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and Martine Mauget-Faÿsse
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The last two decades have witnessed major advancements
in retinal imaging technologies thanks, in no small part,
to improved light sources and detectors, adaptive optics,
and high-speed computers. New research grade systems are
continuously improving [1] and some have obtained a degree
of user friendliness and robustness that have facilitated their
transition to clinical use. Ultrahigh resolution commercial
scanning laser ophthalmoscopy (SLO) and optical coherence
tomography (OCT) systems are becoming commonplace
in modern ophthalmic clinics where they provide often
unprecedented image quality with resolving powers down to
the level of single retinal cells in the living eye. Such richness
in detail provides challenges and possible paradigm shifts,
but already an enormous impact on improved diagnostics has
been realized as we continue to work towards the ultimate
goal of achieving healthy vision throughout life.

The six papers included in this special issue cover some
of the recent advances on the clinical applications of high
resolution, in vivo retinal imaging using an array of leading
imaging technologies and in particular spectral-domain-
(SD-) OCT. While SD-OCT has been widely accepted for
retinal imaging little more than a decade ago, it has rapidly
become the method of choice for fast ultrahigh resolu-
tion cross-sectional imaging that produces histology-like
results, as well as 3D imaging of structures within the eye
[2]. With broadband spectral illumination, axial resolution
on the order of 2-3 microns [3] has become possible,
which is close to the transverse resolution limit of about 2

microns achievable with adaptive optics and dilated pupil
[4].

One of the chief concerns in the ageing population is
age-related macular degeneration (AMD), as it can have a
detrimental impact on the life quality of affected individuals.
A number of risk factors for AMD development have been
identified. The majority of cases present as dry AMD, in
which the appearance of deposits hidden beneath the retina,
called drusen, provides an early sign of the disease. The less
common wet AMD is typically more severe, with develop-
ment of new vessels that leak and lead to the formation of
scars. It is the wet AMD that leads more often to a rapid
and debilitating loss of central vision. B. Wolff et al. show
imaging results of outer retinal tubulations that can form as a
consequence of wet AMD. En face, ultrahigh resolution SD-
OCT scans in the transverse direction show a network of
scarring in what the authors term as “pseudodendritic.”

The neurodegenerative Parkinson’s disease (PD) is
another concern in the ageing population that relates to
protein aggregation of amyloid fibers in the brain but also
has implications for the eye and vision. E. M. Shrier et al.
report on SD-OCT scans of foveal thickness in PD patients in
relation to a thinning of the nerve fiber layer. To differentiate
between retinal layers, they focused their study on the
foveal pit and found that about half of the patients had
substantial intraocular asymmetry of the slope of the foveal
pit slightly off-axis from the foveola. Thus, these differences
may potentially be used as indicators of PD.
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The review article by Y. Barak et al. discusses the ageing
process of the vitreoretinal interface, vitreous shrinkage, and
associated pathologies visualized with SD-OCT. Examples
described include posterior vitreous detachment and the
development of floaters, vitreomacular traction causing reti-
nal swelling and reduced vision, and macular holes that
may develop into full thickness macular holes requiring
surgical intervention to prevent vision loss. The paper
also discusses future perspectives including the exciting
possibility of intraoperative SD-OCT that will allow real-
time monitoring of changes taking place during macular
surgery.

Two commercial SD-OCT and time-domainOCT instru-
ments are compared in a study of retinal nerve fiber layer
thickness in 132 healthy subjects by I. Pinilla et al. Both
techniques give similar results of 95 to 98 micron thickness,
though the accuracy is found to be higher with SD-OCT
in agreement with also other studies. Retinal nerve fiber
layer thickness is related to early diagnosis of glaucoma,
in which accurate determination of thinning is of utmost
importance.

A comparison of SD-OCT and time-domainOCT instru-
ments is again central in the work by A. P. Lange et al.
related to retinal nerve fiber layer thickness in the eyes of
multiple sclerosis (MS) patients suffering from optic neuritis.
A systematic 2-micron difference in measured thickness is
reported between the two instruments, similar to the conclu-
sion reached by I. Pinilla et al. This stresses the importance
of specifying the device used in any comparative study. MS
patients have a thinner retinal nerve fiber layer thickness in
comparison to a control group, and in particular MS patients
with a history of optic neuritis show a substantial reduction
in the retinal nerve fiber layer thickness.

The final paper by S. Kawaguchi et al. deals with ocular
blood flow, carotid revascularization surgery, and chronic
ocular ischemic syndrome. Color-coded Doppler flow imag-
ing before and after revascularization surgery confirmed an
increased flow velocity, and visual acuity increased in 60% of
the patients.

All six papers in this special issue have undergone a
rigorous peer review process, and we are thankful to the
referees for their work tomeet the quality requirements of the
accepted papers to ensure that it conforms to the standards
of the Journal of Ophthalmology. We hope that the readers
will find the papers of interest as they show essential parts
of the spectrum of clinical work already being done with
ultrahigh and high resolution retinal imaging techniques and
that theymay inspire future clinical work. Given the relatively
novelty of ultrahigh resolution retinal imaging technologies,
the future looks promising for much improved diagnostic
imaging as the limits of the methods are removed and their
clinical usage continues to grow.

Stacey S. Choi
Ann E. Elsner

Robert J. Zawadzki
Brian Vohnsen
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Background. We evaluated the effect of carotid revascularization surgery on ocular circulation and chronic ocular ischemic
syndrome (OIS). Methods. We examined ninety patients with carotid artery stenosis (more than 50% stenosis) at its origin
treated with carotid endarterectomy (N = 56) or carotid artery stenting (N = 34). Twenty-five patients (28%) complained of
chronic OIS. Ocular circulation was examined before and after revascularization surgery using ophthalmic artery (OphAr) and
central retinal artery (CRA) color Doppler flow imaging. Results. (1) Ocular circulation: preoperatively, the average OphAr peak
systolic flow velocity (Vs) was 0.05 m/sec, and the average CRA Vs was 0.07 m/sec. At 1 week after surgery, the average OphAr Vs
significantly increased to 0.32 (P < 0.05), and the average CRA Vs significantly increased to 0.11 m/sec (P < 0.05). These significant
improvements were sustained throughout the three months of the followup. (2) OIS: during the follow-up period (mean: 3.6
years), 15 patients (60%) showed visual acuity improvement, and no patients complained of amaurosis fugax or worsening of the
chronic OIS. Conclusion. Carotid revascularization surgery was effective in improving the ocular circulation, and it was also useful
for the chronic OIS due to the carotid artery stenosis.

1. Introduction

One of the important clinical aspects of internal carotid
artery stenosis at its origin is the influence on the flow
dynamics of the ocular circulation. The blood supply to
the eye is mostly provided by branches of the ophthalmic
artery (OphAr), which is a branch of the internal carotid
artery. This is why many patients with cerebral ischemia in
the internal carotid artery may present with ipsilateral visual
symptoms [1]. The disturbed ocular circulation correlates
with chronic ocular ischemic syndrome symptoms such
as frequent amaurosis fugax or a decline of visual acuity
[2, 3]. Carotid revascularization surgery, such as carotid
endarterectomy (CEA) and carotid artery stenting (CAS),
may also restore the cerebral perfusion pressure and improve
the intracranial vascular hemodynamics including ocular cir-
culation. Therefore, carotid artery revascularization surgery
reduces the risk of stroke in symptomatic and asymptomatic
patients [4, 5]. Despite this well-established benefit, there
have been few reports concerning the effect of carotid

revascularization surgery on ocular circulation. Therefore, it
is significant to understand the ocular circulation and ocular
symptoms in patients with internal carotid artery stenosis
before and after CAS.

In this study, we discussed and analyzed the effect of
carotid revascularization surgery on the ocular circulation
and chronic ocular symptoms in patients with carotid artery
stenosis.

From January 2002 through January 2012, we examined
the ocular circulation in 90 consecutive patients showing
internal carotid artery origin stenosis (more than 50%)
treated with CEA or CAS. Eighty patients were males, and
10 were females. Their ages ranged from 47 to 81 years, with
a mean of 69 years. The clinical symptoms of the patients
were transient ischemic attack in 65 patients, stroke in 13,
and asymptomatic in 12.

According to the criteria of the NASCET study [4],
the grades of angiographical internal carotid artery stenosis
on the ipsilateral side were more than 60% stenosis in 10
patients, more than 70% stenosis in 17, more than 80%
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stenosis in 13, more than 90% stenosis in 34, and more than
95% stenosis in 16. Among the 90 patients, 25 complained of
chronic ocular ischemic syndrome. All these 25 patients had
visual acuity of 20/40 or worse, and 9 patients among them
had frequent amaurosis fugax. No patients showed blindness.
The exclusion criteria for chronic ocular ischemic syndrome
were acute ocular ischemic symptoms such as sudden loss of
vision, a single episode of amaurosis fugax, or ocular/orbital
pain [6].

Carotid revascularization surgery was performed at least
4 weeks after the last attack. Within 2 weeks after the proce-
dure, the patency of the treated carotid artery was confirmed
by carotid angiography, MRA, or ultrasonography. No
patients complained of a permanent neurological deficit due
to the surgery.

All patients were followed up for the clinical symptoms
after carotid revascularization. The follow-up period was 0.5
to 4.5 years (mean: 3.6 years). During this period, none of
the patients had a recurrent ischemic attack or worsening of
the symptoms including the ocular signs.

2. Methods

To evaluate the ocular circulation, we examined the OphAr
flow and central retinal artery (CRA) flow using color
Doppler flow imaging (CDFI) with a 5-MHz phased linear
probe; the mechanical index was less than 0.23, and the
examination was completed within 3 minutes in each eye.

While the patient was supine, the probe was applied to
the closed eyelids. During the examination, minimal pressure
was applied to the globe to avoid the damage to the globe
and artifacts. With the probe resting on the closed eyelids, the
ultrasound beam was directed posteriorly in the orbit. After
systematic scanning of the orbit, the OphAr and CRA were
imaged, and spectral velocity analysis was performed. Pulsed
Doppler spectrum analyses were recorded from the OphAr
and CRA [7]. Blood flow was monitored continuously,
and we employed a Doppler angle of 60◦ or less for each
measurement [8]. Each Doppler waveform was automatically
drawn and calculated using the software included with the
ultrasound system. The OphAr was examined approximately
20 mm behind the globe as the vessel parallel to the nasal
border of the optic nerve just after crossing it, and the CRA
was examined within 5 mm of the retrolaminar portion of
the optic nerve (Figure 1) [8]. The OphAr and CRA CDFI
findings from the ipsilateral side of revascularization surgery
were analyzed. The OphAr and CRA CDFI were performed
within 1 week before surgery and at 1 week, 1 month, and
3 months after surgery in each patient. These CDFI studies
provided information regarding the flow direction and peak
systolic flow velocity of the OphAr and CRA.

We also performed OphAr and CRA CDFI on 51 normal
healthy volunteers. Their mean age was 68 years; 28 vol-
unteers were males, and 23 were females. The average peak
systolic flow velocities were 0.35 ± 0.13 m/sec in the OphAr
and 0.12 ± 0.04 m/sec in the CRA. All volunteers showed
normal OphAr flow direction, that is, flow away from the
orbital apex to the globe.

(a)

(b)

Figure 1: Color Doppler flow imaging of the ophthalmic artery (a)
and central retinal artery (b) in normal control.

All patients were examined in terms of their ocular
symptoms such as visual acuity and amaurosis fugax before
the CEA or CAS procedure and during the follow-up period.

The physiological data were compared using two-tailed
paired Student’s t-test and chi-square test. A value of P < 0.05
was considered as the threshold for statistical significance. All
values are reported as mean ± standard deviation (SD).

3. Results

3.1. Ocular Circulation (Table 1)

3.1.1. Before Surgery. The OphAr flow directions were
reversed in 25 patients and antegrade in 65 patients. The
average OphAr peak systolic flow velocity was 0.05 ±
0.34 m/sec, and the average CRA peak systolic flow velocity
was 0.08 ± 0.02 m/sec. These values were significantly low
compared with those of the controls (P < 0.05).

There was a statistically significant difference (P < 0.05)
between the values of the average CRA peak systolic flow
velocity in the patients with reversed OphAr flow, which was
0.06 ± 0.01 m/sec, and antegrade OphAr flow, which was
0.08± 0.02 m/sec.
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Table 1: Course of peak systolic flow velocity (m/sec).

yretralaniterlartneCyretracimlahthpO

50.0yregruserofeB ± 80.043.0 ± 0.02

23.0yregrusretfakeew1tA ± 11.021.0 ± 0.03

13.0yregrusretfahtnom1tA ± 11.031.0 ± 0.04

23.0yregrusretfashtnom3tA ± 21.021.0 ± 0.04

∗ ∗ ∗
∗ ∗ ∗

∗P < 0.05.

3.1.2. After Surgery. At 1 week after surgery, the patients
showing reversed OphAr flow before surgery all returned
to the normal antegrade OphAr flow. This correction of
the reversed OphAr flow was significant (P < 0.05). At 1
month and 3 months after surgery, the significant correction
of the ophthalmic artery flow was sustained. At one week
after surgery, the average OphAr peak systolic flow velocity
significantly increased to 0.32 ± 0.12 m/sec (P < 0.05), and
the average CRA peak systolic flow velocity also significantly
increased to 0.11 ± 0.03 m/sec (P < 0.05). These significant
increases of the average OphAr and CRA peak systolic flow
velocities were sustained throughout the three months of the
followup.

3.2. Ocular Symptoms. Before surgery, 25 patients com-
plained of chronic ocular ischemic syndrome. Among
these 25 patients, 15 showed reversed OphAr flow direc-
tion, and the other 10 patients showed antegrade flow.
The relationship between the presence of chronic ocular
ischemic syndrome and reversed OphAr flow direction was
significant (P < 0.05). In addition, the average OphAr and
CRA peak systolic flow velocities were significantly low (P <
0.05) in the patients with chronic ocular ischemic syndrome
compared with those in the patients without chronic ocular
ischemic syndrome (Table 2). Among 25 patients with
chronic ocular ischemic syndrome before surgery, 15 patients
(60%) showed improvement of visual acuity during the
follow-up period, but 10 patients had no improvement
of visual acuity, even with normal ophthalmic flow after
surgery. This failure might have been due to irreversible
neovascular glaucoma. In each patient, amaurosis fugax was
not seen during the follow-up period.

