an 

individual device.  

For patient imaging, voluntary eye lateral motion was limited by asking the 

patient to stare at a stationary fixation target. An occluder was placed in front of the eye 

not being imaged to prevent fixation on any other t argets. Gross patient head motion 

ÞÈÚɯÓÐÔÐÛÌËɯÉàɯÎÌÕÛÓàɯ×ÓÈÊÐÕÎɯÛÏÌɯÚÜÉÑÌÊÛɀÚɯÏÌÈËɯÈÎÈÐÕÚÛɯÊÏÐÕɯÈÕËɯÍÖÙÌÏÌÈËɯÙÌÚÛÚȭɯ

Biometry was performed using the formulas described in section 1.2.2 Keratometry . 
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2.3.2 Results  

2.3.2.1 Validatio n Phantoms 

The topography reference spheres used had manufacturer specified radii of 

6.15mm, 8.00mm, and 9.65mm, corresponding to a representative range of corneal 

anterior curvatures. The values measured with DSOCT were 6.150mm, 7.999mm, and 

9.648mm respectively. A representative reconstructed meridian of the 8.00mm sphere is 

shown in the top of Figure 33. 

The RGP contact lenses used had manufacturer specified posterior radii of 

curvatures of 7.30±0.02mm, 7.70±0.02mm, and 8.20±0.02mm with each contact lens 

having a specified thickness of 130±20µm. Results can be seen in Table 1 with the mean 

value and standard deviation of the results acquired in triplicate. A representative 

reconstructed meridian of the 7.70mm RGP contact can be seen in the bottom of Figure 

33. 

Table 1: Representative DSOCT phantom image reconstructions  

RGP Contact  

Manufacturer Specified Values  

DSOCT  

Measured Values  

rp (mm)  Central Thickness (µm)  rp (mm) Central Thickness (µm)  

7.30±0.02 130±20 7.286±0.005 132.8±0.3 

7.70±0.02 130±20 7.687±0.004 134.8±0.5 

8.20±0.02 130±20 8.193±0.001 140.7±0.1 
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Figure 33: Representative DSOCT phantom image reconstructions  

2.3.2.2 Subject Imaging 

Overall 10 subjects and 18 eyes were imaged for the study. The mean age of the 

imaged subjects was 36.6 ± 9.3 years with a mean spherical equivalent manifest 

refraction of -3.48 ± 2.42 D. A total of 14 eyes (6 OD | 8 OS) from all 10 patients were 

used in the below pilot study. Four eyes from four subjects were excluded from the 

study because at least one volume from the triplicate set was unusable due to corneal 

profiles not being present throughout the volume (i.e. patient blinked, po rtions of the 

cornea were off screen, etc.). Table 2 shows the average measured values for anterior 
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radius for all three devices and the average posterior radius and central corneal 

thickness for both Scheimpflug photography and D SOCT for all 14 eyes. Table 3  

provides the mean reported and calculated refractive power values for all three devices. 

We also included the calculated KEP refractive power for Scheimpflug photography.  

Table 2: Measured corneal curvatures and thicknesses  

Subject Topography Scheimpflug Photography DSOCT 

(Eye) ra (mm) ra (mm) rp (mm)  CCT (µm) ra (mm) rp (mm) CCT (µm) 

Sub1 (OD) 7.288±0.017 7.377±0.081 6.267±0.035 535±19.1 7.389±0.001 6.591±0.011 537±1.2 

Sub1 (OS) 7.348±0.027 7.340±0.017 6.223±0.038 525±5.5 7.376±0.012 6.604±0.019 532±1.5 

Sub2 (OD) 7.606±0.011 7.590±0.000 6.340±0.036 634±3.0 7.599±0.013 6.710±0.042 630±1.1 

Sub2 (OS) 7.664±0.007 7.627±0.006 6.420±0.020 634±6.8 7.660±0.011 6.694±0.017 632±0.2 

Sub3 (OD) 7.830±0.013 7.807±0.021 6.650±0.095 554±5.3 7.867±0.009 7.049±0.017 544±1.4 

Sub3 (OS) 7.834±0.007 7.800±0.010 6.807±0.065 557±1.7 7.873±0.024 7.083±0.007 550±1.1 

Sub4 (OD) 7.560±0.016 7.543±0.032 6.190±0.061 599±4.6 7.568±0.018 6.563±0.015 599±0.9 

Sub4 (OS) 7.539±0.012 7.490±0.026 6.167±0.029 599±5.3 7.541±0.011 6.496±0.004 595±1.2 

Sub5 (OS) 7.973±0.014 7.953±0.006 6.690±0.046 515±6.1 8.013±0.026 7.102±0.013 518±1.6 

Sub6 (OS) 7.733±0.017 7.773±0.006 6.507±0.038 509±4.7 7.737±0.021 6.851±0.024 514±0.5 

Sub7 (OD) 8.028±0.025 8.030±0.010 6.693±0.025 572±3.5 8.030±0.008 7.056±0.016 575±6.1 

Sub8 (OS) 8.237±0.117 8.117±0.006 6.627±0.006 560±7.8 8.146±0.006 7.066±0.031 549±2.3 

Sub9 (OS) 7.850±0.041 7.797±0.015 6.370±0.020 527±4.0 7.766±0.007 6.858±0.030 524±1.4 

Sub10 (OD) 7.918±0.023 7.877±0.015 6.390±0.046 595±5.7 7.851±0.033 6.844±0.077 592±2.7 

Mean  7.743 7.723 6.460 566 7.744 6.826 564 

Mean 

Repeatability 
0.025 0.018 0.040 5.9 0.014 0.023 1.6 
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Table 3: Corneal refractive power calculations  

