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General introduction

The retina enables the conversion of incoming light into a neural signal that is suitable for 
further processing in the visual cortex of the brain. As its function requires the retina to 
receive light from the outside world, the ocular structures  cornea, lens, vitreous  have 
to be optically transparent for optimal image formation. In reverse, this implies, that with 
proper techniques, the retina is also visible from the outside, making the retinal tissue 
accessible for imaging noninvasively. Retinal imaging has developed rapidly during the 
last 160 years and is a mainstay of the clinical care and management of patients with reti
nal as well as systemic diseases.1  

Optical Coherence Tomography

In 1991, optical coherence tomography (OCT) was first described by Fujimoto and co
workers.2  The OCT technology has since then become a diagnostic imaging technique 
with a wide spectrum of clinical applications, including the eye, the gastrointestinal tract, 
pancreaticobiliary ductal system, in dermatology, and in cardiology. OCT enables the real
time, in situ visualization of tissue microstructure without the need to excise and process 
specimens as in conventional biopsy and histopathology.3, 4  In 1995, OCT was introduced 
as a noninvasive, noncontact, high resolution optical imaging technique to image struc
tures in the eye such as the retina, cornea, choroid, and the optic nerve and has since then 
found increasingly widespread use in ophthalmic practice. In vivo, crosssectional and 
three dimensional imaging of diseases of optic nerve and the retinal diseases and the ease 
with which these images can be acquired have changed the diagnostic strategies used by 
ophthalmologists dramatically.5, 6  

OCT generates crosssectional and three dimensional images of the retina by measur
ing echo time delay of back scattered light. Backscattering of light is typically caused by 
differences in refractive index in transitions from one tissue to another. The backscattering 
of light from deeper tissue can be differentiated from backscattering from more superfi
cial tissues because it takes longer to arrive at the sensor. The speed of light is however to 
high (3*108 m/s) to measure delays in time directly. Therefore OCT is based on a technique 
called interferometry. In interferometry, the time delay from light reflected from inside the 
tissue is measured by correlating it with light that has traveled a known reference path. 
The basic setup consist of a low coherence light source, and a beam splitter to split the 
light into two beams and a detector. The light is split in a beam that illuminates the retina 
and which reflection represents the sample arm and a beam that is reflected by a reference 
mirror, the reference arm. The reflected light of both arms is recombined and will interfere 
at the detector, but only when the optical path lengths of both the sample arm and the 
reference arm are matched within the coherence length of the light source. The correla
tion of the sample and the reference arm reflected light – the interferogram – is highest 
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when the distance from the light source to the interferometer is the same for both arms. 
The amplitude of the interferogram is measured using a photo sensor, CCD or a CMOS 
sensor. By moving the reference mirror over a range of positions, multiple amplitudes 
are measured, each showing the amount of reflected light at a different, but known (the 
positon of the mirror) position. Because it takes time to move the mirror to different posi
tions, this is called time domain OCT (Stratus). The multiple amplitudes at different depths 
are known as an Ascan, using ultrasound terminology. To obtain 2D slices of the retina, 
called Bscans, the scanning beam is moved to different positions over the retina in a linear 
or circular fashion, each time measuring multiple amplitudes at different depths. For 3D 
imaging the scanning beam is moved across the retina to obtain an Ascan for each X and 
Y location resulting in a tomographic image. OCT imaging is limited by the amount of time 
it takes to image an Ascan. For the studies described in this thesis we used two different 
OCT principles, namely timedomain OCT (TD OCT) and spectraldomain OCT (SDOCT) 
(see figure 1). TDOCT is  relatively slow as compared to the later developed SDOCT. 2, 3 

Figure 1. Schematic diagram of OCT, with emphasis on splitting of the light, overlapping train of labeled bursts 
based on their autocorrelogram, and their interference after being reflected from retinal tissue as well as from 
the reference mirror (assuming the time delays of both paths are equal).1  
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SDOCT is the same setup of a light source, a reference and sample arm, but in contrast 
to TDOCT the reference mirror is fixed, and a broadband low coherence light source is 
used. This time the depth information is encoded in the spectral signature of the light, i.e. 
each depth is measured by a slightly different wavelength (color), requiring a spectrom
eter and an inverse Fourier transform to create the Ascan. Because the mirror is stationary 
and all the backscatter at different depths can be measured simultaneously, the SDOCT 
is faster compared to the TDOCT. TDOCT systems, commercially available as Stratus OCT 
(Carl Zeiss Meditec, Inc, Dublin, CA) featured scan rates of 400 Ascans per second with 
an axial resolution of 8–10 μm in tissue. In 2006, the first commercially available SDOCT 
system was introduced. This technique achieves scan rates of 20000–52000 Ascans per 
second and a resolution of 5–7 μm in tissue. In clinical practice TDOCT has been over
taken by SDOCT because of its major advances in imaging speed, sensitivity and image 
resolution.79  With the exception of the study described in chapter 3 and the longitudinal 
study described in chapter 8, we have used SDOCT in all studies on which we will report in 
the following chapters. 