4. Patients

Sixty-five patients showed no chronic ocular ischemic syn-
drome before surgery. During the follow-up period, these
65 patients complained of no chronic ocular ischemic
syndrome, such as disturbance of visual acuity and frequent
amaurosis fugax.

4.1. Illustrative Case. A 77-year-old man was referred to
our hospital complaining of transient right hemiparesis and
left visual acuity decline. Left carotid angiography showed
98% stenosis of the right internal carotid artery at its
origin (Figure 2(a)). The left OphAr CDFI showed reversed
flow, and the peak systolic flow velocity was −0.62 m/sec
(Figure 2(b)). The left CRA peak systolic flow velocity

Table 2: Relationship between chronic ocular ischemic syndrome
and ocular circulation.

Chronic ocular ischemic syndrome

Positive Negative

Peak systolic flow
velocity (m/sec)

Ophthalmic artery −0.19 ± 0.4 (P < 0.05) 0.14 ± 0.26

Central retinal
artery

0.06 ± 0.01 (P < 0.05) 0.08 ± 0.02

Ophthalmic artery
flow direction (cases)

Antegrade 10
(P < 0.05)

55

Reversed 15 10

was 0.06 m/sec (Figure 2(c)). Left CEA was performed.
Postoperative carotid angiography showed the good patency
of the carotid artery (Figure 2(d)). At 1 week after CEA,
the left OphAr CDFI showed resolution of the reversed
flow, and the peak flow velocity was 0.30 m/sec (Figure 2(e)).
The peak systolic flow velocity of the CRA was 0.12 m/sec
(Figure 2(f)). At 1 month and 3 months after CEA, there was
no marked change of the peak systolic flow velocity of OphAr
and CRA.

The right visual acuity gradually improved at 3 months
after CEA. The patient was followed up for 2.8 years
after CEA, and there were no neurological ischemic events
including visual symptoms.

5. Discussion

Patients with internal carotid artery occlusion or stenosis
develop ocular ischemia because these diseases reveal the
hemodynamic reduction of ocular circulation [9]. The
presentation of ocular signs can vary considerably may be
quite varied, with some cases showing rapid advancement
of neovascularization following high intraocular pressure
[10, 11]. Neovascular glaucoma secondary to internal carotid
artery occlusion is usually resistant to treatment [11].
Moreover, carotid artery occlusion often progresses without
symptoms, and when the patient notices an ocular disorder
and visits a clinic, the condition is often at an advanced
stage of ocular ischemia, in which neovascular glaucoma
has developed with severe internal carotid artery stenosis
[11]. Therefore, it is significant to evaluate the ocular
circulation to detect and prevent ocular ischemia in patients
with internal carotid artery stenosis treated with a CEA
or CAS procedure. We previously reported the effect of
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(a) (b) (c)

(d) (e) (f)

Figure 2: Left carotid angiography (a), ophthalmic artery Doppler flow imaging (b), and central retinal artery Doppler flow imaging (c)
before carotid endarterectomy were shown. 3D CT angiography (d), ophthalmic artery Doppler flow imaging (e), and central retinal artery
Doppler flow imaging (f) after carotid endarterectomy were shown.

superficial temporal artery to middle cerebral artery (STA-
MCA) bypass, CEA, and CAS on the OphAr flow [12–14].
However, there have been few reports about the effect of
carotid revascularization surgery on the ocular circulation
and ocular ischemic syndrome. In this study, we evaluated
the effect of carotid revascularization surgery, such as CEA
and CAS, on chronic ocular ischemic syndrome and ocular
circulation, including the OphAr flow and CRA flow, before
and after surgery as well as during the follow-up period.

Reversed OphAr flow seen in the patients with carotid
artery stenosis may contribute to the development of ocular
ischemic syndrome [2]. In these patients, the ophthalmic
artery might function as collateral circulation from the
extracranial to the intracranial circulation [15]. When severe
internal carotid artery stenosis occurs in patients with
incomplete blood circulation in the circle of Willis, the
blood flow in the OphAr reverses to supply the ipsilateral
brain. This so-called “steal phenomenon” results in ocular
ischemia, the prolongation of which leads to rubeosis iridis
and neovascular glaucoma [9]. In this series, 25 patients
showed reversed OphAr flow before CEA or CAS, and the
reversed ophthalmic artery flow was significantly seen in
the 15 patients (60%) showing chronic ocular ischemic
syndrome before revascularization surgery in this series.

Yamamoto et al. established four eye types based on the
retrobulbar blood flow direction [9]: forward OA, CRA, and

short posterior ciliary artery (SPCA) flow (type 1); reverse
OA and forward CRA and SPCA flow (type 2a); reverse
OA and undetectable CRA and SPCA flow (type 2b); and
undetectable flow in all three arteries (type 3). In type 2b
eyes, almost the entire collateral circulation via the OphAr
was deviated towards the internal carotid artery, reducing
the blood flow to the eye. Rubeosis iridis occurred in half
of them. In type 3, no collateral blood supply developed.
Therefore, the ocular end circulation was markedly reduced,
possibly because of insufficient collateral circulation via both
the circle of Willis and the external carotid artery system.
Rubeosis iridis was seen in one-third. In our series, 15
patients with reversed OphAr flow showed ocular ischemic
syndrome, and those patients also showed the significantly
reduced CRA flow. Therefore, eyes with reversed OphAr flow
and low CRA peak systolic flow velocity may be at greater risk
for ocular ischemic syndrome.

Carotid artery revascularization reduces the risk of stroke
in symptomatic and asymptomatic patients [5]. Improve-
ments in surgical and endovascular techniques have reduced
the incidence of ischemic stroke following CEA and CAS,
respectively. In this series, after the carotid revascularization
surgery, the average OphAr and CRA peak systolic flow
velocities improved to the normal control levels. Moreover,
after the carotid revascularization surgery, the flow direction
of the OphAr became normal in all cases showing reversed
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OphAr flow before surgery. This significant improvement
in the ophthalmic artery flow velocity also explains the
correction of ocular hemodynamic compromise.

In this study, improvement in the peak systolic flow
velocity of the OphAr and CRA flows and the normal-
ization of the reversed OphAr flow occurred 1 week after
revascularization surgery. The significant improvements of
the average OphAr and CRA peak systolic flow velocities
and the correction of the ophthalmic artery flow direction
were sustained throughout the three months of followup.
These effects of carotid revascularization surgery were highly
expected. We clarified the chronological improvement of the
disturbed OphAr and CRA peak systolic flow velocities and
the correction of the reversed OphAr flow direction after
revascularization surgery using the OphAr and CRA CDFI
findings. The OphAr and CRA CDFI findings provide clear
evidence of hemodynamic compromise in carotid artery
stenosis. We proved the significantly increased flow velocity
and corrected flow direction of the ocular circulation in all
patients immediately after CEA and CAS.

For the patients with chronic ocular ischemic syndrome
due to disturbed ocular circulation, it is vital to correct the
ocular circulation to prevent and improve ocular ischemia
[15]. In this series, 25 patients showed chronic ocular
ischemic syndrome. Among them, 15 patients showed
reversed ophthalmic artery flow initially. After CEA or CAS,
the reversed ophthalmic artery flow in all of these 15
patients was resolved. Therefore, revascularization surgery
is the appropriate treatment maneuver for patients with
ocular ischemic syndrome due to reversed ophthalmic artery
flow revealed from severe internal carotid artery stenosis.
The other 10 patients among those with chronic ocular
ischemic syndrome showed antegrade ophthalmic artery
flow with reduction of peak systolic flow velocity before
CAS or CEA. In these patients, OphAr and CRA peak
systolic flow velocities significantly increased immediately
after CAS procedure. Fifteen patients showed improvement
of the visual symptoms after surgery. Ten patients showed no
improvement of the chronic ocular ischemic syndrome due
to irreversible optic apparatus lesion.

We report clear evidence of the effect of CEA and
CAS on the improvement and prevention of chronic ocular
ischemia due to internal carotid artery stenosis, on the basis
of data obtained from OphAr and CRA CDFIs and clinical
symptoms. Therefore, there is a good correlation between the
course of ocular ischemic syndrome and the improvement
of the ophthalmic artery CDFI findings during the follow-
up period. CEA and CAS are effective for the treatment
and prevention of ocular ischemic syndrome and are most
beneficial if performed early, before the onset of irreversible
neovascular glaucoma or irreversible ischemic optic fundi
[10].

Since Lieb et al. [16] first reported CDFI as a reliable
means of evaluating ocular circulation, and it has been
used to measure retrobulbar blood flow in occlusive carotid
artery disease patients and to confirm the presence of the
steal phenomenon [9]. CDFI of the ocular circulation is
a noninvasive, repeatable technique for measuring orbital
blood flow. The hemodynamic parameters of CDFI are not

sex dependent and do not vary between orbits [9]. The
OphAr is easily visualized deep in the orbital cavity, in the
area where it crosses the optic nerve; the spectral analysis
is typical, displaying a pulsatile and positive waveform with
blood flow velocity of 35 ± 11 cm/sec [17]. In the present
series, OphAr and CRA could also be detected using orbital
color Doppler flow imaging in all patients and normal
volunteers. Reliability problems can arise when blood flow
monitoring is performed in small ocular arteries or in veins
because the lower velocities found in these vessels are close to
the resolution limit for detection using the ultrasonographic
system (when the flow rate, e.g., falls below 1–3 cm/sec in
central retinal vein occlusion) [17]. Ultrasonographic waves
can damage the eye tissues, particularly from heat; therefore,
the avoidance of prolonged imaging is recommended, as is
the reduction of output energy [18]. In our series, the MI was
less than 0.23, and examination time was less than 3 minutes.

6. Conclusion

In patients with carotid artery stenosis, reversed OphAr flow
is related to the decrease of CRA peak systolic flow velocity
and the occurrence of chronic ocular ischemic syndrome.
Carotid revascularization surgery achieved normalization
of the disturbed OphAr flow and CRA flow, whether the
flow direction of the OphAr was reversed or antegrade,
immediately after revascularization surgery. CEA and CAS
improved the chronic ocular ischemic syndrome revealed
from severe carotid artery stenosis and also prevented the
progression and onset of chronic ocular ischemic syndrome.
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Purpose. “En face” is an emerging imaging technique derived from spectral domain optical coherence tomography (OCT). It
produces frontal sections of retinal layers, also called “C-scan OCT.” Outer retinal tubulations (ORTs) in age-related macular
degeneration (AMD) are a recent finding evidenced by spectral-domain OCT. The aim of this study is to characterize the
morphology of ORT according to the form of AMD, using “en-face” spectral domain OCT. Methods. “En face” OCT imaging
was prospectively performed in 26 consecutive eyes with AMD that also had ORT. Results. There were 15 neovascular, 8 atrophic,
and 3 eyes with a mixed (fibrotic and atrophic) form of AMD. Among the neovascular group, the most frequent tubulation pattern
on “en-face” OCT was a branching network emanating from a fibrovascular scar; we term this pattern as “pseudodendritic.” It did
not require treatment when observed as an isolated finding. In all cases of atrophic AMD, the tubular network was located at the
edge of the geographic atrophy area, and formed a “perilesional” pattern. Six atrophic cases showed tubular invaginations inside
this area. Conclusion. “En face” OCT is a valuable technique in the diagnosis and followup of macular disease. It revealed the main
characteristic patterns of ORT associated with neovascular and atrophic AMD.

1. Introduction

Outer retinal tubulations (ORT) have been recently iden-
tified in age-related macular degeneration (AMD) thanks
to technological improvements in Spectral-Domain Optical
Coherence Tomography (SD-OCT) [1]. ORT usually have a
characteristic presentation, and thus can be easily diagnosed.
It is of clinical significance to recognize them, since they do
not indicate ongoing exudative process and, therefore, do not
require treatment.

On B-scans ORT are round hyporeflective lesions, which
may contain a few focal hyperreflective spots, and are always
delineated by an hyperreflective ring, in contrast to the
completely hyporeflective retinal cystoid lesions. They are
always located at the level of the outer nuclear layer, and in
AMD are classically found very close to areas of neovascular
fibrosis or retinal atrophy. These lesions have been named
“tubulations” because they exhibit a tubular morphology

when observed in frontal sections using “en face” OCT scans,
also called C-scans.

This study aims to differentiate between the ORT presen-
tations observed by “en face” OCT in exudative and atrophic
AMD.

2. Methods

Eyes with a diagnosis of neovascular or atrophic AMD,
and demonstrating ORT on SD-OCT, were prospectively
studied using “en face” OCT. For all cases, systematic work-
up included macular examination by SD-OCT (Spectralis
Heidelberg Engineering, Heidelberg, Germany) and macular
mapping consisting of 197 transverse sections in a 5.79 ×
5.79 mm2 central retinal area. Tridimensional reconstruction
generated by the pooling of these sections provided a
virtual macular brick, through which 496 shifting sections
in the coronal plane resulted in C-scan, or “en face” OCT,
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(a)

(b)

Figure 1: ORT (arrows) located above a fibrovascular scar (arrows
heads). A branching network is observed emanating from hyper
reflective the fibrovascular scar with numerous ramifications (or
“pseudodendritic” pattern) is observed with “en face” OCT (a).
Corresponding B-scan (b) demonstrates multiples ORT.

while B-scan, or conventional OCT, is derived from sagittal
and transverse sections. These results were then compared
with data from classical retinal imaging, namely, fundus
photography and angiography. For all eyes with atrophic
AMD, autofluorescence imaging was also performed.