Subject Topography Scheimpflug Photography DSOCT 

(Eye) S͖imK (D) E͖KR (D) K͖EP (D)  T͖L (D) K͖EP(D) 

Sub1 (OD) 46.31±0.107 45.93±0.379 45.62±0.516 44.94±0.004 45.85±0.006 

Sub1  (OS) 45.93±0.166 46.00±0.100 45.82±0.097 45.04±0.068 45.94±0.071 

Sub2  (OD) 44.37±0.063 44.77±0.058 44.39±0.041 43.66±0.057 44.67±0.061 

Sub2  (OS) 44.04±0.038 44.33±0.058 44.22±0.051 43.24±0.086 44.24±0.089 

Sub3 (OD) 43.10±0.072 43.17±0.208 43.10±0.169 42.23±0.063 43.04±0.066 

Sub3 (OS) 43.08±0.038 43.33±0.115 43.29±0.121 42.22±0.143 43.04±0.149 

Sub4 (OD) 44.64±0.094 44.67±0.153 44.49±0.191 43.72±0.131 44.69±0.135 

Sub4 (OS) 44.77±0.072 44.83±0.252 44.84±0.178 43.84±0.074 44.81±0.075 

Sub5 (OS) 42.33±0.074 42.33±0.153 42.15±0.023 41.39±0.144 42.14±0.147 

Sub6 (OS) 43.64±0.094 43.37±0.115 43.11±0.012 42.86±0.116 43.66±0.121 

Sub7 (OD) 42.04±0.131 41.97±0.115 41.78±0.082 41.27±0.056 42.09±0.051 

Sub8 (OS) 40.98±0.577 41.66±0.115 41.27±0.025 40.60±0.028 41.36±0.028 

Sub9 (OS) 43.00±0.224 42.93±0.058 42.85±0.098 42.69±0.026 43.50±0.029 

Sub10 (OD) 42.62±0.123 42.83±0.115 42.48±0.122 42.17±0.267 43.05±0.280 

Mean  43.63 43.72 43.53 42.85 43.72 

Mean 

Repeatability 
0.134 0.142 0.122 0.090 0.093 

 

The mean paired difference in refractive power between Topography and 

DSOCT was 0.086 ± 0.259D and the average difference between DSOCT and 

Scheimpflug photography was -0.003 ± 0.233D. For comparison the measured average 

difference between Scheimpflug photography and topography was -0.089 ± 0.265D. The 

average repeatability of the power measurements for each modality (topography, 

Scheimpflug photography, and DSOCT) were ±0.134D, ±0.142D, and ±0.092D 

respectively. Figure 34 and Figure 35 compare the mean paired differences between the 
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three devices for both corneal anterior radii of curvatures and corneal refractive power. 

The mean paired differences between DSOCT and both topography and Scheimpflug 

photography were comparable to the mean paired differences between topography and 

Scheimpflug photography.  

 

Figure 34: Corneal anterior surface radii mean p aired difference s 
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Figure 35: Corneal refractive power mean paired differences  

2.3.3 Discussion  

Utilizing an SDOCT system that is clinically available, we have developed a 

technique, termed DSOCT, which reduces the effects of patient motion in corneal 

tomographic data for the generation of clinically relevant corneal biometric information. 

DSOCT was developed in response to our prior experience using conventional radial 

scan patterns for corneal biometry. On a population similar to the one described in the 

current work, we found that inter -device bias for SDOCT compared well to topography 
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and Scheimpflug photography devices b ut the inter -device variability for SDOCT was 

higher than 0.50 D [51]. One potential source for this variability was axial subject motion 

during OCT image acquisition.  

We characterized axial subject motion by performing a pilot study that provided 

preliminar y characterization of human eye axial motion from 0.5 -125Hz. This pilot study 

indicated that motions of >1 µm, sufficient to distort biometric measurements according 

to prior reports [60], were indeed band-limited to less than approximately 50Hz. This 

pilot study did not address tear film dynamics due to the ~5µm axial resolution of our 

system. These results provided a quantitative target for our selection of a cut-off 

frequency between natural patient motion and artificial (apparent) motion we induced 

by distributed scanning, which we set conservatively at 100Hz. For this pilot study, we 

made the assumption that we were only measuring axial motion. Because we imaged 

near the vertex of the cornea and had the subjects fixate on a target, small lateral motion 

should result in very small changes in apparent axial motion which would be 

overwhelmed by actual axial motion. For this assumption to remain true, a t wo second 

scan time was a relatively long scan time. This was a compromise between having a scan 

ÛÏÈÛɯÞÈÚÕɀÛɯÛÖÖɯÓÖÕÎɯÈÕËɯÖÕÌɯÛÏÈÛɯÊÖÕÛÈÐÕÌËɯÌÕÖÜÎÏɯËÈÛÈɯÛÖɯ×ÙÖÝÐËÌɯÛÏÌɯÓÖÞ-frequency 

information we required.  
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Following this pilot study, DSOCT was then teste d on two sets of phantoms: 

calibration spheres for corneal topography and rigid gas permeable contact lenses. These 

tests confirmed that we could accurately reconstruct surface data of varying curvatures 

even through an intervening medium in the case of th e contact lenses. For both sets, 

measurements acquired using DSOCT matched well with manufacturer supplied 

specifications. 

