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Abstract

PURPOSE—To analyze the normal peripapillary choroidal thickness utilizing a commercial
spectral domain optical coherence tomography (OCT) device and determine the inter-grader
reproducibility of this method.

DESIGN—Retrospective, non-comparative, non-interventional case series.

PARTICIPANTS—Thirty-six eyes of 36 normal patients seen at the New England Eye Center
between April and September 2010.

METHODS—AII patients underwent high-definition scanning with the Cirrus HD-OCT. Two
raster scans were obtained per eye, a horizontal and a vertical scan, both of which were centered at
the optic nerve. Two independent graders individually measured the choroidal thickness.
Choroidal thickness was measured from the posterior edge of the retinal pigment epithelium to the
choroid-scleral junction at 500 um intervals away from the optic nerve in the superior, inferior,
nasal and temporal quadrants. Statistical analysis was conducted to compare mean choroidal
thicknesses. Inter-grader reproducibility was assessed by intraclass correlation coefficient and
Pearson’s correlation coefficient. Average choroidal thickness in each quadrant was compared to
retinal nerve fiber layer (RNFL) thickness in their respective quadrants.

MAIN OUTCOME MEASURES—Peripapillary choroidal thickness, intraclass coefficient,
Pearson’s correlation coefficient.

RESULTS—The peripapillary choroid in the inferior quadrant was significantly thinner
compared to all other quadrants (p< 0.001). None of the other quadrants were significantly
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different from each other in terms of thickness. The inferior peripapillary choroid was significantly
thinner compared to all other quadrants at all distances measured away from the optic nerve (p<
0.001). Generally, the peripapillary choroid increases in thickness the farther it was away from the
optic nerve and eventually approaching a plateau. Intraclass correlation coefficient ranged from
0.62 to 0.93 and Pearson’s correlation coefficient ranged from 0.74 to 0.95 (p< 0.001). Neither
RNFL thickness nor average age was significantly correlated with average choroidal thickness.

CONCLUSIONS—Manual segmentation of the peripapillary choroidal thickness is reproducible
between graders suggesting that this method is accurate. The inferior peripapillary choroid was
significantly thinner than all other quadrants (p< 0.001).

Introduction

Optical coherence tomography (OCT) is a device designed to perform non-invasive
structural imaging or “optical biopsy” of the eye.! The introduction of the OCT has changed
the way that ophthalmologists diagnose and treat many ocular disorders. Currently the utility
of OCT is primarily in diseases of the retina2, glaucoma*®, and anterior segment®7. In the
past, choroidal imaging with OCT was not possible due to attenuation of OCT signal from
the retinal pigment epithelium (RPE) layer and the sensitivity roll off across the imaging
range, defined as a progressive loss of OCT signal occurring with increased distance from
the zero-delay line. However, more recently, visualization of the choroid has become
possible on commercial spectral domain OCT instruments. This new capability is
attributable to advancements in OCT technology and imaging protocols, including using the
instrument in a mode where the zero delay is positioned posterior to the retina in order to
enhance sensitivity to deeper structures, along with improved scanning speed and software
advancements, which has allowed for multiple OCT scan averaging to increase signal levels.
Spaide, et al demonstrated the capability of commercial spectral domain OCT for choroidal
imaging using the Heidelberg Spectralis (Heidelberg Engineering, Heidelberg, Germany),
averaging up to 100 B-scans at the same location to increase signal.8:9 In addition, Spaide, et
al physically moved the OCT device closer to the patient so that the OCT image inverts,
allowing the choroid to be closer to the zero-delay line, hence increasing sensitivity to
deeper retinal structures. Ikuno, et al utilized the Cirrus HD-OCT (Carl Zeiss Meditec,
Dublin, CA, USA), a 5 um axial resolution spectral domain OCT device capable of
averaging 20 B-scans at a time with selective pixel profiling for improved visualization of
the choroid, to measure the thickness of the macular choroid in highly myopic eyes at the
fovea, and also at the superior, inferior, nasal and temporal quadrants.? Our group recently
demonstrated a simple and reproducible technique to measure the thickness of the normal
macular choroid also utilizing the Cirrus HD-OCT.! Commercially available OCT devices
use light sources with short wavelengths at around 840 nm; which have been inadequate for
examination of the choroid without the previously mentioned modifications. Several groups
have utilized prototype long wavelength OCT with light sources at 1050 nm, thus allowing
for enhanced depth penetration necessary for choroidal imaging.12-1° The focus of current
choroidal investigations by our group and others has been mainly on macular pathologies,
including age-related macular degeneration'#16, central serous choroidal retinopathy!’ and
myopic degeneration®18, One group utilized a prototype 1060 nm wavelength OCT to
generate 2-dimentional enface images of the macular and peripapillary choroid. However, to
our knowledge, quantitative investigations have yet to be undertaken in the peripapillary
choroidal region.