3. Results

Twenty-six eyes of 23 AMD patients demonstrating ORT on
B-scan SD-OCT were analyzed by “en face” OCT. Neovas-
cular AMD with a neovascular fibrotic scar was identified
in 15 eyes, geographic atrophy in 8 eyes and “mixed”
exudative and atrophic AMD form in 3 eyes.

In the 15 neovascular fibrotic scar cases, the most fre-
quent finding regarding ORT was a branching network
emanating from a fibrovascular scar (n = 11) with numerous
ramifications (or digitations) resulting in a “pseudoden-
dritic” pattern (Figure 1). In all 4 remaining eyes, ORT
had a tubular shape, appearing round in B-scans, with no
or limited digitations (Figure 2). The fibrotic neovascular
choroidal network was formally identified in all 15 eyes as a
hyperreflective lesion above the level of the retinal pigment
epithelium. Associated intraretinal cystoid cavities related
to neovascular reactivation or the progression of retinal
degeneration were observed in 7 cases (Figure 3).

In all the 8 geographic atrophy AMD cases, ORT also
exhibited a round section on B-scan. However, C-scans
showed that these tubulations followed the margins of the
chorioretinal atrophic area (Figure 4). This ORT aspect
was then termed “perilesional.” Correlation with autofluo-
rescence imaging demonstrated that ORT did not extend
beyond the hyperreflective border of the atrophic area.
Invaginations of ORT inside the atrophic zone were also
found in 6 cases.

(a)

(b)

Figure 2: Tubular (arrows) pattern of ORT located above a fibro-
vascular scar, observed with “en face” OCT (a). Corresponding B-
scan OCT (b).

(a)

(b)

Figure 3: ORT (arrows) associated with intraretinal cystoid cavities
(arrow heads) in the case of a fibro-vascular scar, observed with “en
face” OCT (a). Corresponding B-scan OCT (b).

Of the 3 eyes with “mixed” AMD, with a fibrotic and
atrophic scar, one eye had cystoid lesions and invagination
of the ORT network inside the atrophic area.

4. Discussion

The present study describes en-face OCT features of outer
retinal tubulations in wet and dry AMD. In this small series,
most of the exudative AMD patients with ORT exhibit a
similar branching pattern resembling a dendritic cell that we
called therefore “pseudodendritic”. In atrophic AMD cases,
ORTs also exhibit a common pattern around the margin of
the atrophic zone, that we called “perilesional.”
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(a)

(b)

Figure 4: ORT observed with “en face” OCT in a case of geographic
atrophy (a). ORTs follow a circular pattern associated with invagi-
nations (arrows) inside the atrophic zone. Corresponding B-scan
OCT (b).

“En face” OCT imaging is a technique that has been
used for almost ten years [2] although it still has limited
application in AMD. Nonetheless, this technique enables to
assess the extent of structural damage occurring in AMD.
The observation of ORTs, using “en face” OCT, also indicates
the size of these lesions inside the retina. ORT can be
frequently found among AMD patients (56% of exudative
and 21% of atrophic forms) [3], and their incidence is
probably underestimated [4]. A combination of SD-OCT
with “en face” OCT enhances its sensitivity, allowing earlier
diagnosis and a more reliable followup. This technique
also improves the distinction between ORT and their main
differential diagnosis: cystoid cavities and forms of serous
retinal detachments.

Physiopathogenic mechanisms leading to ORT remain
poorly understood. According to Zweifel et al. [1], these
lesions may result from the outward folding of the pho-
toreceptor layer. Tissue damage associated with retinal
degeneration may produce a loss of interdigitations of the
photoreceptors with the retinal pigmentary epithelium, and a
disruption of tight junctions between the outer segments and
adjacent glial elements. Upon repeated microscopic injury,
the photoreceptor layer may fold into tubular structures
limited to the outer retina.

This type of degeneration is not limited to AMD. ORT
have been observed in other degenerative retinal diseases,
including Bietti’s crystalline dystrophy [5] and Best’s disease.
Moreover, they have been histologically described under the
term “rosette formations” in retinitis pigmentosa [6]. We
had previously ventured the hypothesis of an inflammatory
origin explaining ORT formation [3]. It now seems unlikely
considering the extent of these lesions when viewed by “en
face” OCT. The configuration of ORT observed in neovas-
cular (pseudo-dendritic) and atrophic (perilesional) AMD

strongly supports the mechanism of a tissue degeneration
process causing remodeling of the outer retinal layers.

5. Conclusion

In conclusion, “en face” OCT is a novel technology offering
a deeper insight into the understanding and followup
of macular disease. This valuable technique allowed the
characterization of the main subtypes of tubular formations
in AMD: “pseudo-dendritic” forms that develop next to
fibrotic scars and “perilesional” forms that develop in the
periphery of atrophic areas. This prospective study was based
on a limited number of cases. Further studies including more
patients are necessary to confirm these results.

Disclosure

No external grants or funds were received in support of this
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Purpose. To quantify interocular asymmetry (IA) of foveal thickness in Parkinson disease (PD) versus that of controls. Design.
Prospective case-control series. Methods. In vivo assessment of foveal thickness of 46 eyes of 23 PD patients and 36 eyes of 18
control subjects was studied using spectral domain optical coherence tomography (SD-OCT). Inner versus outer layer retinal
segmentation and macular volumes were quantified using the manufacturer’s software, while foveal thickness was measured using
the raw data from each eye in a grid covering a 6 by 6 mm area centered on the foveola in 0.25 mm steps. Thickness data were
entered into MATLAB software. Results. Macular volumes differed significantly at the largest (Zone 3) diameter centered on the
foveola (ETDRS protocol). By segmenting inner from outer layers, we found that the IA in PD is mostly due to changes on the
slope of the foveal pit at the radial distances of 0.5 and 0.75 mm (1.5 mm and 1 mm diameter). Conclusions. About half of the
PD patients had IA of the slope of the foveal pit. IA is a potentially useful marker of PD and is expected to be comparable across
different SD-OCT equipment. Data of larger groups may be developed in future multicenter studies.

1. Introduction

Parkinson disease (PD) predominantly affects motor func-
tions, but nonmotor deficits in PD have attracted interest as
potential diagnostic and treatment biomarkers.

PD patients commonly have subjective visual difficulties
that are not well understood. Spectral domain optical coher-
ence tomography (SD-OCT) allows quantification of the
thickness of the fovea, the anatomical site of most acute
vision, and is emerging as a potential tool in PD [1]. A pos-
sible causal link between common visual complaints expe-
rienced in PD and retinal dysfunction is supported by the
presence of dopaminergic neurons (amacrine cells) [2, 3] of
the healthy human adult retina and their impairment in PD
[4–6].

In vivo evidence of manifest retinal impairment in PD
emanated from a number of retinal electrophysiologic stud-
ies, using the pattern electroretinogram (PERG) which sug-
gested that the retina is the most distal source of visual
impairment in PD [7–14] (see Supplementary Material 1
available online at doi:10.1155/2012/728457).

SD-OCT retinal scanning is notably fast, readily avail-
able, reproducible, noninvasive, and inexpensive as a candi-
date biomarker. It also supplies a near-histopathologic image
of the retina, in vivo (see Supplementary Material 2).

Using OCT, it was first shown in 2004 [15] that the nerve
fiber layer (NFL) of the retina is thinned in PD. Subsequently
retinal thinning in PD was confirmed in most studies [16–
19], although details and diagnostic yield differed. There
may be several reasons. Most of the studies concentrated
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(a) (b)

Figure 1: The central yellow dot in this illustration represents fixation at the foveola. The measuring grid visible in the background is
centered on the foveola. Thicknesses at each of the intersecting points of the grid and calculated the volume of each 0.25 × 0.25 mm voxel.
(a) shows the SD-OCT profiles through the fovea for a control subject and (b) SD-OCT profile for a PD patient.

on the NFL and not on the inner, cellular retina or they
have averaged across the entire fovea and computed total
“macular volumes,” thereby reducing the likelihood of find-
ing significant differences of diverse retinal layers.

In this study, we concentrated on the foveal pit, where
different retinal layers are easier to separate. It is also essential
that the comparison control group excluded subjects with
presenile dementia and early neurodegenerative conditions,
which happen to predominantly occur in the aged. Fur-
thermore, differences exist in the selection of “number of
eyes studied versus number of subjects” [20]. Finally, in the
statistical analysis of ophthalmic data, one has to account for
a correlation between the two eyes [21]. Examination of IA
reduces the influence of the natural variation in the thickness
of retinal layers. We report significant IA of perifoveolar
thickness of the preganglionic retina in PD.

2. Methods

2.1. Subjects. This was a prospective case-control clinical
series. The study was approved by the Institutional Review
Board for Human Subjects Research of SUNY Downstate
Medical Center, and the study adheres to the tenets of the
Declaration of Helsinki. Both groups were examined using
identical comprehensive neurological and ophthalmological
examinations (see Supplementary Material 3). All subjects
had best-corrected Snellen visual acuity better than 20/30.
There were 46 PD eyes (23 patients) and 36 consecutive
age-matched control eyes (18 subjects). PD patients were
diagnosed based on the UK Brain Criteria [23]. They were
staged using the Hoehn and Yahr (H-Y) [24] criteria and
scored according to the standardized clinical tests of UPDRS.
The mean ages of PD patients and of healthy subjects were

64.6± 7.5 (SD) versus 61.5± 9.0 years (P = 0.77). The mean
H-Y stage was 3.2 (range 1–4) for PD subjects.

As defined by the makers of the SD-OCT software,
the measurement of the inner retinal layer (IRL) includes
internal limiting membrane (ILM), nerve fiber layer (NFL),
ganglion cell layer (GCL), and inner plexiform layer (IPL).
Amacrine cells, including dopaminergic amacrine cells, are
located in the inner nuclear layer at the border of the
IPL. The outer retinal layer (ORL) includes layers from the
inner nuclear layer, Henle’s fiber layer (HF), outer nuclear
layer (ONL), inner (IS) and outer (OS) segments of the
photoreceptors up to the retinal pigment epithelium (RPE).
full retinal thickness (FRT) is measured from the ILM to the
RPE.

2.2. OCT Methodology. Participants were scanned with high
resolution SD-OCT (RTVue Model RT 100 (Optovue, Inc.;
Fremont, CA)). Grids of 5 × 5 mm (MM5 scan protocol) or
6 × 6 mm (EMM5 scan protocol) are automatically placed
to depict, map, and measure sections of the retina. The
grids are centered on the area of visual fixation, the foveola
(yellow dot) (see Figure 1(a) (control) and Figure 1(b) (PD)).
Centration, apparent registration of each scan, and the
qualitative regularity of automatically applied segmentation
lines were checked for each scan. The program automatically
segments inner and outer retinal layers, applies three lines,
and quantitative data is then internally computed to yield
inner and outer retinal layer and full-thickness retinal
measurements. The corresponding numerical data is then
exported for statistical analysis.

We manually placed the cursor at each of the intersecting
points of the grid and calculated the volume of each 0.25 ×
0.25 voxel by the data provided in the OCT equipment.
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This (mathematically) yields a matrix of 401 elements per
eye studied. Only scans that are of sufficient quality (signal
strength = 75% of maximal strength, absent unwanted imag-
ing artifacts, or distortions) were accepted. Images obtained
when the vertical and horizontal scans were displaced by
more than one voxel (0.25 mm) were rejected.

Macular volumes were quantified using the software
of the manufacturer based on the ETDRS protocol. These
values are taken off from the automated program of the RT-
Vue. They allowed a comparison for foveal thickness and
three retinal volumes centered on the foveola with radii of
0.5, 1.5, and 3 mm.

Quantifying segmented foveal thickness: based on the
results of our prior study [1] we examined interocular,
within-subject variability of the perifoveal area in PD. Inner
retinal thickness was measured from the ILM up to and
including the boundary interface of the IPL and INL. We
exported the corresponding OCT data (images were not
manipulated) into MATLAB.

2.3. OCT Interocular Difference (IA), Statistical Analysis. The
statistical analysis was performed for both macular volume
and segmented retinal thickness (inner versus outer). All
statistical analyses were performed using PASW release num-
ber 19. The general linear model for repeated measures was
used to test for main effect differences between the control
and Parkinsonian groups, race, changes over foveal zones,
and the interaction of group by foveal zones. Mauchly’s
test for sphericity was significant indicating a violation of
equality of variances between the interocular differences over
foveal zones. The Greenhouse-Geisser correction was applied
to correct for this violation. For comparing IA at distinct
perifoveolar radial distances, the thickness difference for each
corresponding voxel was calculated for the four cardinal
directions between the left and the right eyes of each subject.

3. Results

3.1. Foveal Thickness and Macular Volumes. Central foveal
thickness (0 mm distance = foveola) was the same for PD
subjects and controls. There was no effect for group (F =
0.07, P = 0.79) or for interaction of group by race (F = 0.78,
P = 0.47).

There was significant difference (F = 4.32, P = 0.046)
between the groups in macular volume over the largest
diameter (Zone 3 of the ETDRS protocol) (see Figure 2).

This difference in total macular volume is consistent with
the results reported by Altintas et al. [16]. There was no effect
for the difference between races (F = 0.341, P = 0.713) or
group by race (F = 0.144, P = 0.87). After correction, there
was no significant difference for changes in foveal zone (F =
1.55, P = 0.22) or the interaction of foveal zone by group
(F = 2.38, P = 0.13).

3.2. Segmented IRL Thickness Measurements. the absolute
value of the interocular difference (IOD) was calculated
for each control subject and PD patient for each measured
radial distance from the foveola. In the PD group, mean
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Figure 2: This figure shows interocular asymmetry in the average
macular volume measured in the three “standard” (ETDRS) peri-
foveal zones. The difference increases with zone diameter (5 mm)
and reaches statistical significance only when the total macular
volume (Zone 3) is compared (see Methods) between PD and con-
trol subjects.