We then applied DSOCT in a clinical setting on a normal patient population 

undergoing LASIK refractive correction surgery. This envir onment provided the 

opportunity to obtain repeated measurements from not only DSOCT but corneal 

topography and Scheimpflug photography as well for comparison. Values for anterior 

and posterior radii of curvature as well as central corneal thickness were acquired 

directly from DSOCT tomographic data. Experimentally, we found that a 5 mm zone 

best agreed with our reference calibration targets. With this experience, we chose to use 

this fitting zone consistently in the clinical scans as well. In prior work, th e resultant 

clinical measurements correlated well with other clinical platforms despite this zone  

[51]. We acknowledge that the cornea is generally assumed to be spherical around a 3 

mm zone, but chose to prioritize the experimental calibration data.  For the anterior 

corneal surface, there was good agreement between all three devices. While topography 

does not report a value for central corneal thickness, there was a good agreement 
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between DSOCT and Scheimpflug photography with a mean difference of less than 2µm 

or less than 0.32%. In addition, topography does not measure or report posterior 

curvature. Regarding posterior curvatures, DSOCT and Scheimpflug photography were 

in disagreement with a mean difference of over 0.35mm or more than 5%. The final 

consideration that we made was the average ratio between the posterior and anterior 

surfaces of the cornea (rp/ra). Topography, using the Gullstrand model, assumes a ratio of 

0.88 while other studies have shown Pentacam, the device we used for Scheimpflug 

photograp hy measurements, to have a ratio of 0.82±0.02[89, 90]. Our population had a 

Scheimpflug photography ratio of 0.837±0.016 and a DSOCT ratio of 0.881±0.012. 

Unlike the anterior surface whi ch consists of an air-tissue interface that is directly 

accessible by optical devices, the posterior surface may only be observed in vivo by 

imaging through tissue. This in turn requires that multiple assumptions are made to 

estimate its radius of curvatur e. Our group used an experimentally measured index of 

refraction and three dimensional optical distortion correction to locate the posterior 

surface (see Section 2.5) [51, 53]. Unfortunately, we do not know the indices of refraction 

used by Pentacam or if they utilize a two or three dimensional refraction correction 

technique. We do know that they utilize a formula to c alculate power (EKR) which is 

benchmarked to keratometry and scales the posterior radius to do so [90]. These 

differences may be the source of this discrepancy. Aside from the above, the posterior 
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radius of curvature is higher in our population for both DSOCT and Scheimpflug 

photography. Given the small sample size in our study a few subjects with larger than 

average posterior curvature values (subjects 3, 5, 7 & 8) may greatly influence the overall 

mean value. 

The mean reported SimK refractive power for topography was 43.63D and a 

mean repeatability of ±0.134. The mean reported EKR refractive power for Scheimpflug 

photography was 43.72D and a mean repeatability of ±0.142D. This resulted in a bias of 

only 0.089D between these two devices. Using the measured values reported above, we 

calculated the corneal refractive power using the Eq. 15 for DSOCT. The mean refractive 

power calculated for DSOCT using Eq. 15 was 42.85D with a mean repeatability of 

±0.090. While mean repeatability was comparable to the other devices, there was a bias 

of 0.786D and 0.875D to topography and Scheimpflug photography, respectively. 

Topography however does not use the paraxial corneal power but is instead referenced 

to the vertex. With a Gullstrand model eye, the difference between paraxial and vertex 

power calculations is ~0.8D [42, 60]. To match our values with the reported values of 

topography, we used the KEP power calculation, Eq. 16, to determine corneal refractive 

power for DSOCT. The mean refractive power calculated for DSOCT using this KEP was 

43.72D with a mean repeatability of ±0.093D. Again we had a comparable mean 

repeatability to the other devices but the bias was substantially improved to -0.086D and 
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-0.003D for topography and Scheimpflug photography, respectively. We also used the 

reported curvature and thickness values from Scheimpflug photography and calculated 

the associated KEP power values. Here we saw a reduction in the mean power by ~0.2D 

with little change in the repeatability. Because anterior surface values are similar for 

topography and Scheimpflug photography, this change in power is likely due to the 

lower reported mean posterior curvature values.  

Clinical devices provide corne al refractive power through differing 

measurements and calculations. Despite these differences however, it is important to 

provide a corneal power value that can be used for clinical purposes (i.e. intraocular lens 

power calculations [91]).  Traditionally, the corneal refractive power value was 

measured from a keratometer with its attendant limitations. The Si mK and EKR values 

ÍÙÖÔɯÛÖ×ÖÎÙÈ×ÏàɯÈÕËɯ2ÊÏÌÐÔ×ÍÓÜÎɯ×ÏÖÛÖÎÙÈ×ÏàɯÙÌÚ×ÌÊÛÐÝÌÓàɯ×ÙÖÝÐËÌɯɁÒÌÙÈÛÖÔÌÛÌÙɯÓÐÒÌɂɯ

values that can be used in lieu of measurements from an actual keratometer. Even if not 

exactly equivalent, these analogous values should exhibit a certain amount of clinically 

acceptable repeatability with a  small bias and variability  to one another. In this pilot 

study we did see an improvement of inter -device variability with DSOCT in comparison 

to our previous study, ~0.25D  vs. ~0.50D [51]. In Fig. 7 it can been seen that the inter-

device variability between Topography ɬ DSOCT and DSOCT ɬ Scheimpflug 
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photography was also lower than the variability between Scheimpflug photography ɬ 

Topography.  

OCT benefits from a high axial resolution (<10µm) independent o f sample arm 

optics and can be developed to have high lateral resolution. Higher axial and lateral 

resolutions provide more precise estimates for structural boundaries. While we were 

unable to find the optical axial and lateral resolutions associated with Pentacam, 

subjectively these appeared lower than our DSOCT system. For OCT, patient motion 

during the acquisition of a volume is most likely the largest source of error in the 

acquisition of corneal tomographic data. This motion can be mitigated by acquiri ng the 

volume at a faster rate. This was seen previously in the move from a 2 kHz TDOCT 

system to 26 kHz SDOCT [52, 60]. By utilizing a scan pattern with 8 radial meridians 

across the cornea the total volume acquisition was on the order of hundreds of 

milliseconds. However, each individual meridian was acquired in 40ms increasing the 

effect of motion within a single pr ofile. As previously discussed, we found patient 

motion to be effectively eliminated at a rate of 100Hz which corresponds to acquiring a 

corneal profile in 10ms. By having only 8 meridians, total acquisition time is reduced but 

at the expense of spatial sampling at the periphery of the scan pattern. At the edge of the 

reported 6mm scan pattern, there is a 1.17mm linear distance between meridians. By 

having 20 reconstructed meridians, we reduced the linear distance to 0.47mm. This more 
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densely sampled scan pattern may offer the capability to accurately analyze higher order 

optical aberrations beyond spherical aberrations.  