A variety of ocular pathologies may have primary or associated pathology located in the
peripapillary choroidal region, including glaucomal®-20 and high myopial8. Quantitative and
qualitative analysis of this region may aid in elucidating their pathophysiology, tracking
disease progression, and potentially measuring response to therapy. Having an
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understanding of normal baseline choroidal thickness is crucial for such future studies. The
purpose of this investigation is to establish the thickness of the normal peripapillary choroid
in four different quadrants by utilizing a similar technique established by our group for
macular choroidal thickness. The intergrader reproducibility of this method is also
addressed. In addition, peripapillary choroidal thicknesses are correlated to retinal nerve
fiber layer (RNFL) thicknesses and average patient age.

Subjects and OCT Scan Protocol

A retrospective spectral domain OCT scan review was conducted for normal patients, who
underwent scanning of the optic nerve region with the Cirrus HD-OCT at the New England
Eye Center, Tufts Medical Center, between April and September 2010. Patients” medical
records were reviewed to exclude patients with glaucoma, retinal or choroidal pathologies.
In addition, patients with refractive error of greater than —6.0 diopters were also excluded.
This study was approved by the Tufts Medical Center Institutional Review Board and was
conducted in accordance with the ethical standards stated in the 1964 Declaration of
Helsinki.

All patients were imaged using the high-definition scan protocol, which was composed of a
single 6 mm raster scan consisting of 4096 A-scans. Images were taken in the normal
fashion, with the choroid farther away from the zero-delay line, since unlike the Heidelberg
Spectralis, the Cirrus HD-OCT processing software does not compensate dispersion when
the scans are inverted, resulting in decreased axial image resolution. A horizontal and a
vertical scan were taken in each eye utilizing the high-definition scan protocol: both scans
were taken through the optic nerve, each one bisecting the optic nerve into approximately
equal halves (Figure 1, left panel). Line placement was aided by charge coupled device
camera fundus visualization and anatomic landmarks such as where the retinal vessels
emerged from the optic nerve. For inclusion in the study, image signal strengths must be
least 6 out of 10. One eye per patient was chosen as the study eye, based upon which eye
had the greater average signal strength of the horizontal and vertical scans. If scans in both
eyes had the same average signal strength, then the eye with better overall visualization of
the choroid-scleral junction was selected.

Peripapillary choroidal thickness measurements

Two independent graders (JH, LB) individually measured peripapillary choroidal
thicknesses at the superior, inferior, nasal and temporal quadrants utilizing measurement
tools found on the Cirrus HD-OCT analysis software. Four measurements were made in
each of the four quadrants at 500 um intervals along the line of the RPE (Figure 1). For
example, the first measurement was made close to the optic nerve at 500 um distal to the
beginning of the RPE, and the fourth measurement was taken at 2000 um away from the
beginning of the RPE. Each thickness measurement was made perpendicular to the RPE
going from the posterior RPE edge to the choroid-scleral junction.

Choroidal thicknesses obtained from the two graders were averaged for use in statistical
analysis. Analysis of variance with post-hoc Scheffé testing was conducted to compare mean
choroidal thicknesses among the four quadrants. All statistical analyses were conducted via
Microsoft Excel (version 12.1, Microsoft Corporation, Redmond, WA) and SPSS Statistics
(version 19, IBM Corporation, Chicago, IL).
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Additional statistical analyses

Results

The reproducibility of choroidal thickness measurements between graders was calculated via
intraclass correlation coefficient and Pearson’s correlation coefficient. Additionally, average
patient age and average RNFL thickness were both plotted against average choroidal
thickness to calculate the correlation coefficient and statistical significance.

Of the 36 patients recruited, 15 were male and 21 were female. 23 right and 13 left eyes
were used. The average age of the patients was 48 + 16 year old (range: 28 to 79 years old).
20 patients were Caucasian, 10 were African American and 6 patients were Asian. The
choroid-scleral junction was clearly delineated in 36 out of 40 patients.

Peripapillary choroidal thickness measurements

One way analysis of variance was used to determine whether average choroidal thickness
differed among each of the 4 peripapillary regions. The analysis showed significant
differences among the groups (p< 0.001; Table 1). Geographic differences existed among
the four quadrants. The superior, nasal and temporal quadrants had thicker average choroidal
thickness at 229.41 + 50.96 um (mean + standard deviation), 227.17 + 81.40 ym and 208.84
+ 55.70 pum, respectively. The inferior quadrant had the thinnest peripapillary choroidal
thickness among all four quadrants (149.90 +5 0.14 um). Post-hoc analysis utilizing the
Scheffé method demonstrated that the inferior peripapillary choroid was significantly
thinner compared to all other quadrants (p< 0.001; Table 2). However, none of the other
quadrants (superior, nasal or temporal) demonstrated significant differences with each other.