IOD reached 12.26 microns at 1.00 mm perifoveolar radius,
while, at the corresponding distance controls had a mean
6.97 micron IOD. The mean IOD by group and 1 SD for each
distance in controls are shown in Table 1.

At each radial distance, every eye’s IA in the four direc-
tional quadrants was averaged, and a mean quadratic thick-
ness value was obtained.

The number and percentage of control subjects whose
interocular difference was greater than control means at 1 SD
are shown in Table 2. Tables 3 and 4 depict the same derived
measures for 1.5 and 2 SD.

The tables show that the highest number of patients can
be best distinguished at 0.5 and 0.75 mm radial distance.
Table 5 represents the grouped data points for 0.5 and
0.75 mm at 1 SD in a predictive-value plot. The inner retina
at this particular distance contains some ganglion cells and
mostly inner plexiform elements. It represents the zone of
the foveal slope, where ganglion cells begin to emerge (see
Figure 3). A second flatter “peak” may be present at 1.75 to

2 mm radial distance where ganglion cells and the NFL begin
to make a dominant contribution (see Figure 3, after Provis
and Hendrickson) [22] to retinal thickness.

Apparently both foveal slope architecture and ganglion
cell thickness contribute to deviant IA in PD. By taking 1.5
SD as the criterion, we find that as a population PD patients
show significant interocular difference only at radial dis-
tances of 0.5, 0.75, and 1 mm from the foveola. Interestingly,
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Table 1: Interocular thickness difference (microns) and SDs (1, 1.5, and 2) by radial distance location (mm from foveola) in PD patients
and controls.

0.25 (mm) 0.5 (mm) 0.75 (mm) 1.0 (mm) 1.25 (mm) 1.5 (mm) 1.75 (mm) 2.0 (mm)

Control (mean) 5.50 6.20 5.53 6.97 6.61 7.23 6.32 5.71

PD (mean) 5.11 8.54 10.17 12.26 11.92 10.49 9.76 9.77

Control 1 SD 4.90 4.83 5.54 7.39 8.82 8.69 6.66 6.65

Control 1.5 SD 7.35 7.24 8.32 11.08 13.24 13.04 9.99 9.97

Control 2 SD 9.80 9.66 11.09 14.78 17.66 17.39 13.32 13.30

Table 2: Individual subjects outside their group’s retinal thickness mean IOD at 1 control SD at each radial distance (mm). It is evident that
the most false positives (controls) were at 1 and 1.25 mm. The highest percentage of correctly identified patients was at 0.5 and 0.75 and to a
lesser extent at 1 mm and 1.75 perifoveolar distance (see also Table 5).

0.25 (mm) 0.5 (mm) 0.75 (mm) 1.0 (mm) 1.25 (mm) 1.5 (mm) 1.75 (mm) 2.0 (mm)

Number of Ctrl 2 1 0 1 2 3 1 1

Number of PD 0 4 5 3 2 3 4 1

Percentage of 23 PD patients 0 17.4 21.7 13 8.7 13 17 4.3

Percentage of 18 controls 11.1 5.5 0 5.5 11.1 16.7 5.5 5.5

this corresponds to the slope of the foveal pit. For a 2 SD
criterion, however, there is little IOD. Figure 4 shows the
mean interocular difference for all control subjects.

4. Discussion

PD patients have greater IOD in retinal thickness than
controls. There appears to be an important difference cor-
responding to the foveal pit in PD. In the foveal pit, inner but
not full-foveal thickness seems to discriminate between PD
and controls. Furthermore, interocular symmetry of retinal
thickness varies with perifoveolar distance in the fovea in
PD. IA appears most evident (see Figure 2) at some distance
from the foveola at the slope of the foveal pit where ganglion
cells are still scarce [19]. Neither our data nor previous
evidence suggests that race, gender, age, and axial length have
significant effect on IA of the foveal pit (see Supplementary
Material 4). Measuring average macular volume, easy to
execute on all OCT models, includes all the inner and outer
retinal layers. The distance at 0.75 mm defines a diameter
of 1.5 mm. For this diameter, the ETDRS volume did not
discriminate between PD and controls. It is likely that the
difference for the volumetric measure was not significant
as the volume included other regions, closer to the foveola,
and outer retinal layers. Our results suggest that therefore
macular volumes need to be treated with caution since
pathology (as occurs in PD) may not equally affect diverse
layers in the foveal pit.

In studies of eye disorders, it is important to consider,
for statistical comparison and diagnostic yield, the number
of eyes versus the number of subjects [20, 21]. If the
correlation between studied variables in the two eyes is
high (when within subject variability is low), then it would
be permissible, in a large population to use one eye data
only. However, a perfect correlation depends on the measure
selected. For instance, the interocular correlation of diurnal
variation and intraocular pressure (IOP) [25] are highly
similar in the two eyes of subjects; however, the coefficients

of determination for single pairs range from 0.311 to 0.741.
We recommend evaluating each eye of each patient in PD.
A clinical advantage of quantifying interocular symmetry is
that it is less dependent on absolute thickness measurements
and thus less dependent on equipment differences [26].

Motor asymmetry is part of the criteria for clinical
and imaging [27, 28] diagnosis of PD. If a patient exhibits
symmetrical motor findings, the diagnosis of PD must
necessarily be questioned. Although motor asymmetry is
clinically well accepted, the reasons for this asymmetry are
not well understood [29]. It was suggested that asymmetry
is a random process, while dominant handedness [30] is
associated with motor asymmetry. Eye dominance and inte-
rocular asymmetry in PD have not been evaluated. As the
neurosensory retina is impacted in PD, it is plausible that
the earliest changes are also asymmetrical and that an area
of specificity for the disease would vary amongst a person’s
eyes. It would thusly be useful as a screening tool and marker
of disease presence and progression.

In the search for a quantitative ophthalmological tool
to be used as a biomarker for PD (i.e., SD-OCT), a larger
normative database is needed. Neurodegenerative diseases
increase with age and a number of them have been shown to
affect the retina. Both our patients and controls were selected
based on identical and rigorous ophthalmological and neu-
rological in- and exclusion criteria (see Supplementary Table
1). We are not aware of any relevant published OCT study
in which controls would have been thoroughly screened for
neurological conditions. In the future, multivariate analysis
may be useful for relaxing the strict criteria to include
patients with common conditions such as diabetes mellitus,
for instance, who were excluded in the present study.

5. Conclusions

We demonstrate that IA measured at certain radial peri-
foveal distance may provide help in discriminating between
normal and PD subjects. This discrimination affected only
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Table 3: Individual subjects outside their group’s retinal thickness mean IOD at 1.5 control SD at each radial distance (mm).

0.25 (mm) 0.5 (mm) 0.75 (mm) 1.0 (mm) 1.25 (mm) 1.5 (mm) 1.75 (mm) 2.0 (mm)

Number of Ctrl 0 0 0 0 1 2 1 1

Number of PD 0 2 4 1 2 2 1 0

Percentage of 23 PD patients 0 8.7 17.4 5.6 8.7 8.7 5.6 0

Percentage of 18 controls 0 0 0 0 5.5 11.1 5.5 5.5

At the stricter (1.5 SD) criterion, 0.75 mm remains as the optimal distance for discriminating PD and controls (compare this table to Tables 1 and 2).

Table 4: Individual subjects outside their group’s retinal thickness mean IOD at 2 control SD at each radial distance (mm).

0.25 (mm) 0.5 (mm) 0.75 (mm) 1.0 (mm) 1.25 (mm) 1.5 (mm) 1.75 (mm) 2.0 (mm)

Number of Ctrl 0 0 0 0 1 0 1 1

Number of PD 0 1 1 1 1 1 1 0

Percentage of 23 PD patients 0 4.3 4.3 4.3 4.3 4.3 4.3 0

Percentage of 18 controls 0 0 0 0 5.5 0 5.5 5.5

Table 5: Predictive value table for grouped data points at 0.5 and
0.75 mm radial distance (1 SD).

Significant IOD

− +

PD
− 98.2 % 2.8 %

+ 80.4 % 19.6 %

Figure 3: This shows histology of the human retina (after Provis
and Hendrickson). Interrupted lines represent perifoveolar radial
distances of 0.9 and 1.25 mm where ganglion cells begin to dom-
inate inner retinal thickness. Maximal IA occurs at distances less
than 0.9 mm [22].

about 1 out of five patients, but the specificity is high.
Discrimination appears to be optimal at perifoveal distances
of 0.5 and 0.75 mm. This distance corresponds to a region
on the slope of the foveal pit where the ganglion cells just
begin to emerge. A second flatter “peak” could be present
at 2 mm radial distance where ganglion cells and the NFL
begin to make a dominant contribution to retinal thickness.
Apparently both foveal slope architecture and ganglion cell
thickness contribute to deviant IA in PD. IA of the foveal
shape has a high specificity and may be a potentially useful
marker for PD and may be useful in large multicenter clinical
trials.
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Figure 4: The mean interocular difference map of all control
subjects is depicted. Thickness measurements of the inner retina
over the central grid of 2.5 × 2.5 mm were obtained, digitally
reconstructed, and color-coded. Temporal side is on the left and
nasal retina on the right side. Left eyes were reflected horizontally
so that the temporal retina is directionally left and the nasal retina
is directionally right.
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The introduction of spectral domain optical coherence tomography (SD-OCT) has enhanced Vitreoretinal Interface (VRI)
imaging considerably and facilitated the diagnosis, followup, prognosis determination, and management of VRI-associated
pathologies. HR-OCT became a common practical tool seen in almost every ophthalmology practice. Knowledge of SD-OCT
image interpretation and recognition of pathologies are required for all ophthalmologists. This paper methodically reviews
the normal aging process of the VRI and discusses several commonly encountered VRI pathologies. The role of SD-OCT
imaging in VRI-associated disorders such as posterior vitreous detachment, vitreomacular traction syndrome, idiopathic epiretinal
membranes, lamellar holes, pseudoholes, and full thickness macular holes is portrayed. Future perspectives of new OCT
technologies based on SD-OCT are discussed.

1. The Vitreoretinal Interface

The vitreoretinal interface (VRI) is a complex composite
structure connecting the vitreous cortex and the inner retina
as illustrated in Figure 1.

The posterior vitreous cortex is 100 µm thick. It consists
of densely packed collagen fibrils [1] that insert superficially
into the internal limiting membrane (ILM) of the retina [2]
and attach to the ILM by glue-like macromolecules, such
as laminin, fibronectin, chondroitin, and heparan sulphate
proteoglycans [3]. The strongest vitreoretinal adhesions have
been described at the optic disc, over the retinal blood
vessels and at the macular area [3]. This intimate relationship
between cortical vitreous and the retina triggers many of the
frequently encountered macular pathologies.

Aging of the human vitreous is characterized by gel
liquefaction and the development of fluid-filled pockets,
typically beginning in front of the macula and in the
central vitreous cavity [4] This progressive process may
begin as early as the second decade and eventually leads
to degeneration of the vitreous gel and weakened vitreo-
retinal adhesion. As the collagen-hyaluronate complexes

composing the vitreous progressively degenerate, liquefied
vitreous pockets enlarge and enter the posterior hyaloid
space. Collapse of the vitreous gel, known as syneresis, leads
to a complete PVD with time [2].

Optical coherence tomography (OCT), introduced in
the 1990’s, is a noninvasive in vivo ophthalmic imaging
technique [5]. OCT is based on the principal of Michelson
interferometry [6]. Interference patterns produced by low
coherence light reflected from ocular tissues are processed
into an “A-scan” signal. Multiple A-scan signals are aligned
to produce a “B-scan” two-dimensional image that can
be thought of as a form of “in vivo histology [6].” In
2002, the time-domain OCT, which was based on a moving
reference mirror, became commercially available with an
axial resolution of 10 µm.

Since 2004, higher resolution spectral-domain OCT (SD-
OCT) has entered clinical ophthalmic practice. SD-OCT is
not limited by moving parts. SD-OCT relies on a spectrom-
eter and high-speed camera using the mathematical premise
of Fourier transformation for analysis of the reflected light.
This results in a significant increase in the amount of data
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Figure 1: Illustration of the vitreoretinal attachments at the vitreoretinal interface. The posterior vitreous cortex is attached to the ILM by
collagen fibers at the vitreoretinal interface. These fibers fuse with the ILM and along with macromolecules, such as laminin, fibronectin,
and chondroitin anchor the vitreous cortex to the retina.

acquired during each session while reducing motion artifacts
with an increased signal-to-noise ratio when compared
with time-domain OCT. Commercial available SD-OCT
machines have a reported axial resolution of 5 to 7 microns
[7]. There are some prototypes achieving 3 microns of axial
resolution [7].

This cross-sectional imaging technology has allowed
investigators to study and manage patients with VRI
disease processes that were previously unrecognizable by
biomicroscopy alone. OCT was the primary contributor to
our understanding of the pathogenesis and the anatomical
sequence of events that underlie VRI pathologies. This
revolutionary imaging modality is now prevalent in all
ophthalmology clinic settings as it greatly enhances physi-
cians’ ability to recognize and diagnose VRI pathologies.
This paper reviews the uses of SD-OCT in the evaluation,
followup, and management of VRI-associated disorders such
as posterior vitreous detachment, vitreomacular traction
syndrome, idiopathic epiretinal membranes, lamellar holes,
pseudoholes, and full thickness macular holes as illustrated
in Figure 2.

2. Posterior Vitreous Detachment

Posterior vitreous detachment (PVD) is defined as a separa-
tion between the posterior vitreous cortex and the ILM of the
retina (Figure 3).

Aging of the vitreous and syneresis leads to a complete
PVD with time [2]. The most commonly associated clinical
symptom is the development of floaters. With aging, com-
plete PVD becomes more common with a 10% prevalence in
people under the age of 50 and up to 63% of people over the
age of 70 [8]. The most common complications of PVD are
retinal tears, vitreous hemorrhage, rhegmatogenous retinal
detachment, and retinal or optic disc hemorrhage [2, 6, 9].
These complications are mainly caused by dynamic vitreous
traction on focal areas of firm vitreoretinal adhesion [9].