It should be noted that the distributed scanning method is adaptable to other 

targets (i.e. retina, etc.), is independent of wavelength, and is not limited to the specific 

implementation  presented. While this experiment was limited to a 5.04mm diameter 

zone, this was a function of system spectral fall-off and low contrast at the corneal 

periphery and not due to limitations of the scan patter n itself. Switching to an 

experimental SSOCT source at a longer wavelength could provide the ability to resolve 

both of those issues. Moving to a higher speed system, such as some experimental 

SDOCT or SSOCT systems, could offer the ability to both reduce higher frequency 

motion and sample more densely [17, 21, 92]. Assuming inertia -limited galvanometric 

mirrors can operate at these high frequencies, DSOCT could be adapted for these 

experimental systems as well.  

To obtain the single curvature values presented above, we applied a best fit 

sphere to the segmented surfaces of the cornea. This fit averages any higher frequency 

motion, effectively removing it from the calculation. This also removes any information 

about higher order aberrations such as coma or astigmatism. In this implementation of 

DSOCT we were effectively able to sample the patient motion at a rate of ~5Hz for each 

meridian. This allows us to estimate and remove any motion with a temporal frequency 
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of less than 2.5Hz (i.e. patient breathing or heart beat) across the entire volume. Because 

we acquired the volumes in ~1 second we have the potential to extend the surface fit to 

include  more than spherical components in the model.  
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3. Single and Multi -Surface Corneal Topography  

3.1 Clinical Assessment of Corneal Astigmatism  

Negative and positive spher ical refractive error (optical defocus), corresponding 

to myopia and hyperopia respectively, are two of the most common forms of refractive 

error [93]. Aim 1 (Section 3) addressed the problem of calculating the spherical 

equivalent corneal refractive power in normal subjects with OCT. However, it did not 

address astigmatism, a third common form of refractive error [93]. Like defocus, 

astigmatisms correspond to a 2nd order Zernike polynomial. However unlike defocus, 

astigmatism corresponds to a pair of orthogonal polynomials ( ( )qr 2sin6 2 , ( )qr 2cos6 2 ) 

and these polynomials are also a function of angle. These extra parameters increase the 

need to reduce the effects of patient motion during the acquisition of an OCT volume.  

Clinically, k eratometry is currently used quantify corneal astigmatic power a long 

the two previously mentioned  orthogonal principal axes. As an extension of 

keratometry, p lacido ring -based topography is also used, providing a visualization of 

the two dimensional distribution of refractive power in the cornea, including 

astigmatism, ÍÖÓÓÖÞÐÕÎɯÛÏÌɯÔÌÛÏÖËÚɯÞÐÛÏÐÕɯÛÏÌɯ -2(ɯÚÛÈÕËÈÙËɯȿ"ÖÙÕÌÈÓɯ3Ö×ÖÎÙÈ×Ïàɯ

2àÚÛÌÔÚɀɯ[30]. However both keratometry and placido -ring topography, only consider 

the anterior surface contribution of the cornea, ignoring any effects due to the posterior 

cornea. Alternatively, t omographic techniques can image both the anterior and posterior 
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surfaces to better characterize the optical properties of the cornea as a whole. Recent 

studies involving commercial Scheimpflug system s (utilizing proprietary image 

analysis) have investigated corneal astigmatisms [46, 47]. One study found, in a normal 

population, a mean posterior surface astigmatic power of -0.30 Diopters (D) with a range 

of -0.01 to -1.10 D [2]. Other studies utilizing either Purkinje imaging or Scheimpflug 

photography have found a tor icity corresponding to the posterior corneal surface [94-

96]. 

Previous works within the field of OCT corneal biometry have reported corneal 

ɁÛÖ×ÖÎÙÈ×ÏàɂɯÔÌÈÚÜÙÌÔents [85, 97]. Instead these maps corresponded with elevation 

maps or maps illustrating deviations from the bes t-fit -sphere. While these reports 

correspond to geographical topology, they do not follow the methods previously 

outlined by ANSI [30] which instead correspond to cur vatures as described by 

differential geometry.  

We addressed this issue by providing the first demonstration higher order 

clinical corneal astigmatic refractive power extraction from OCT and clinical corneal 

topography maps as described by ANSI standards for reporting clinical corneal 

curvature over a 5mm zone [30]. In addition, we developed a technique that combines 

3D refraction and corneal topography to combine multi ple surface curvatures into a 

single pseudo-surface. 
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3.2 Materials and Methods  

3.2.1 Modified Clinical SDOCT System  

All OCT volumes we ÙÌɯÈÊØÜÐÙÌËɯÈÓÖÕÎɯÚÜÉÑÌÊÛÚɀɯÝÐÚÜÈÓɯÈßÐÚɯÜÚÐÕÎɯÛÏÌɯÊÖÔÔÌÙÊÐÈÓɯ

spectral domain OCT (SDOCT) system, described previously in Section 3.3.1.1, with 

ϞǻƜƘƔÕÔȮɯͅϞǻƙƔÕÔȮɯ10 kHz A -scan rate and a telecentric scanner for the sample arm 

(Bioptigen, Inc.; Durham, NC). We acquired volumes using DSOCT with scan protocol 

described in Section 3. Following corrections for distortion due to sam ple arm optics and 

3D refraction, these segmentations were then used to calculate the corneal refractive 

power using methods described previously [53]. We have extended our methods to 

include: thickness (pachymetry) maps, difference from best-fit -sphere (float) maps, 

meridional curvature maps, and axial curvature maps of both corneal surfaces.  