The thickness of the peripapillary choroid generally increased moving distally from the optic
nerve, and then approaching a plateau (Figure 2). The exception was in the nasal quadrant,
where the choroidal thickness actually decreased at 1500 um away from the optic nerve and
then reached a plateau. The average thickness of the inferior quadrant was significantly
thinner than all others at all distances measured away from the optic nerve (p< 0.001).

Inter-grader reproducibility

The intraclass correlation coefficients were calculated to assess inter-grader reproducibility
(Table 3). Intraclass correlation coefficients ranged from moderate (0.62, superior quadrant)
to very high (0.93, nasal quadrant). Agreeability was also assessed via the Pearson’s
correlation coefficient, which showed moderate (0.74, superior quadrant) to very strong
(0.95, nasal quadrant) agreement between the two observers (p< 0.001).

Correlations with choroidal thickness

Average choroidal thickness by quadrant was plotted against RNFL thickness from the same
region to calculate the Pearson correlation coefficients. Correlations of determination (r2) for
the superior, inferior, nasal and temporal quadrants were 0.16, 0.03, 0.02, 0.0006,
respectively. The age of the patient did not correlate with the average thickness of the
peripapillary choroid (r2= 0.06). None of the correlations reached statistical significance.

Discussion

The choroid is composed mainly of vessels and connective tissue.?! Investigations of the
choroid in the past relied primarily upon histological sections. These studies had significant
limitations, since it was difficult to accurately maintain the fidelity of the choroid during
fixation because of its highly vascular nature and the numerous histological processing
artifacts that may arise.22 Recently, Rosen, et al correlated OCT and indocyanine green
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angiography C-scan data to describe various macular pathologies.22 However, this study did
not quantitatively describe choroidal parameters such as thickness. With the advent of
spectral domain OCT, improvements in processing software, and the ability for high levels
of scan averaging, it is now possible to conduct in vivo cross-sectional studies of the
choroid, allowing for a much more accurate depiction of this dynamic tissue. Currently, the
main focus of spectral domain OCT choroidal studies is in the macular region. However
efforts in studying the peripapillary choroid may also be revealing for both primary retinal
disorders and also for conditions such as glaucoma or high myopia.

Peripapillary choroidal thickness

Recent studies have established the thickness of the normal macular choroid.8:911 The
present study described a simple and reproducible method to accurately measure the
thickness of the normal choroid across four different quadrants around the optic nerve.
Several similarities could be drawn between macular and peripapillary choroidal
thicknesses. First, in both macular and peripapillary regions, choroidal thicknesses differs by
a large magnitude depending on the location in the eye. For example, the macular choroidal
thicknesses ranged from 157 um nasally to 272 um central foveally, while the peripapillary
choroidal thicknesses ranged from 149 um (inferior quadrant) to 229 um (superior
quadrant). Additionally, a significant level of variability existed in the choroid thickness. For
example, the standard deviation of the central foveal choroid was 81 um while the average
peripapillary choroid was also comparable, ranging from 50-81 um. In terms of the general
trends in choroidal thicknesses, the peripapillary choroid gradually increased further away
from the optic nerve, eventually approaching a plateau. The macular choroid also
demonstrated a similar trend, with the thinnest choroid closer to the optic nerve, and thicker
choroid farther away.

It is unclear why the inferior quadrant of the peripapillary choroid is thinner than the other
quadrants. This regional difference observed in choroidal thickness may be attributable to
the development of the eye. Since the optic fissure is located in the inferior aspect of the
optic cup, and it is the last part of the globe to close, this regional difference in ocular
development may also contribute to the thinner choroid found in the inferior quadrant.

Inter-observer reproducibility

This study measured the thickness of the peripapillary choroid via manual segmentation by
two independent operators. The interclass correlation coefficients between the two operators
were strong. The high reproducibility of this method showed promise for its use in future
studies. Manual measurements of the peripapillary choroid took on average 5 minutes per
scan. Given the potential clinical applications of this measurement, along with the time
pressures and limited availability of trained operators for choroid segmentation that exist in
real clinical settings, future studies in this area should focus on development of automated
choroidal segmentation software.

Correlations with choroidal thickness

Macular choroid thickness was found to have a weak negative correlation to age in previous
studies.912 However, the same association was not found in the present study analyzing the
peripapillary choroid. This may be due to the small sample size used in this study.
Additionally, peripapillary choroidal thickness was not significantly correlated to RNFL
thickness— which may also be due to the small sample size used. Thus, future larger scale
studies should be conducted to confirm these observations.