Abnormal 
vitreoretinal
interface

PVD
Epiretinal 
membrane

Macular 
hole

Vitreomacular 
traction

Pseudohole
Macular 
pucker

Lamellar 
hole

Full thickness
macular hole

Figure 2: Vitreoretinal-interface-associated pathologies.

Figure 3: Posterior vitreous detachment (arrow).

For many years PVD could only be diagnosed clinically
using biomicroscopy and was believed to be an acute event.
Subsequently, ultrasonography was used as the main imaging
modality for documentation of PVD [2]. Despite its relatively
gross resolution (1 mm) it is nonetheless a reliable tool
to determine the presence of a PVD [10]. It is indeed
advantageous in eyes with media opacities such as corneal
opacities, dense cataracts, vitreous hemorrhage, or vitreous
inflammation.
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(a) (b)

Figure 4: SD-OCT images of PVD and vitreoschisis. PVD; posterior hyaloid (arrow) separated from the retina (a). Vitreoschisis with
liquefaction (double-head arrow) of the vitreous between a formed vitreous (asterisk) and an attached posterior hyaloid (arrow).

SD-OCT enables us, in our day-to-day practice, to image
and to study the posterior hyaloid face and its intimate
relationship with the retina. It allows not only early diagnosis
of vitreous pathologies but also the ability to differentiate
PVD from other clinical entities, such as vitreoschisis
(Figure 4). The SD-OCT is a reliable and an objective tool
to assist the clinician in making the correct diagnosis and
determining treatment options. For example, an observation
of vitreomacular traction syndrome following an acute
traumatic incomplete PVD that was recently demonstrated
by SD-OCT may be transient in nature, allowing the option
of observation and followup by SD-OCT as an alternative to
early surgical intervention [11]. A recent study by Johnson
[4] used SD-OCT imaging to evaluate the early stages of
PVD. It was revealed that PVD is most probably an insidious,
chronic event that begins in the perifoveal macula and
progressively detaches over a prolonged period of time,
leaving the foveal and optic nerve attachment to separate last.

The majority of PVDs are asymptomatic and do not
require any treatment [4]. Most symptomatic patients expe-
rience floaters and predominantly do well with observation
alone. Although still controversial, there have been a growing
number of recent reports advocating small incision sutureless
vitrectomy surgery for the removal of symptomatic floaters
[12, 13].

Vitreoschisis and incomplete PVD, determined in part by
the size and strength of the residual vitreoretinal adhesion
[4], may be complicated by a variety of vitreoretinal interface
pathologies in the macular area as discussed below.

3. Vitreomacular Traction Syndrome

The classic form of Vitreomacular traction (VMT) syndrome
is characterized by partial PVD with residual strong and
focal posterior vitreomacular adhesions. This results in
anteroposterior and tangential tractional forces applied by
the vitreous to the foveal and parafoveal regions. Based
on SD-OCT data, it appears that there are 2 subclasses of
vitreomacular traction; focal foveolar adhesion and broad
macular adhesion [4, 14, 15]. Decreased visual acuity may
result from secondary intraretinal edema and a distortion of
the normal macular architecture. Other common symptoms
associated with VMT syndrome include metamorphopsia,
micropsia, and photopsia.

Figure 5: Vitreomacular traction.

Now commercially available, OCT has been tremen-
dously helpful in confirming many cases of VMT that were
clinically undetectable (Figure 5). Although conventional
time domain OCT was able to demonstrate the vitreoretinal
interface, the ability to image the posterior hyaloid mem-
brane was limited by the slow scan speed, limited sensitivity,
and poor axial resolution. The increased axial resolution, the
augmented signal/noise ratio, and the higher scan rate of new
SD-OCT have dramatically improved the ability to visualize
the vitreomacular interface and posterior hyaloid membrane
[16].

Three-dimensional scans made possible with SD-OCT
have advanced the comprehensive evaluation of the vitre-
oretinal interface providing additional clinically significant
information. The 3-dimensional reconstruction modality
enables meticulous presurgical planning, with the potential
for improved postsurgical outcomes [16]. Koizum et al. [14]
performed a three-dimensional evaluation of the VRI in
VMT syndrome using SD-OCT. They found that most of the
eyes with VMT syndrome had concurrent epiretinal mem-
branes. These epiretinal membranes increase the adhesion
between the vitreous and the retina and serve as an anchor
for the cortical vitreous on the inner surface of the retina
therefore preventing spontaneous separation of the vitreous
from the macula.

SD-OCT has triggered focused attention to special
conditions in which VRI pathologies develop. For instance,
a complete PVD is less prevalent in diabetic patients with
clinically significant diabetic macular edema compared to
diabetic patients without diabetic macular edema [17]. It
is well established that diabetic macular edema may be
exacerbated by the vitreomacular traction effects of partial
vitreous detachment [18]. A recent study using SD-OCT to
assess the VRI in eyes with diabetic macular edema, epiretinal
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membranes, and incomplete PVD [19] found that the
posterior cortical vitreous and the hyper-reflective adherent
membrane, which is generally designated as an epiretinal
membrane, appeared as one continuous thick membrane.
Based on these novel observations which were supported
by histologic findings [20], it can be assumed that the
hyperreflective adherent epimacular membrane is commonly
composed of an integrated fibrocellular membrane from the
epiretinal membraneposterior hyaloid complex.

In daily practice, in addition to confirming the diagnosis
of VMT, SD-OCT plays an important role in following
patients with VMT and in determining their visual prog-
nosis. In some cases, spontaneous resolution of traction
may occur, justifying a period of clinical observation before
surgical intervention [21, 22]. For symptomatic patients,
small gauge vitrectomy surgery and release of the vitreous
traction may be easily and safely applied [23, 24]. It is
important to keep in mind that clinical and histologic studies
have shown that residual cortical vitreous commonly adheres
to the inner retinal surface following vitrectomy despite
peeling of the posterior hyaloids [25]. Cortical postoperative
vitreous remnants may organize into a fibrocellular epiretinal
membrane with subsequent contraction causing macular
pucker [26]. Other limitations of vitrectomy include surgical
complications such as retinal tears, retinal detachments,
cataract formation/progression, and intraocular infection as
well as high costs.

Pharmacologic vitreolysis, applied as an intravitreal
injection, is an emerging possible treatment for persistent
vitreomacular-adhesion-related pathologies [27].

Over the past 15 years, investigators have increasingly
examined alternative methods for PVD induction which
focused on the use of pharmacologic agents to modify the
molecular structure of the vitreous thereby eliminating its
role in the pathogenesis of retinal diseases. While early
interest in pharmacologic vitreolysis has focused on its
application as an adjunct to vitrectomy surgery and removal
of fibrovascular proliferative membranes [28], investigators
have quickly realized its potential as a stand-alone therapy
[29]. Vitreolytic agents may potentially improve anatomical
and functional outcomes in VMT patients. They may also be
used as a prophylactic measure in conditions in which PVD
is associated with an improved prognosis (DME) [27].

Results from an initial clinical trial evaluating the safety
and preliminary efficacy of vitreolysis with intravitreal
microplasmin in patients suffering from VMT show the drug
to be well tolerated and capable of inducing a pharmacologic
PVD in some patients [30].

The ancillary benefits of pharmacologic vitreolysis
include: decreased costs, based on shorter surgical times or
decreased incidence of progressive disease requiring surgery;
greater access to therapy, based on the simple instrumenta-
tion involved in the injection administration and a possible
future transition to office-based procedures [31]. Further-
more, these agents will reduce patient exposure to inherent
vitrectomy-related complications, such as endophthalmitis,
cataract formation, iatrogenic retinal breaks and anesthesia
related complications [27].

Figure 6: Full thickness macular hole.

4. Full Thickness Macular Hole

Full thickness macular hole (FTMH) is a vertical split in the
foveal neurosensory retina (Figure 6). It is more common in
females and occurs primarily in the sixth to eighth decades
of life. The risk of developing a macular hole in the other eye
of patients with unilateral macular hole has been reported
to be 11–13% overall [32]; however, it increases to 50% if a
premacular hole configuration is noted on OCT [33].

The etiology of macular hole formation is still unknown.
SD-OCT data gathered in recent years support the hypoth-
esis that vitreoretinal abnormalities and vitreomacular trac-
tion play a major role in idiopathic macular hole formation
[32, 34]. Visual symptoms include metamorphopsia and
diminished central visual acuity ranging from 20/40 to 5/200
in later stages.

Clinically, a FTMH might be confused with other VRI
disorders such as a pseudohole and lamellar hole (discussed
below). SD-OCT helps the clinician distinguish between
these VRI conditions and has improved our understanding
of the role of vitreoretinal adhesions in the pathogenesis of
these disorders. The conventional management of FTMH is
surgical treatment. Initially advocated in 1991 by Kelly and
Wendel [35], vitrectomy with gas tamponade and face down
positioning is currently the treatment of choice for FTMH.
Variations of this procedure have evolved over the years to
include ILM peeling, with or without adjuvant staining [36].
Recent data questions the need for face down positioning
after surgery for small (<400 µm) FTMH [37, 38]. More
recently, pharmacological vitreolysis has been recommended
for the closure of small FTMH [30].

In day to day retina clinic, SD-OCT is an invaluable
tool in the pre- and postoperative diagnosis and followup
of patients with FTMH. Newly, a mathematical analog of
the premacular hole foveal anatomic configuration was first
described to enable recognition of patients prone to devel-
oping FTMH (as seen in Figure 7) [33]. Using OCT foveal
thickness maps, the mathematical analog of a premacular
hole, foveal anatomic configuration was found to be signif-
icantly different from the normal foveal configuration and
was composed of a steep nonsymmetrical foveal slope with a
wide fovea on OCT scans. Fifty percent of the patients with
a premacular hole configuration consequently developed
bilateral macular holes. This high incidence compared to a
previously reported incidence of 11% to 13% of bilateral
macular holes [32] may indicate that this foveal configura-
tion predisposes a subset of high risk patients to develop
bilateral macular holes [33]. The exciting new clinical ability
to identify this distinct macular configuration may allow
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Figure 7: Premacular hole configuration SD-OCT (right) and foveal thickness graph (left) illustrating steep and asymmetrical slopes.

Figure 8: Lamellar hole with intact photoreceptors.

Figure 9: Pseudohole without any neurosensory defects.

early diagnosis, close followup and better management of
macular hole-prone patients as seen in Figure 7 [33].

SD-OCT is also used to determine the prognosis for
vision recovery by assessing the structural integrity of the
photoreceptors before and after macular hole surgery by
imaging of the inner segment/outer segment photoreceptor
(IS/OS junction) defect in patients with macular holes. The
extent of the IS/OS junction defect can be a prognostic
feature for the visual outcome after macular hole surgery
[39, 40]. A study evaluating the ability of SD-OCT images of
the IS/OS junction to predict macular hole surgery outcomes
demonstrated that the mean total area and maximum length
of the IS/OS junction defect at 12 months after surgery was
significantly and negatively correlated with the postoperative
visual acuity. The conclusion of the study was that SD-OCT
is useful for quantitatively measuring IS/OS junction defects,
and that postoperative IS/OS junction may play an important
role in visual recovery after macular hole surgery [40].

5. Lamellar Hole

Lamellar hole is a partial thickness defect in the neurosensory
retina with intact photoreceptors, as shown in (Figure 8).

6. Pseudohole

Pseudohole is a hole in an epiretinal membrane (ERM)
without any neurosensory defects in the retina (Figure 9).

Figure 10: Epiretinal membrane (arrow).

7. Epiretinal Membrane

Epiretinal membrane (ERM) or macular pucker is an
avascular, fibrocellular membrane on the inner surface of the
retina (Figure 10).

ERM results from proliferative changes at the VRI and
can be either secondary to other ocular conditions or
idiopathic in nature. Secondary membranes are associated
with a variety of retinal disorders, including retinal tears,
retinal vascular diseases (branch retinal vein occlusion and
central retinal vein occlusion), uveitis, trauma, or retinal
detachment surgery [1]. Partial or complete PVD has been
found in 80% to 95% of eyes with idiopathic ERM [41]. This
was suggested to be secondary to vitreous schisis and vitreous
remnants on the retina promoting subsequent epiretinal
fibrocellular proliferation [42].

Idiopathic premacular membranes have a wide range of
severity. They may be quite subtle, causing minimal loss of
vision or may result in macular edema and distorted vision
caused by traction exerted by the membrane and resultant
leakage from the perifoveal capillaries.

In clinical practice SD-OCT has proven useful in the
evaluation and treatment of ERMs. Using SD-OCT, one
can easily differentiate the posterior hyaloid, a minimally
reflective signal, from an ERM, which is highly reflective [43].
OCT has also been helpful in confirming the relationship
between PVD and ERM. OCT is valuable for following
the natural history of epiretinal membranes [43]. Visually
significant ERMs are usually removed surgically resulting in
a 2-line improvement on average [44]. Although surgical
intervention was previously advised only after significant
reduction in visual acuity (<20/60), SD-OCT made it
possible to obtain a very accurate image of early changes
in the retina, such as ERM-related macular edema and/or
distortion of the inner and outer retina allowing early,
minimally invasive, small gauge surgical intervention, and
possibly better visual outcome.
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8. Future Perspective

New advancements in the use of high-resolution OCT for
retinal imaging are continuously emerging. These practical
and experimental tools most probably will have a marked
impact on the way we treat our patients in retina practice
in the future. One of the most intriguing developments is
the experimental use of intraoperative microscope-mounted
SD-OCT. The possibility to use SD-OCT intraoperatively
provides thrilling new insights into the subtle changes of
retinal anatomy during the performance of macular surgery.
Intra-operative SD-OCT may be a future practical tool for
facilitating vitreoretinal surgery [45]. SD-OCT high axial
resolution also allows for a three dimensional en face or “C-
scan” to be produced offering a new view of the different
layers of the retina and the vitreoretinal relationship [7, 46].
Another new development is the Swept source OCT that can
achieve ultrahigh axial resolution of 2-3 µm by sweeping a
narrow bandwidth light source through a broad optical range
[47]. Total retinal blood flow measurement with this newer
ultrahigh speed swept source/Fourier domain OCT [47] may
enable us to demonstrate and measure the increased blood
flow reported after peeling of the posterior hyaloid [48] and
may abele us to measure blood flow in occlusive retinal
vascular diseases and/or ischemic diseases of the retina.