3.2.2 Pachymetry and Float Maps  

The extension to both pachymetry and float maps was straightforward from our 

previous work. Our previous works [51, 53, 98] generated elevation maps for the 

anterior and posterior surfaces. Using these maps we applied 3D refraction correction to 

correct the posterior surface. To apply this correction we found the relationship between 

the anterior and posterior surfaces. We used adapted this relationship to generate 

pachymetry maps by finding the thickness between the two surfaces at any given point 

such that the line segment representing the thickness was normal to the anterior surface. 
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Our previous methods [51, 53, 98] also calculated the best-fit -spheres for the corrected 

anterior and posterior surfaces. To generate a float map, we created a 3D spherical 

surface from this calculation and subtracted this surface from the r espective corneal 

surface.  

3.2.3 Corneal Topography Maps  

Moving beyond spherical calculations, we developed methods to create corneal 

topography maps from OCT volumes. For single surfaces, we based our methods for 

calculating meridional  and axial curvatur e maps on formulas outlined in the ANSI 

Z80.23-2007 standard for corneal topography [30]. The corneal topographer axis (CT 

axis) is defined [30] as an axis parallel to the optical axis of the topographer and is used 

as the reference axis for curvature measurements. By correcting for optical distortions in 

the sample arm, we considered all rays incident on the cornea to be parallel to the 

optical axis allowing us to reference the CT axis to the vertex of the cornea. By adopting 

this reference, the cornea may translate throughout the field-of-view of the OCT system 

without changing t he shape of the axial curvature map. It should be noted however, 

rotations of the cornea relative to the CT axis will result in a change in the calculated 

values of the axial curvature map.  
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Figure 36: Meridional curvature vs. Ax ial curvature  

Meridional curvature is a function of the corneal profile elevation with respect to 

the distance to the CT axis as defined in Eq. 19. Axial curvature has been described 

mathematically in multiple equivalent forms. We utilize the form in Eq.  20 where xn is 

the radial position at which Ka is calculated. Figure 36 illustrates the functional 

differences between Km, Ka and their respective radii of curvature. We analytically 

calculated a 2D a meridional curvature map by first modeling the surface profile as a 5 th 

order Zernike polynomial, Z(ÙȮϛ), and then substituted Z(ÙȮϛ) for M (x) and 

r for x in Eq. 19. We then numerically calculated axial curvature values at each location 
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xn along 0.5° increments based upon the values found from the meridional curvature 

map. 
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Equations 19 and 20 describe the local curvature for a single surface. However as 

a tomographic technique, OCT offers the capability to image multiple surfaces 

simultaneously and the thickness between them. To provide a single local optical power 

map that incorporates the contributions from multiple surfaces, we adapted the paraxial 

thick lens equation (Eq. 21) to use local curvatures and thicknesses from the acquired 

surfaces.  
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 [Eq. 21] 

These values included: 1) the local anterior radius of curvature at point xn, ra(xn) 2) the 

thickness from the anterior surface to the posterior surface, taken along the normal 

vector to the anterior surface, t(xn) [53] 3) the posterior radius of curvature at the point 

xn - ͅß, rp(xn - ͅß), where t(xn) intersects the posterior surface and ͅß is the length of t(xn) 

projected onto the x-axis. We calculated the local radii of curvature of a surface by the 
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defined value of rm = 1/Km [30]. Figure 37 illustrates the concept of taking local curvature 

values and creating a thick lens equivalent. 

 

Figure 37: Adaptation of corneal surfaces to local thick lens equivalent  

Phase refractive indices used for cornea, aqueous, and air were the Gullstrand 

values found within the literature where: nc=1.376, nq=1.336, and na=1.000 

respectively [29]. Equation 12 is referenced to the rear principal plane. However, current 

clinical topography systems provide optical power maps referenced to the back focal 

length (BFL) instead of the effective focal length (EFL) [31]. Equation 22 adapted from 

the back vertex power formula to match the reference plane used by clinical topography 

systems [31]. 
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3.2.4 Pilot Subject Imaging  

All human subject research was approved by the Duke University Medical 

Center Institutional Revi ew Board. Prior to imaging, informed consent was received for 

all subjects after explanation of the possible consequences and nature of the study. All 

portions of this research followed the tenants of the Declaration of Helsinki.  

Corneal OCT image volumes of eyes with a manifest refraction with greater than 

2 D of cylinder, which we considered to be clinically apparent, were selected from a 

previously acquired dataset of patients undergoing preoperative evaluation for laser 

refractive surgery. This sub-population consisted of 7 subjects for a total of 10 eyes. 

Subject eyes were imaged in triplicate by placido-ring topography (Atlas 995 ®; Carl Zeiss 

Meditec Inc.; Dublin, CA), Scheimpflug photography (Pentacam ® V2.73r19; Oculus 

Optikgeräte GmbH; Wetzlar, Germ any), and DSOCT [98]. For topography, ra was equal to 

337.5/K where K was the reported spherical equivalent SimK value over a nominal 3mm zone 

and 337.5 is equal to the keratometric constant, 1000*(nk - na) as defined by [30]. For Scheimpflug 

photography, ra and rp were the mean reported radii of the anterior and posterior corneal 

surfaces, and CCT was the reported thickness at the apex. Refractive power, K, was the reported 

EKR value for the 3mm zone. For DSOCT we calculated major and minor axis optical 

powers and directions K1 and K2 from the meridional curvature, Km, at the corneal 
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vertex. Spherical equivalent values (K, ra, rp, and CCT) for DSOCT were calculated as we 

described previously in Section 3 and [98]. 