Ophthalmology. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ho et al.

Page 6

Potential glaucoma correlation

Limitations

A number of studies noted abnormally reduced choroidal circulation in glaucomatous eyes
compared to normal eyes.1924.25 More recently, Schwartz, et al found that inferior
peripapillary choroid had smaller degrees of fluorescein slopes (a proxy for blood flow when
evaluated with vessel diameter) compared with the nasal and temporal regions.26 They
hypothesized that this decrease may predispose the inferior region of the optic nerve to
glaucomatous ischemic damage.

The findings of this study may suggest a possible explanation for the well-known
observation that glaucoma typically affects the inferior optic nerve region first. There are
significant regional differences in the peripapillary choroidal thicknesses among different
quadrants that exist in normal eyes. Specifically, the inferior peripapillary choroid was
significantly thinner than all other regions (p< 0.001). It may be possible that regions with
thinner choroid may represent areas of lower blood supply. However, this is purely
hypothetical and Doppler and other additional investigational studies comparing the
peripapillary choroidal thicknesses of normal to glaucomatous eyes will have to be
conducted to confirm this proposition. Another possible explanation may be that regional
differences in choroid thickness may affect the stress forces to the RNFL, optic nerve head
or lamina cribosa— and these forces may contribute to glaucomatous damage. This is also
purely hypothesis generating, and further studies will have to be done to validate this
hypothesis as well.

Several limitations are present in this study. First, while the majority of the scans delineated
the choroid clearly, 10% of the scans could not be analyzed due to an inability to identify the
choroid-scleral junction precisely. Previous reports of macular choroidal thicknesses by our
group reported that around 25% of the scans could not be analyzed due to indistinct choroid-
scleral junction.1l However, given that the average peripapillary choroidal thicknesses were
thinner (ranging from 149 pum inferiorly to 229 um superiorly) compared to macular
choroidal thicknesses (from 157 um nasally to 272 um central foveally), the depth
penetration necessary for adequate visualization of the peripapillary choroidal region may be
less than that for the macular choroidal region. The prevalence of poor choroidal
visualization may also be minimized by limiting the scans to ones with signal strengths
greater than or equal to 6/10.

While every attempt was made to place the B-scans in a manner that bisects the optic nerve,
since this was a manual process, the scan registration was inevitably subject to some
variability. The subjectivity may be decreased by the use of retinal vessels as guides for
segmentation, however, in some instances, there were variations to where the retinal vessels
may exit the optic nerve, which would also lead to variations as to where the horizontal and
vertical scans were taken.

Another limitation to the study is the relatively small number of patients enrolled. However,
given the highly significant difference in thicknesses observed between the quadrants and
the significant level of agreement seen between the observers, the overall results of the study
are most likely to generalize. The retrospective study design is another limitation since there
may be some baseline factors in the study participants that were not fully accounted for.
However, given the strict inclusion and exclusion criteria used, the effect of this limitation is
likely to be minimal.

Lastly, since only one view in each of the four quadrants was obtained, analysis of data
obtained from this method gave a general idea of what the thickness in each of the region
was. However, more scans around the peripapillary region will have to be taken to generate
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more accurate two-dimensional maps of the peripapillary choroid. Overcoming this
limitation will require increased OCT scanning speed to allow for greater scan averaging
and better retinal coverage, or the use of longer wavelength OCT imaging12-1°, which has
deeper choroidal penetration. Thus long wavelength imaging and increasing scan speed may
be a potential area for the future development of OCT devices.
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Figure 1.

Example of peripapillary choroid thickness measurements (right eye). (A) Right: Lines
denote placements for the nasal (left) and temporal (right) quadrants. Left: Line denotes
where scan was taken relative to the fundus. (B) Right: Lines denote placements for the
superior (right) and inferior (left) quadrants. Left: Line denotes where scan was taken
relative to the fundus.
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Normal Peripapillary Choroidal Thickness
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Distance from optic nerve (in mm) versus choroidal thickness (in um). Mean thickness in
each quadrant at 500-micrometer intervals from the optic nerve.
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Table 3

Assessment of inter-grader reproducibility.
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Inter-observer Correlation

Intraclass Correlation Coefficient  95% Confidence Interval Coefficient (r) P-value of Correlation
Superior 0.62 0.17 t0 0.82 0.74 <0.001
Inferior 0.88 0.71t0 0.94 0.90 <0.001
Nasal 0.93 0.82100.97 0.95 <0.001
Temporal 0.76 0.421t00.89 0.85 <0.001
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