9. Conclusion

SD-OCT has broadened a new horizon in the basic
understanding and interpretation of vitreoretinal interface
disorders. It allows early diagnosis, better followup, and more
intelligent information-based surgical decision making. SD-
OCT has recently been used in the screening of patients
at risk for vitreoretinal interface disorders, as well as
determining and predicting their visual prognosis. With
further advancement of this technology, higher resolution
OCT carries the potential of perfecting visual outcomes for
patients with VRI disorders.
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Purpose. To compare the retinal nerve fiber layer (RNFL) measurements using two different ocular coherence tomography (OCT)
devices: Cirrus Fourier domain OCT and Stratus time domain OCT. To analyze reproducibility of Fourier domain measurements
in healthy subjects. Methods. One hundred and thirty-two eyes of 132 healthy subjects were scaned on the same day with both
instruments, separated by 10 minutes from each other. Thickness of quadrant, average and the 12 different areas around the
optic nerve were compared between Cirrus and Stratus. Repeatability, intraclass correlation coefficients (ICCs), and coefficients of
variation (COVs) were calculated in RNFL measurements provided by Fourier domain device. Results. The average thickness
in the optic cube was 95.50 µm using Cirrus and 97.85 µm using Stratus. Average thickness and temporal quadrant showed
significant differences using Cirrus and Stratus methods. Reproducibility was better with Fourier domain OCT (mean COV of
4.54%) than with Stratus time-domain OCT (mean COV of 5.57%). Conclusions. Both scan options give reproducible RNFL
thickness measurement, but there are differences between them. Measurements obtained using Fourier domain device show better
reproducibility.

1. Introduction

Optic nerve diseases, including glaucoma and other neu-
rological pathologies, need and objective, quantitative, and
sensitive method to assess retinal nerve fiber layer (RNFL)
thickness both for diagnosing and monitoring their pro-
gression. The importance of RNFL thickness determination
in the early diagnosis of glaucoma cannot be overstated,
because RNFL thinning may in theory be the earliest
structural change clinically detectable and has been shown
to precede functional loss by as much as 5 years [1]. RNFL
thickness maps can also be potentially used for a thorough
evaluation of the RNFL in the longitudinal monitoring optic
nerve disease, which is extremely important in the clinical
management of a life-long disease.

Optical coherence tomography (OCT) is nowadays an
important diagnostic tool for retinal diseases in the clinical
practice. It provides cross-sectional or three-dimensional
images by measuring the echo time delay and magnitude
of backscattered or back-reflected light. The OCT gives a
kind of optical biopsy with quantitative and reproducible
measurements of macular and RNFL thickness parameters
using near-infrared light [2, 3]. OCT was first developed as
a research tool in 1991 obtaining two-dimensional images
[4, 5] using low-coherence interferometry to measure the
time delay of back-scattered light from different layers of
the retina. Time domain OCT (TDOCT) technology was the
first introduced. The standard in OCT retinal imaging was
the Stratus-OCT (Carl Zeiss Meditec Inc, Dublin, California,
USA). Stratus OCT was widely used in clinical settings, and
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provided detailed cross-sectional images and quantitative
information of the retina with an axial resolution of 10 µm
and a scan velocity of 400 axial scans per second [6, 7].
Stratus OCT has demonstrated its ability to detect RNFL
loss [8]. For the past last years, improved OCT devices
employing spectral domain OCT (SDOCT) or Fourier-
domain OCT (FDOCT) have been introduced in the clinical
practice. Fourier domain detection can measure all echoes of
light from different delays simultaneously. This technology
features greater scan acquisition speed, higher resolution
images, and more reproducible measurements. The higher
acquisition speed reduces the eye motion artefacts and
enables a better delineation of the retinal layers [9]. It is then
possible to detect and segment the retinal structures in each
raster OCT image [10]. FDOCT provides a faster scanning of
the tissue achieving an axial resolution up to five times higher
and imaging speeds up to 60 times greater than conventional
OCT [11–14]. Cirrus high definition (HD) OCT (Carl Zeiss
Meditec) is a FDOCT that has an axial resolution of 5 µm and
a scan velocity of 27,000 axial scans per second.

Several studies have reported the importance of RNFL
thickness determination in the early diagnosis and man-
aging of optic nerve conditions, such as glaucoma [15],
band atrophy with or without chiasmal compression [16],
demyelinating diseases [17, 18], and optic neuritis. This topic
based on OCT can reveal changes in RNFL thickness before
visual field defects appear [19]. It is important that these
new techniques are capable of marking accurate, reliable,
and reproducible measurements, because the results of the
RNFL thickness evaluations may vary widely according to the
devices used.

The repeatability and reliability of retinal thickness
measurements using Stratus OCT has been probed in several
studies [20, 21]. Different studies had also demonstrated that
FDOCT are very reliable devices [18, 22, 23].

An essential quality in determining the utility of a
device for clinical use is its measurement reproducibility.
The goal of our present study was to compare the RNFL
measurements in healthy persons using both OCT methods
and to determine the reproducibility of RNFL measurements
with both instruments.

2. Material and Methods

We carried out a prospective cross-sectional study including
132 consecutive healthy subjects who were imaging with
Stratus OCT and Cirrus HD OCT on the same day. One
randomly selected eye of each subject was analyzed. All the
procedures were conducted in accordance with the principles
of Helsinki Declaration and the experimental protocol was
approved by the local Ethics Committee. Detailed consent
forms were obtained from each subject.

For Cirrus HD and Stratus instruments the RNFL is pre-
sented on two circular charts, one with 12 equal sectors each
representing one clock hour and the other with four equal
90◦ sectors, each representing one quadrant (temporal: 316–
45◦on unit circle, superior: 46–135◦, nasal: 136–225◦ and
inferior quadrant: 226–315◦). The chart displays microns of

the RNFL thickness. Average RNFL thickness (0◦–359◦) is
also displayed.

All the subjects underwent a comprehensive ophthalmic
examination including medical, ocular and family history,
best corrected visual acuity (BCVA), visual field, slit lamp
biomicroscopy, intraocular pressure (IOP) measurements
with Goldmann applanation tonometry, and fundoscopy
examination.

The included persons had BCVA of 20/25 or better
according to the Snellen scale, a normal visual field (VF)
examination, and no history of ocular or neurological
disease. Exclusion criteria were the presence of significant
refractive errors (more than 5 diopters of spherical equivalent
refraction or 3 diopters of astigmatism), IOP of 21 mmHg
or higher, media opacifications, systemic conditions that
could affect the visual system, a history of ocular trauma
or concomitant ocular diseases, including a previous history
of retinal pathology, glaucoma, laser therapy, or ocular
pathologies affecting the cornea, lens, retina, or optic nerve.

The VF was assessed using a Humphrey Field Analyzer
(Carl-Zeiss Meditec, Dublin, CA). A SITA Standard strategy
(program 30-2) was used to decrease the duration of the
exam.

Each subject was imaged with the two OCTs on the same
day without dilating the pupil. Fast RNFL thickness (3.46)
and optic disc cube 200× 200 were the scan acquisition pro-
tocols used for measuring the peripapillary RNFL thickness
with the TDOCT and Fourier-domain FDOCT, respectively.
This diameter was set by Schuman et al. because it is large
enough to avoid the overlap with the optic nerve head in
almost all the eyes and yet allow measurement in an area with
thicker RNFL [2].

In order to study the reproducibility of the measurement,
all the subjects underwent 3 different 3.4 mm diameter
circular scans centered on the optic disc with the Cirrus HD
OCT, with 10 minutes of time between each other. To have
our own Stratus OCT reproducibility, 90 of the total subjects
had three different scans following the same procedure. The
two OCTs were used in random order to prevent any effect of
fatigue bias.

Between scan acquisitions, there was a time delay and
subject position and focus were randomly disrupted, mean-
ing that alignment parameters had to be newly adjusted at
the start of each image acquisition. No manual correction
was applied to the OCT output. An internal fixation target
was used because it has previously been shown to give the
highest reproducibility [2].

Following the recommended procedure for scan acquisi-
tion, the subject’s pupil was first centered and focused in an
iris viewing camera on the system data acquisition screen,
and then the system’s line-scanning ophthalmoscope was
used to optimize the view of the retina. The OCT scan was
aligned to the proper depth and patient fixation, and system
polarization was optimized to maximize the OCT signal.

Three repetitions of optic disc cube 200 × 200 scans in
each eye were performed using both OCT devices. The Cirrus
HD OCT optic disc protocol generates a map with average
RNFL thickness, quadrant RNFL thickness (superior, nasal,
inferior and temporal), and 12 clock hours of 30◦ RNFL
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thickness. The numeration of the hour sectors was assigned
from position H1 to H12 in the clockwise direction for the
right eye and in the counterclockwise direction for the left
eye. Same data are provided by Stratus OCT.

The presence of defects in the RNFL can be detected
using both devices (Stratus and Cirrus HD OCT) and is
provided by the comparison of measurements from each
patient with the normative database of each instrument.

Two investigators (I. Pinilla, E. Garcia-Martin) judged
the scans to be of acceptable quality and selected only the
scans were optic disc was centered and focused within the
circular scan, using fundus images captures on OCT scan
printout. All the scans had continuous lines for demarcating
the RNFL border. Only subjects with good images obtained
with both OCTs were selected for the study. Cirrus HD
and Stratus OCT determine the quality of images using the
signal strength measurement that combines signal-to-noise
ratio with the uniformity of the signal within a scan and is
measured on a scale of 1 to 10, where 1 is categorized as poor
image quality and 10 as excellent image quality. Only images
with a score higher than 7 were evaluated in our study. Three
series of good quality scans were obtained for each option.
Twenty-nine images with artifacts, missing parts, or showing
seemingly distorted anatomy were excluded [24]. To obtain
good quality and centered images, ten eyes required repeat
scan acquisition using the Cirrus HD OCT and twenty-three
eyes using the Stratus OCT.

2.1. Statistical Analysis. Statistical software (SPSS 15.0, SPSS
Inc., Chicago, IL) was used for statistical analysis. The
Kolmogorov-Smirnov test was used to assess sample distri-
bution. The Cirrus HD values were analyzed using the mean
of the three measurements. The average RNFL thickness and
the RNFL in each quadrant and in each 30◦ segment were
tested for statically disparity between both OCT instruments.
All the results were expressed as mean ± standard deviation
(±SD).

Differences between Cirrus HD and Stratus RNFL
measurements in each group were also compared using
a Student’s t-test for paired data. Values of P < 0.05
were considered to be indicative of statistically significant
differences. Comparisons of RNFL thickness between the two
instruments were graphically represented.

Variability was assessed by computing for each parameter
the standard deviation of the mean, repeatability, coefficient
of variance and intraclass correlation coefficient. For each
parameter, the coefficient of variation (COV) was calculated
as the standard deviation divided by the average of the mea-
surement value and expressed as a percentage. Most authors
consider that devices with a COV less than 10% have high
reproducibility, while a COV less than 5% indicates very high
reproducibility [22]. To assess the reliability of the repeated
measurements, the intraclass correlation coefficients (ICCs)
for absolute agreement were calculated. They measure the
concordance for continuous variables and correct correla-
tions for systematic bias. The ICC interpretation that we used
was slight reliability (for values between 0 and 0.2), fair relia-
bility (from 0.21 to 0.4), moderate reliability (values between

0.41 and 0.6), substantial reliability (values from 0.61 to
0.8), and almost perfect reliability (for values of intraclass
correlation coefficients higher than 0.81). Bland and Altman
plots were used to assess agreement. Reproducibility of both
devices was also represented by displaying the differences
between measurements by the two instruments against the
mean of the two measurements (Bland-Altman plots) [25].

3. Results and Discussion

Table 1 gives the mean values and standard deviation of the
RNFL in global thickness and in each parapapillary quadrant
in all the subjects. Significant differences were found in
the global thickness using both instruments; this value was
2.37 microns superior with Stratus than with Cirrus HD
OCT (P = 0.003). Significant differences were only found
between the temporal quadrants measurements with both
instruments (2.21 µm higher using Stratus; P = 0.046).
When the different 12 segments around the optic disc were
analyzed, we found significant differences in sectors H1,
H4, H5, H8, H11, and H12 (see Table 1). The quadrant
thickness differences between both OCT devices are shown
in Figure 1. The graph demonstrates that measurements of
RNFL thickness were thicker with the Stratus OCT than
with the Cirrus HD OCT. Also, the inspection of the plots
reveals discrepancy between RNFL thickness measurements
obtained by both OCT instruments.

Reproducibility is presented in Table 2. Bland-Altman
plots were made depicting the agreement between different
Cirrus HD OCT RNFL thickness measurements (Figure
2) and Stratus measurements (Figure 3). The difference
between Cirrus HD OCT measurements (first Cirrus HD
OCT RNFL thickness-second Cirrus HD OCT RNFL
thickness) was plotted against the average of the three
Cirrus HD OCT measurements for the RNFL thickness
(Figure 2). The scatterplots demonstrate the agreement of
the measurements. More than 90% of the measurements
were between ±5 microns differences (Figures 2 and 3).
These small differences were not related to the average RNFL
thickness and were similar in those with thinner or smaller
thickness. Variability of RNFL measurements was higher
with Stratus OCT, as is shown in Tables 1 and 2, and Figure 3.