For single surface DSOCT measurements, we applied the keratometric constant 

to only the anterior surface. Astigmatism magnitude, |Asti| , is equivalent to the 

subtraction of axis optical powers, |K1 ɬ K2| . Angle values were unwrapped manually 

for device comparison calculations.  

3.3 Results  

Table 4 and Table 5 show the mean values and repeatability for all three devices, 

including single and multi -surface (SS and MS respectively) DSOCT. The first value, x̄, 

corresponds to the mean value across the patient population. The second value, Ϧ̄, 

corresponds to the mean standard deviation of repeated measurements on each eye. 

Table 6 contains the mean pair-wise differences between devices for both spherical and 

astigmatic refractive values.  

Table 4: Mean spherical refractive values with repeatability  

x̄| Ϧ̄ K (D)  ra (mm) rp (mm) CCT (µm) 

Topography  43.4|±0.1 7.79|±0.02 -- -- 

Scheimpflug  43.2|±0.2 7.80|±0.04 6.45|±0.08 568|±4.4 

DSOCT (MS)  43.6|±0.2 7.75|±0.02 6.53|±0.01 575|±2.3 

DSOCT (SS) -- -- -- -- 

DSOCT (MS) = DSOCT Multi-Surface | DSOCT (SS) = DSOCT Single Surface 
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Table 5: Mean astigmatic refractive values with repeatability  

x̄| Ϧ̄ K1 ± Ϧ̄  (D)  x  K2 ± Ϧ̄  (D)  @   K2 Axis ± Ϧ̄  (°) | Asti |  (D) 

Topography   42.3±0.1  x  44.5±0.1  @  88.9±3.3 2.2 

Scheimpflug   42.3±0.1  x  44.4±0.3  @  84.8±4.9 2.0 

DSOCT (MS)   42.2±0.1  x  44.6±0.2  @  86.1±3.6 2.4 

DSOCT (SS)  42.6±0.1  x  44.9±0.2  @  85.3±3.5 2.4 

DSOCT (MS) = DSOCT Multi-Surface | DSOCT (SS) = DSOCT Single Surface 

 

Table 6: Mean paired differences with standard deviation  

(x̄ - ȳȺɯǷɯϦ K1 ± Ϧ̄  (D)  x  K2 ± Ϧ̄  (D)  @   K2 Axis ± Ϧ̄  (°) |Asti| (D)  K (D)  ra (mm) 

S ɬ T   0.02±0.21  x  -0.14±0.33  @  -4.1±6.4 -0.15 ± 0.34 -0.27 ± 0.31 0.02 ± 0.04 

T ɬ D(MS)   0.10±0.68  x  -0.10±0.56  @  2.8±8.8 -0.23 ± 0.72 -0.04 ± 0.50 0.03 ± 0.08 

D(MS) ɬ S  -0.12±0.65  x  0.24±0.76  @  1.3±6.9 0.38 ± 0.85 0.31 ± 0.65 -0.05 ± 0.09 

T ɬ D(SS)  -0.32±0.65  x  -0.46±0.51  @  3.6±7.6 -0.14 ± 0.53 -- -- 

D(SS) ɬ S  0.30±0.58 x 0.59±0.69  @  0.6±6.0 -0.30 ± 0.68 -- -- 

T = Topography | S = Scheimpflug | D(MS) = DSOCT Multi -Surface | D(SS) = DSOCT Single Surface 

 

The following maps  are from the right eye of a single representative subject with 

astigmatism of ~3 Diopters (D): Topography = 39.9D x 43.0D @ 96°; Scheimpflug 

Photography = 39.9D x 43.1 @ 98°; Multi -Surface DSOCT = 39.9D x 42.6D @ 96°. Results 

for  topography and Scheimpflug photography show a centered 5mm region of interest 

and obtained directly from the respective devices. Figure 38 includes: Top) DSOCT 

meridional curvature maps of anterior (L) and posterior (R) corneal surfaces  Bottom) 

Pachymetry map taken normal to anterior surface  [53] (L) and multi -surface meridional 

curvature map (R) combining all three as described by Eq. 22. Figure 39 shows anterior 

and posterior f loat maps for this subject. DSOCT results are on the top row while 

Scheimpflug results are on the bottom row. Figure 40 includes representative axial 
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curvature maps: Top) Topography (L) and Scheimpflug photography (R) anterior 

surface; Outer dashed circles: 5mm region of interest Bottom) Single surface (L) and 

multi surface (R) DSOCT maps over 5mm zones 

 

Figure 38: Multi -surface meridional curvature map and components  
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Figure 39: Representative anterior and posterior surface device float maps  

 

Figure 40: Representative axial curvature maps  
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3.4 Discussion  

We propose a method to extend the ANSI Corneal Topography [30] standard to multiple 

corneal surfaces and provide, to our knowledge, the first experimental comparison of 

single- and multi -surface OCT corneal curvature topography.  For the purposes of 

clinical comparison and utility we reduced the Zernike surfaces to spherical and 

astigmatic power but this technique offers the potential to evaluate higher order 

aberrations in the future.  While the difference is not marked in this population of normal 

preoperative subjects, by including corneal thickness and posterior surface information, 

multi -surface curvature calculations could, in principle, provide more accurate 

astigmatic characterization for subjects who have undergone laser refractive surgery and 

differentially alter ed their anterior surface relative to the posterior surface [46, 47, 52]. 