In most of the cases, direct comparison of RNFL
measurements on the same eyes using both OCT instruments
showed that the Stratus OCT gave a thinner measurement
of the RNFL. As it would be expected, there was high
correlation between measurements taken by both devices,
and when differences between measurements were evaluated
using Bland-Altman plots, considerable discrepancy between
the two instruments was observed (Figure 4). Some authors
have designed a correction factor to predict the RNFL
measurement using other OCT devices, but this analysis is
only an approximation.

As previous authors have described, regional repro-
ducibility data shows the nasal quadrant to be the least
reproducible (highest root mean squared error) (Table 2)
[18, 22]. When incorporating the RNFL thickness into a
reproducibility calculation, the coefficient of variation for
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Table 1: Mean retinal nerve fiber layer parameters and standard deviation measured by Cirrus high definition (HD) and Stratus optical
coherence tomography (OCT) and their statistical comparisons.

Stratus OCT parameters Cirrus HD OCT parameters
Mean difference (Stratus-Cirrus) P

Mean SD Mean SD

Average thickness 97.85 11.47 95.50 9.45 2.37 0.003

Superior thickness 119.54 19.47 117.06 17.32 2.63 0.070

Nasal thickness 74.44 19.83 71.41 16.55 2.96 0.106

Inferior thickness 126.38 18.87 125.36 16.63 1.09 0.357

Temporal thickness 70.99 13.62 68.38 11.81 2.21 0.046

H1 hour sector 110.65 29.35 103.77 26.41 7.17 0.004

H2 hour sector 90.02 26.71 87.49 19.34 2.36 0.317

H3 hour sector 59.84 17.15 56.86 11.99 2.91 0.068

H4 hour sector 73.01 20.62 66.23 16.13 6.83 0.000

H5 hour sector 106.28 26.12 101.65 24.34 4.79 0.006

H6 hour sector 134.54 27.42 133.72 29.47 0.86 0.657

H7 hour sector 141.86 26.31 138.64 24.48 2.52 0.203

H8 hour sector 75.32 18.56 71.88 18.35 4.17 0.006

H9 hour sector 53.40 10.61 53.87 13.77 -0.05 0.968

H10 hour sector 82.24 19.83 82.92 20.52 -0.79 0.620

H11 hour sector 131.51 24.56 126.84 25.65 4.75 0.023

H12 hour sector 123.05 25.81 115.65 26.25 7.63 <0.001
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Figure 1: Representation for retinal nerve fiber layer thicknesses
in the four quadrants using Cirrus HD and Stratus OCT devices.
Measurements were higher with Cirrus OCT.

the superior and inferior quadrants is smaller than for the
nasal and temporal quadrants. This is due to the smaller
mean RNFL thickness values in the nasal and temporal
quadrants. Gürses-Ozden et al. demonstrated that increasing
the number of A scans per acquisition fourfold significantly
reduced the coefficient of variation in those quadrants with
corresponding visual field defects [26].

RNFL measurements obtained in this reproducibility
study are consistent with known properties of the RNFL with
thicker superior and inferior nerve fiber bundles in normal
eyes. There are many potential explanations for variability in
RNFL measurements. Factors such as media opacity, pupil

Table 2: Coefficients of variation (COVs) and intraclass coefficients
(ICCs) for repeated retinal nerve fiber layer thickness measurements
using Cirrus HD and Stratus optical coherence tomography.

Cirrus HD OCT Stratus OCT

COV ICC COV ICC

Average thickness 1.64 0.985 2.22 0.978

Superior quadrant 3.37 0.970 4.46 0.899

Nasal quadrant 4.80 0.886 4.03 0.950

Inferior quadrant 3.57 0.943 5.78 0.878

Temporal quadrant 3.51 0.956 5.99 0.780

H1 5.30 0.972 6.76 0.956

H2 5.58 0.954 6.08 0.905

H3 4.49 0.957 5.40 0.923

H4 5.33 0.963 5.87 0.938

H5 5.39 0.964 5.94 0.897

H6 5.62 0.947 6.98 0.905

H7 4.24 0.964 5.48 0.938

H8 5.61 0.944 6.91 0.923

H9 3.98 0.931 5.75 0.919

H10 3.80 0.977 4.53 0.969

H11 4.59 0.934 4.96 0.866

H12 6.37 0.936 7.70 0.845
∗

COVs, coefficients of variation (in %); ICCs, intraclass coefficients.

dilatation sampling density, type of scan, and the quadrant
measured may all have effects on the overall scan quality and
the calculated RNFL thickness [15, 27, 28]. The variability
of measurements attributable to different operators and
different sessions within the same visit has been shown to be
relatively small [28]. In summary, our results indicate that
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Figure 2: Bland-Altman plots of the agreement in retinal nerve
fiber layer (RNFL) thickness between Cirrus HD OCT measure-
ment 1 and Cirrus HD OCT measurement 2. The difference (Cirrus
HD OCT average RNFL thickness measurement 1 minus Cirrus
HD OCT average RNFL thickness measurement 2) was plotted
against the average of the three measurements for the average RNFL
thickness Cirrus HD OCT measurements. SD: standard deviation.
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Figure 3: Bland-Altman plots of the agreement in retinal nerve
fiber layer (RNFL) thickness between Stratus OCT measurement
1 and measurement 2. The difference (Stratus OCT average
RNFL thickness measurement 1 minus Stratus OCT average RNFL
thickness measurement 2) was plotted against the average of the
three measurements for the average RNFL thickness Stratus OCT
measurements. SD: standard deviation.

the reproducibility of OCT is adequate for assessing long-
term followup for any optic neuropathy or RNFL damage.

4. Conclusions

Stratus and Cirrus high definition optical coherence tomog-
raphy devices give good retinal nerve fiber layer thickness
measurements with differences between their values. The
reproducibility of RNFL measurements using Stratus time
domain OCT is good and excellent with Cirrus HD Fourier
domain OCT.
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Figure 4: Bland-Altman plots of the agreement in retinal nerve
fiber layer (RNFL) thickness between Stratus OCT and Cirrus HD
OCT. The difference (Stratus OCT average RNFL thickness minus
Cirrus HD OCT average RNFL thickness) was plotted against the
average of the three measurements for the average RNFL thickness
Cirrus HD OCT measurements. SD: standard deviation.
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Objective. The aim of this study was to compare retinal nerve fiber layer thickness (RNFLT) between spectral-domain (SD-)
and time-domain optical coherence tomography (TD-OCT) in MS patients and healthy controls (HC). Furthermore, RNFLT
between MS eyes with and without optic neuritis (ON) and HC should be explored. Finally, the relationship between RNFLT,
disease duration, EDSS, and disease modifying therapy (DMT) should be established. Design. Prospective, cross-sectional study.
Participants. 28 MS patients and 35 HC. Methods. Both groups underwent TD- and SD-OCT measurements. RFNLT was correlated
between the two machines and between MS eyes with and without ON and HC. Furthermore, RNFLT was correlated to disease
duration, EDSS and DMT. Results. A strong correlation (Pearson’s r = 0.921, P < 0.001), but a statistically significant difference
of 2 µm (P < 0.001), was found between the two devices. RNFLT was significantly different between MS eyes with history of
ON (mean RFNLT (SD) 72.21 µm (15.83 µm)), MS eyes without history of ON 93.03 µm (14.25 µm), and HC 99.07 µm (7.23 µm)
(P < 0.001). Conclusions. The measurements between different generation of OCT machines are not interchangeable, which should
be taken into account if comparing results between different machines and switching OCT machine in longitudinal studies.

1. Introduction

Optical coherence tomography (OCT) is a noninvasive
technique for high-resolution, cross-sectional tomographic
imaging of retinal tissue using backscattered light. OCT
imaging is very similar to ultrasound B-Scan imaging but
uses infrared-light instead of ultrasound waves. Two-dimen-
sional, cross-sectional images are obtained from multiple
axial scans (A-Scans) at different transverse locations [1].

Until recently, third-generation time-domain OCT (TD-
OCT) using Stratus OCT (Carl Zeiss Meditec AG, Jena,
Germany) has been widely used to acquire images at a rate of
400 axial scans per second with an axial resolution of 10 µm

[2]. The recently introduced fourth-generation spectral-
domain OCT (SD-OCT) has improved depth resolution by
a factor of three (axial resolution up to 3.8 µm) and allows a
significantly higher acquisition speed (40’000 axial scans per
second) resulting in improved image quality and minimized
motion artefacts [3]. Furthermore, software improvements
allow reconstruction of a three-dimensional image of the
retina.

Heidelberg Spectralis OCT (Heidelberg Engineering,
Heidelberg, Germany) uses an integrated eye tracking system
(IETS) to compensate for eye movement artefact during data
acquisition. IETS also allows an automatic re-centration,
which can be used for more reliable follow-up scans.
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Heidelberg noise reduction technology helps producing
significantly improved images by adjusting data and reducing
noise using mean values from several scans [4]. Heidelberg
Spectralis OCT needs to be validated for accuracy, repro-
ducibility, and comparability to previous models before it
can be reliably used for clinical and research purposes.

Recent studies have shown differences between SD-OCT
machines (Cirrus SD-OCT, Carl Zeiss Meditec AG, Jena,
Germany [5–10], RTVue-100, Optovue Inc., Fremont, CA,
USA [11], and Spectralis, Heidelberg Engineering, Heidel-
berg, Germany, [12, 13]) and TD-OCT in healthy controls
and glaucoma patients. These studies showed better repro-
ducibility compared to TD-OCT and significant differences
in RNFLT measurements between the two generations of
machines.

So far only few studies have examined the role of SD-
OCT in multiple sclerosis (MS) patients [14, 15]. Therefore,
our specific study aims are (1) to compare retinal nerve
fiber layer thickness (RNFLT) measurements between the
validated third-generation Stratus OCT and the new fourth-
generation Heidelberg Spectralis OCT in MS patients and
healthy controls, (2) to compare RNFLT between MS eyes
affected by optic neuritis (ON eyes) to eyes without a history
of ON (NON eyes) and control eyes, and finally (3) to
determine the relationship between RNFLT, disease dura-
tion, expanded disability status scale (EDSS), and disease-
modifying therapy (DMT) in MS patients and refraction in
both groups.

2. Materials and Methods

2.1. Study Design and Patient Population. In a prospective,
cross-sectional study, subjects with MS and controls were
identified from the UBC Hospital MS Clinic with the
aid of advertisement and pamphlets. All MS subjects had
confirmed diagnosis of MS made by a neurologist with
specific experience in managing MS patients, and based on
the modified McDonald criteria [16].

2.2. Inclusion and Exclusion Criteria. Patients with a recent
history of optic neuritis (ON) (<6 months), history of
ocular diseases (age-related macular degeneration, diabetic
retinopathy, uveitis, and glaucoma), and history of other
diseases that could mimic MS or affect OCT testing (neu-
romyelitis optica, parkinson’s disease, and Alzheimer disease)
and subjects with difficulties maintaining fixation were not
included.

2.3. Outcome Measures

2.3.1. Clinical Data. Clinical history information such as
disease duration from time of disease onset, previous history
of optic neuritis, and other neurological information like
EDSS score was obtained by history and from hospital charts
after patient recruitment. Myopia was defined as spherical
equivalent of <−0.50 diopters, emmetropia between −0.5
and +0.5 diopters, and hyperopia as >+0.5 diopters mea-
sured by SD-OCT.

Table 1: Descriptive statistics of MS and control group.

Control
group

MS group

N 35 28

Mean age in years (±SD) 38.88 (11.65) 43.46 (9.08)

Gender
15 female
20 male

23 female
5 male

Number excluded 2 1

Average RNFL SD-OCT
(micrometer ± SD)

98.59 (6.74) 88.80 (17.39)

Average RNFL TD-OCT
(micrometer ± SD)

100.67 (8.88) 90.91 (18.09)

Number of eyes with optic neuritis n/a 14 (26%)

Number of patients with SPMS n/a 3 (11%)

Mean EDSS (SD) n/a 2.8 (1.6)

Mean disease duration in months
(SD)

n/a 83.12 (83.67)

On disease-modifying therapy n/a 52% (14/27)

2.3.2. Optical Coherence Tomography. OCT was performed
in a random order by an experienced person that was masked
to clinical data, using TD-OCT and SD-OCT within one-
hour period with no pupil dilation (half of subjects had TD-
OCT prior to SD-OCT and vice versa).

TD-OCT (Stratus OCT 3000, Software Version 4.0.7;
Carl Zeiss Meditec, Jena, Germany): the standard Fast RNFL
acquisition protocol was used. Three scans, each composed
of 256 A scans, were automatically acquired consecutively
using a circle scan with a standardized diameter of 3.4 mm
by the same experienced operator. Several scans were taken
and the best-centered scan with a quality score of ≥6 was
chosen for analysis (as suggested by the manufacturer). An
automated computer algorithm delineated the anterior and
posterior margins of the RNFL.

SD-OCT (Heidelberg Spectralis OCT, Software Version
5.1.2, Heidelberg Engineering, Heidelberg, Germany): The
RNFL protocol in high-resolution mode (axial resolution
3.8 µm, 19’000 scans per second) was used. Sixteen consec-
utive circular B-scans (each composed of 1536 A scans) with
a diameter of 3.4 mm were automatically averaged to reduce
speckle noise. The online tracking system compensated
for eye movements. Several scans were taken by the same
experienced operator and the best centered with a quality of
at least 24 (which is about the equivalent of 6 in Stratus OCT)
was chosen for analysis. The included software algorithm
delineated the anterior and posterior margins of the RNFL.

2.4. Statistical Analysis. Microsoft Office 2007 and SPSS
Version 16.0 for Windows were used to do statistical analysis.
Descriptive, mean comparison (t-test and one-way ANOVA)
and correlation analysis (Pearson’s) were used to compare
OCT measures between different groups: SD-OCT versus
TD-OCT RNFLT measurements; MS eyes versus control
eyes; myopic versus emmetropic and hyperopic eyes. P values
less than 0.05 were considered to be statistically significant.
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Table 2: Differences in RNFLT between SD- and TD-OCT in MS group and control group (SD-OCT minus TD-OCT).

Control group MS group

Mean difference in µm
(95% CI)

Pearson’s Corr r
Mean difference in µm

(95% CI)
Pearson’s Corr r

Average −2.40 (−3.70 to −1.09) 0.83 (P < 0.001) −1.69 (−3.44 to 0.06) 0.93 (P < 0.001)

Superior 3.75 (0.99 to 6.51) 0.77 (P < 0.001) 5.54 (2.20 to 8.87) 0.90 (P < 0.001)

Temporal 0.04 (−1.41 to 1.50) 0.88 (P < 0.001) −0.54 (−3.02 to 1.94) 0.87 (P < 0.001)

Inferior −6.56 (−8.28 to −4.84) 0.85 (P < 0.001) −6.81 (−9.51 to −4.11) 0.91 (P < 0.001)

Nasal −6.93 (−9.47 to −4.38) 0.80 (P < 0.001) −3.37 (−7.13 to 0.40) 0.81 (P < 0.001)

3. Results

3.1. Patient Demographics and Clinical Characteristics. The
study recruitment took place between August 2009 and
February 2010. Twenty-eight MS patients (age mean:
38.88 yrs; SD: 11.65 yrs, mean disease duration: 83.12
months, SD: 83.76; 25 with relapsing-remitting and 3 with
secondary progressive MS; EDSS range between 1.5 and 6.5,
mean: 2.8, SD: 1.6) and 35 healthy controls (age mean:
43.46 yrs; SD: 9.08 yrs) participated in this study (Table 1).
Fourteen (out of 27) patients used DMT for MS. Sixteen
(out of 27) patients had an EDSS score of less than 3.0. All
subjects were examined by SD-OCT and TD-OCT machines.
Two subjects were excluded in the control group due to (1)
software failure to delineate RNFL correctly and (2) OCT
artefacts due to high myopia. One patient in the MS group
was excluded due to inability to measure exact refraction
after refractive surgery. Out of the remaining 120 eyes 32
eyes were myopic (refraction range between−8.25 and−0.75
diopters), 74 eyes were emmetropic (refraction = 0 diopters),
and 14 eyes were hyperopic (refraction range between +1 and
+6 diopters). Fourteen (out of 54) MS eyes were previously
affected by a single optic neuritis event.

3.2. Comparing Time-Domain and Spectral-Domain OCT.
SD-OCT and TD-OCT RNFLT values were strongly corre-
lated in all quadrants with correlation coefficient ranging
from 0.808 (P < 0.01) in inferior quadrant to 0.878
(P < 0.01) in temporal quadrant. The overall RNFLT was
also strongly correlated (correlation coefficient = 0.921;
P < 0.001) between the two machines (Figure 1). However,
RNFLT values showed minor but statistically significant
differences between the two machines (P < 0.001) (Table 2).

3.3. Comparing RNFLT Measurements between MS and Con-
trol Eyes. Overall, MS patients had significantly lower
RNFLT measured by both SD-OCT and TD-OCT (Table 3).
Moreover, RNFLT was significantly different between MS
eyes with history of optic neuritis (mean RFNL (SD)
72.21 µm (15.83 µm)), MS eyes without history of optic
neuritis 93.03 µm (14.25 µm), and healthy controls 99.07 µm
(7.23 µm) (P < 0.001) measured by SD-OCT (Figure 2).

3.4. Correlation between Retinal Nerve Fiber Layer Thickness,
Disease Duration, EDSS, DMT, and Refraction. When all MS
eyes were considered, duration of the disease since onset of
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Figure 1: Correlation between average RNFLT in µm in SD-OCT
(y-axis) and TD-OCT (x-axis).

first symptoms weakly correlated with superior (r = −0.28;
P = 0.048) and temporal (r = −0.33; P = 0.02) quadrant
RNFLT. There was no significant correlation between disease
duration and mean RNFLT values (r = −0.13; P = 0.35),
or RNFLT values in the inferior (r = −0.14; P = 0.31) or
nasal (r = −0.19; P = 0.17) quadrants. When only MS
eyes without a history of ON were considered, a moderate
correlation (r = −0.44; P = 0.01) was found between mean
RNFLT and disease duration, with a significant correlation in
the superior and inferior quadrants (r = −0.51; P = 0.001,
and r = −0.38; P = 0.02, resp.) and no significant correlation
in the temporal and nasal quadrants (P = 0.91 and P = 0.08,
resp.).

When EDSS was correlated to mean RNFLT in all MS
eyes, a weak correlation was found (r = −0.3; P = 0.05).
This was significant in the superior quadrant only (r =
−0.33; P = 0.02), nonsignificant in the other quadrants
(P = 0.46 for temporal quadrant, P = 0.07 for inferior
quadrant, and P = 0.39 for nasal quadrant). When only MS
eyes without a history of ON were considered, a moderate
correlation was found between EDSS and mean RNFLT (r =
−0.35; P = 0.03). This was also significant in the superior
(r = −0.38; P = 0.02) and inferior quadrants (r = −0.33;
P = 0.05), but not in the temporal (P = 0.31) and nasal
quadrants (P = 0.43).
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Table 3: Overview RNFLT between SD- and TD-OCT in MS and control groups, separated by quadrants.

SD-OCT µm mean (SD) TD-OCT µm mean (SD)

Control MS Control MS

Average 98.59 (6.79) 88.80 (17.55) 100.67 (8.96) 90.9107 (18.26)

Superior 121.27 (16.22) 107.25 (26.95) 117.48 (16.87) 101.88 (27.04)

Temporal 71.17 (10.88) 65.02 (15.92) 70.86 (12.88)∗ 65.82 (17.57)∗

Inferior 127.16 (13.10) 114.80 (21.64) 133.23 (13.59) 120.36 (27.08)

Nasal 74.55 (11.21) 68.07 (21.53) 81.031 (15.75) 72.20 (24.34)
∗

All measures are significantly different between MS patients and control except for temporal quadrant measured by TD-OCT.
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Figure 2: Boxplot of differences between RNFLT in control group
(left box, group 1) and groups of MS eyes without optic neuritis
(center box, group 2) and MS eyes with optic neuritis (left box,
group 2) measured by SD-OCT.

The minimal difference between RFNLT in patients with
DMT (86.07 µm) and without DMT (90.82 µm) was not
statistically different (P = 0.327).

Myopic and emmetropic eyes showed significantly
different RFNLT measurements in both SD-OCT (mean
RNFLT (SD) 87.75 µm (12.52 µm) versus 96.46 µm
(14.61 µm)) and TD-OCT (89.59 µm (13.65 µm) versus
99.19 µm (15.11 µm)). There was a significant correlation
between refraction in diopters and RNFLT (r = 0.4; P =
0.005).

4. Discussion

The main aim of this study was to compare RNFLT mea-
surements between SD-OCT and TD-OCT in MS patients

and healthy controls. Our results show strong correlations
(Pearson’s r = 0.921) between the measurements of the
Heidelberg Spectralis SD-OCT and TD-OCT. RNFLT values
were significantly lower in SD-OCT (mean difference 2 µm).
These results are similar to those of Watson et al. [14], who
found Spectralis SD-OCT to measure 3 µm lower than TD-
OCT in a study of 50 MS eyes, and Seibold et al. [12],
who found the same results in a series of 80 healthy eyes.
On the other hand, Arthur et al. [13] compared Spectralis
SD-OCT with TD-OCT in 30 healthy eyes and found
Spectralis to measure 6 µm lower, a larger difference than
our results. Studies using other SD-OCT devices showed
similar discrepancies with Cirrus SD-OCT measuring lower
RNFLT and RTVue measuring higher RNFLT than TD-OCT
(Table 4).

The discrepancy between different devices may be
explained by a difference in calibration due to a higher
resolution and improved software algorithm in more recent
models [6]. This has been addressed in evaluation of SD-
OCT in macular thickness [17, 18]. The phenomenon
of thickness-dependent interdevice differences was not
observed in our data [15]. The minimal difference observed
in our study is lower than the axial resolution of the
SD-OCT, hence clinically not significant. However, results
from these machines cannot be interchangeably interpreted
in a population study and ongoing longitudinal studies
switching generation of OCT should take these differences
into consideration.

There has been increasing interest in RNFLT measure-
ments in MS patients in order to determine whether OCT
can be used as a surrogate marker for follow-up exami-
nations. Therefore, a large amount of cross-sectional data
has been previously published. Many studies have shown
differences between RNFLT in MS eyes with optic neuritis,
MS eyes without optic neuritis, and healthy controls, for
example, [15, 19–27]. All these studies were using the
older TD-OCT technology. We were able to reproduce these
differences using the newer generation of OCT machine.
Spectral-domain OCT has several advantages over the older
TD-OCT technology: there is no pupil dilation needed, the
speed of the machines is higher, reducing the possibilities of
motion artefacts, and the lack of the previously used bright
flashlight makes the examination much more comfortable
for the patient. Furthermore, the higher resolution and
the improved software algorithm allowing automatic re-
centration for follow-up exams help in improving accuracy
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Table 4: Overview published studies comparing RNFLT in SD-OCT versus TD-OCT.

Author SD-OCT used
Study population

(eyes)
Results

Chang et al. [5] Cirrus
54 glaucoma
50 controls

Cirrus is equivalent to Stratus for
detecting glaucoma

Knight et al. [6] Cirrus
101 glaucoma

29 controls
Cirrus 7 µm lower then Stratus in both

groups

Leung et al. [7] Cirrus
83 glaucoma
97 controls

Cirrus 12 µm lower for control, 6 µm
lower in glaucoma

Sung et al. [8] Cirrus
103 glaucoma

60 controls
Cirrus 13 µm lower for control, 14 µm

lower in glaucoma

Vizzeri et al. [9] Cirrus
78 glaucoma
32 controls

Cirrus 8 µm lower for control, 6 µm lower
in glaucoma

Kim et al. [10] Cirrus 27 controls Cirrus 10 µm lower

Gonzalez-Garcia et al. [11] RTVue-100
76 glaucoma
60 controls

RTVue 2 µm higher

Seibold et al. [12] Cirrus, Spectralis, RTVue-100 80 controls
Spectralis 3 µm lower, Cirrus 12 µm

lower, RTVue 3 µm higher,

Arthur et al. [13] Spectralis 30 controls Spectralis 6 µm lower

Watson et al. [14] 3D OCT-1000, Cirrus, RTVue-100, Spectralis 50 MS
Spectralis 3 µm lower, Cirrus 8 µm lower,
RTVue 3 µm higher, 3D OCT-1000 2 µm

higher

Bock et al. [15] Cirrus 110 MS Cirrus 8 µm lower

and reproducibility for follow-up exam in longitudinal stud-
ies. Up to date, no longitudinal study in an MS cohort has
been published using SD-OCT technology. Two longitudinal
studies using TD-OCT have not been able to show any
change in RNFLT in a two-year follow-up period [27, 28].
Only Talman et al. [21] could detect significant RNFLT
changes in a 4.5-year study of 299 patients using TD-OCT
(loss of 2.9 µm at 2 to 3 years and 6.1 µm at 3 to 4.5 years;
P < 0.001). This pattern was observed in both eyes with
and without history of ON. Proportions of eyes with RNFL
loss greater than test-retest variability (≥6.6 µm) increased
from 11% at baseline to 44% at final visit (3–4.5 years)
(P < 0.001). The progressive axonal loss of approximately
2 µm per year could only be detected over a relatively long
period of time. This is most likely due to the relatively low
resolution of the TD-OCT machine. The new generation
SD-OCT is more sensitive to smaller changes and may be
more reliable detecting RNFL changes over shorter time
periods. Longitudinal studies using SD-OCT technology will
be needed to establish if OCT measurements can be used as
a surrogate marker in MS and be used to monitor disease
progression and disease-modifying therapy.

We were interested in contribution of disease duration,
EDSS, refraction, and status of DMT on RNFLT measure-
ments. Our results showed no significant correlation for
disease duration and EDSS when all MS eyes were compared
but moderate correlation when only eyes without a history
of ON were considered. This may be due to the fact that ON
causes a 18–22% loss of RNFLT and the small progressive
loss of RNFLT is not evident at this time anymore [29].
The difference between patients with and without DMT was
statistically not significant, but our sample size was too small
for a final conclusion.

We also compared RNFLT measurements between refrac-
tion range groups (described in methods). We showed a
relatively large difference between myopic and nonmyopic
eyes using both devices. Thinner RNFLT measurements in
myopes may be explained by increased scan diameter due
to the telecentric optics of the OCT in increased myopia
and myopic tilted discs resulting in elevated and decreased
RNFLT at different sites. Furthermore, the centration is very
difficult even on a frozen fundus image due to the asymmetry
of the disc.

RNFLT values were significantly lower in myopic eyes
as the diameter of the scan increases with higher myopic
refraction. Rauscher et al. [30] have reported an average
decrease of RNFL of 3 µm per diopter of myopia. A possible
explanation is the telecentric system, which keeps the angle of
the OCT beam constant at 12 degrees. In our measurements,
the scan diameter increased to 3.8 mm in −5 diopters and
to 4.2 mm in −10 diopters. This results in thinning of about
10 µm in −5 diopters and about 20 µm in −10 diopters [31].
This was not a major issue with the older TD-OCT as the
axial resolution is only 10 µm but gets more importance with
the SD-OCT devices with higher resolution up to 3.8 µm.
This must be taken into consideration designing future
studies. Higher myopic refraction should be excluded or
properly matched between groups. Furthermore, normative
databases are needed to be refraction adjusted.

The main aim of the study was not to characterize
RNFLT in MS population. Therefore, the MS population
involved was randomly selected and examiner was not
blinded to subjects’ diagnosis and history of optic neuritis.
Furthermore, the groups were not gender- or age-matched
and both eyes of each subject were included. However, this
was not a major issue in comparing RNFLT in the same
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subject between two different machines and did not affect
the results of our main study aim.
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