This potential is explored in Chapter 4. 
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4. Optical Coherence Tomography Measures Corneal 
Refractive Power Change Resulting from Laser 
Refractive Surgery  

4.1 Clinical Need  

Consistent and accurate measurement of corneal spherical refractive power is 

paramount in determining the prescription for both invasive (surgical) and non -invasive 

(corrective lenses) treatments. For higher order astigmatism, surgical treatments require 

more stringent characterization of the cornea including magnitude and d irection of the 

astigmatic refractive power. Placido ring -based corneal topography provides consistent, 

accurate radius of curvature for the anterior corneal surface. To provide refractive power 

calculations, however, these devices operate under the assumption of a constant corneal 

thickness and ratio between the radii of curvature for the anterior and posterior corneal 

surfaces [27, 99]. When these assumptions are violated, such as patients who have 

undergone laser refractive surgery (e.g. PRK, LASIK), these power calculations are 

compromised. For subjects where refractive surgery results in a flatter anterior corneal 

surface placido ring-based corneal topography tends to overestimate corneal refractive 

power [32]. Scheimpflug photography based instruments (e.g. Oculus Pentacam®, 

Ziemer Galilei ®) utilize from 25 to 100 full -diameter radial tomographs of the cornea to 

estimate anterior and posterior radii of curvature, corneal thickness, and corneal 

refractive power. However, as previously mentioned in preceding sections, the optical 
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resolution of Scheimpflug photography may limit it s accuracy particularly with regards 

to the posterior corneal surface. As an alternative, OCT offers the capability of micron-

scale resolution. In the preceding sections we have demonstrated methods to reduce the 

effects of patient motion on our volumes an d analyze those volumes to provide 

clinically relevant measurements such as spherical equivalent refractive power and 

astigmatic power and orientation. Below we evaluate DSOCT and multi -surface corneal 

topography in a clinical study where subjects undergoi ng LASIK are imaged prior to 

surgery and again in a follow on session at least 3 months later. 

4.2 Materials and Methods  

4.2.1 Subject Imaging and Protocol  

All human subject research was approved by the Duke University Medical 

Center Institutional Review B oard. Prior  to  imaging,  informed  consent  was  received  

for  all  subjects  after explanation of the possible consequences and nature of the study. 

All portions of this research followed the tenants of the Declaration of Helsinki.  

The population for t his study was drawn from healthy volunteers at the Duke 

Eye Center undergoing LASIK surgery for refraction correction.  All surgeries were 

performed by the same surgeon. Day of and prior to surgery, each subject received the 

following protocol for each eye  undergoing LASIK surgery: manifest refraction, corneal 

topography (Atlas 995®; Carl Zeiss Meditec Inc.; Dublin,  CA),  Scheimpflug  
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photography  (Pentacam®   V2.73r19;  Oculus  Optikgeräte GmbH; Wetzlar, Germany) 

and SDOCT (Bioptigen, Inc.; Durham, NC). We performed all imaging modalities in 

triplicate with the mean value used for subsequent analysis. Subjects who returned to 

the Duke Eye Center for their 3+ month post-operative evaluation repeated the above 

protocol. Measurements from the pre-operative evaluation for all subjects were used to 

compare the accuracy and repeatability of SDOCT to corneal topography and 

Scheimpflug photography. For subjects where we obtained pre- and post-operative 

manifest refraction and imaging data, we compared the measured change in spherical 

equivalent and astigmatic power from each imaging modality to the measured change 

as evaluated by manifest refraction. Repeatability of the imaging modalities in post -

operative subjects was also computed. 

4.2.2 Device Biometry  

For corneal topography, we calculated the spherical equivalent power, K͖, from 

ÛÏÌɯÔÌÈÕɯÝÈÓÜÌɯÖÍɯÛÏÌɯÙÌ×ÖÙÛÌËɯ2ÐÔ*ɯ×ÖÞÌÙÚɯ͖K1 (at angle ÏK1ȺɯÈÕËɯ͖K2 (at angle ÏK2) 

ÖÝÌÙɯÈɯÕÖÔÐÕÈÓɯƗÔÔɯáÖÕÌȭɯ6ÌɯÊÈÓÊÜÓÈÛÌËɯÛÏÌɯÈÚÛÐÎÔÈÛÐÊɯ×ÖÞÌÙȮɯ͖Cyl, from the formula 

ɧ K͖1 - K͖2| and ÏCyl from ÏK1 where ÏK1 is the major axis. We calculated the corneal 

anterior surface radius of curvature, ra, ÍÙÖÔɯÛÏÌɯÍÖÙÔÜÓÈɯƗƗƛȭƙɤ͖K where 337.5 is equal to 

the keratometric constant, 1000*(nk ɬ na). The indices of refraction nk = 1.3375 and na = 

1.000 are the keratometric index and the index of refraction for air respectively [29, 99]. 
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For Scheimpflug photography, the scanning protocol consisted of 25 radial 

meridians with a sample spacing of 0.1mm. We obÛÈÐÕÌËɯ͖K from the reported EKR 

value for a 3mm zone[90]. We ÊÈÓÊÜÓÈÛÌËɯ͖Cyl ÍÙÖÔɯÛÏÌɯÍÖÙÔÜÓÈɯɧ͖K1 - K͖2ɧɯÞÏÌÙÌɯ͖K1 (at 

angle ÏK1ȺɯÈÕËɯ͖K2 (at angle ÏK2) are the reported astigmatic powers. We used ÏK1 for 

ÏCyl. The anterior and posterior radii of curvature ( ra and rp respectively) were obtained 

from the reported va lues. The central thickness (CCT) was the reported thickness at the 

corneal apex. 

3ÏÌɯ2#."3ɯÚàÚÛÌÔɯÜÛÐÓÐáÌËɯÞÈÚɯÈɯÊÖÔÔÌÙÊÐÈÓÓàɯÈÝÈÐÓÈÉÓÌɯÚàÚÛÌÔɯȹϞǻƜƘƔÕÔȮɯ

ͅϞǻƘƝnm, Bioptigen, Inc.) however to reduce the effects of patient motion we developed 

a custom scan pattern and a fully automated reconstruction and segmentation technique 

for corneal biometry. The SDOCT system acquisition rate was 10,000 A-Scans per 

second. We used a temporally distributed rosette scan pattern that results in a volume 

that is equivalent to a conventional radial scan pattern consisting of 20 meridians and 

500 A-scans per meridian. Detailed methods for the scan pattern, reconstruction 

technique, segmentation, optical distortion correction and spherical equivalent biometry 

may be found in Mc Nabb, et al.[98], LaRocca, et al.[100], Zhao, et al.[53], and Kuo, et 

al.[51]. It should be noted that we updated the reconstruction algorithm to denoi se and 

directly register the subsampled meridians instead of segmenting the subsampled 

images and registering the segmentations. We implemented this change to improve the 
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speed and accuracy of the reconstruction algorithm. Figure 41 illustrates the process 

flow from original acquisition to multi -surface topography. Block A is the acquisition of 

a DSOCT volume. Block B is the reconstruction of a single meridian. Block C is volume 

reconstruction and segmentation.  Finally block D is the extraction of topography maps 

and corneal biometry from that volume.  

 

Figure 41: DSOCT and Topography Process Flow  

For all biometry calculations we utilized our previously published automatic 

segmentation software to determine shape and location of the anterior and posterior 

surfaces of the cornea. For spherical equivalent biometry, we obtained the anterior and 

posterior radii of curvature over a 5mm diameter zone and we calculated the central 

corneal thickness at the vertex of the cornea [98]. We used these measurements to 
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calculate the thick lens refractive power, E͖FL = (nc-na)/ra + (nq-nc)/rp ɬ CCT*(nc-na)*(nq-

nc)/(ra*rp*nc). To calculate the back vertex corrected refractive power, we used the 

ÍÖÙÔÜÓÈȯɯ͖BFL = (nc*raɖ E͖FL)/(nc*ra ɬ CCT*(nc ɬ na)). We used the Gullstrand values found 

within the literature for phase indices of refraction for cornea ( nc), air (na), and aqueous 

(nq) where nc=1.376, na=1.000, and nq=1.336 [29, 99].  6ÌɯÜÚÌËɯ͖BFL ÈÚɯ͖K to compare 

DSOCT to topography, Scheimpflug photography and manifest refraction [31].  

We extended the above methods to account for astigmatic refractive power, ͖ Cyl, 

and permit multi -surface corneal topography. Following the above segmentation 

process for each volume, we fit each resultant surface to a 5th order Zernike polynomial. 

We generated a local thickness map (pachymetry) between the fit polynomial surfaces 

with the thickness taken normal to the anterior surface. In addition, from these 

polynomials we analytically calculated a meridional curvature map for each surface as 

ÖÜÛÓÐÕÌËɯÉàɯÛÏÌɯ -2(ɯÚÛÈÕËÈÙËɯȿ"ÖÙÕÌÈÓɯ3Ö×ÖÎÙÈ×Ïàɯ2àÚÛÌÔÚɀɯ[30]. Using the 

meridional curvature maps from the anterior and posterior corneal surfaces and the 

associated pachymetry map we combined the data to generate a single refractive power 

topography  ÔÈ×ȭɯ4ÚÐÕÎɯÛÏÐÚɯÔÈ×ɯÞÌɯÊÈÓÊÜÓÈÛÌËɯ͖K1 ÈÕËɯ͖K2 along the principle axes ÏK1 

and ÏK2 at the corneal vertex and numerically calculated an overall axial curvature map. 

6ÌɯÎÌÕÌÙÈÛÌËɯ͖Cyl ÍÙÖÔɯÛÏÌɯÍÖÙÔÜÓÈɯɧ͖K1 - K͖2| and ÏCyl from ÏK1. 
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4.2.3 Corneal Biometry Co mparisons and Statistics  

For all comparisons of analogous values, we utilized the mean of each set of 

repeated measures. While all devices imaged each eye in triplicate, in the event that a 

device had a single anomalous measurement for a given eye, that measurement was 

excluded.  If a device had multiple anomalous measurements for any given eye, that eye 

was excluded from the study. We considered all subjects prior to surgery to be clinically 

normal and were used as controls to compare the measured anterior radius of curvature, 

ra, and the spherical equivalent refractive power, K͖, of the three imaging devices. A 

sub-population was used to compare the astigmatic refractive power, C͖yl, and angle, 

ÏCyl. A subject was included in this population if the median C͖yl value from the three 

imaging modalities was greater than 1D. Finally, we compared the pre - to post-operative 

ÊÏÈÕÎÌɯÐÕɯÚ×ÏÌÙÐÊÈÓɯÈÕËɯÈÚÛÐÎÔÈÛÐÊɯÙÌÍÙÈÊÛÐÝÌɯ×ÖÞÌÙÚȮɯͅK͖ ÈÕËɯͅC͖yl respectively, as 

measured by the three imaging devices to the manifest refraction of subjects who 

returned 3+ months post-surgery for evaluation and imaging. The change in astigmatic 

power was calculated by the method proposed by Jaffe and Clayman [101, 102], which 

considers astigmatism magnitude and direction.  

Comparison of pre-operative analogous values (ra, ͖ K, K͖1, and ÏK1) between 

each imaging device was done in a pair-wise fashion via Bland-Altman plots [103]. The 

standard deviation of the repeated measures on each device was used to indicate the 






































































































