Diabetic Retinopathy

Many important eye diseases as well as systemic diseases manifest themselves in the ret
ina. One of the systemic diseases that manifests in the retina is diabetes mellitus.1 Diabetes 
mellitus is a group of metabolic diseases characterized by hyperglycemia, resulting from 
defects in insulin secretion, insulin action, or both, giving rise to risk of microvascular 
damage (retinopathy, nephropathy, cardiomyopathy, encephalopathy, and neuropathy). 
Diabetes mellitus, according to the current definition from the World Health Organization, 
is typically diagnosed if a patient has a fasting plasma glucose over 7.0 mmol/l or 2h 
plasma glucose over 11.1mmol/l after a 75 g oral intake of a glucose load in the glucose 
tolerance test. Recent estimates indicate there were 382  million people in the world 
with diabetes in the year 2013 and this is projected to increase considerably by 2030.10  
Treatment is primarily through diet changes, administration of insulin and/or antihyper
glycemic drugs.  

One of the retinal diseases in which OCT is of high diagnostic value is diabetic reti
nopathy (DR) and in particular diabetic macular edema (DME).11  DME is the most frequent 
cause of vision loss related to diabetes.12  DME is characterized by retinal thickening, hem
orrhages, hard exudates and capillary microaneurysms.13  The fundamental treatment for 
DME involves strict glycemic and blood pressure control, which was demonstrated by the 
Diabetes Control and Complications Trial and the United Kingdom Prospective Diabetes 
Study.14   Since the early eighties  laser treatment has been the mainstay treatment option 
for clinically significant macular edema (CSME) after the recommendations by the Early 
Treatment Diabetic Retinopathy Studies (ETDRS)  demonstrating a 50% reduction in mod
erate visual loss following focal laser photocoagulation.15, 16  The ETDRS defined DME as 
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being “clinically significant” based upon the distribution and extent of retinal thickening 
and the presence of hard exudates (see Table 1).16  

Table 1.  Definition of clinically significant macular edema 

1) Retinal thickening involving or within 500 µm of the center of the macula. 
2) Hard exudates at, or within, 500 µm  of the fovea, if associated with an area of retinal thickening 
3)  A zone or zones of retinal thickening one disc area or larger in size, any part of which is within one disc 

diameter of the centre of the macula 

In the ETDRS, photocoagulation treatment was directed at all discrete points of retinal 
hyperfluorescence, focal leakage, areas of diffuse leakage and thickened retinal avas
cular zones identified by ophthalmoscopic examination and/or fluorescein angiog
raphy (FA) within 2 disc diameters of the center of the macula if they were associated 
with retinal thickening. A variety of other therapies have been studied with the aim of 
improving vision in more patients as well as preventing deterioration of visual acuity in 
most. These include surgical options, intravitreal corticosteroids and intravitreal vascu
lar endothelial growth factor (VEGF) inhibitors.17  Surgical intervention is reserved for a 
minority of patients with vitreoretinal interface pathology readily detectable with OCT. 
Within the last 5 years, the use of intravitreal antivascular endothelial growth factor 
(VEGF) agents, and to a lesser extend intravitreal corticosteroids have come into clinical 
practice for the management of DME, and several recent randomized clinical trials have 
shown improved effectiveness of antiVEGF drugs compared to focal/grid laser.18, 19  The 
fact that often  visual loss caused by CSME can be prevented through pharmacological 
interventions, laser, or in some cases surgical treatment, places great importance on the 
proper detection of patients with DME. OCT enables evaluation of the macular contour 
and intra and subretinal fluid collections, and allows objective and accurate measure
ment of retinal thickness.5, 11  OCT can be used in addition to stereoscopic biomicroscopy 
to determine the location of DME. Chapter 2 will address the difference in threshold 
and dosage of photocoagulation treatment for DME when OCT is used to judge retinal 
thickening instead of clinical biomicroscopy. 

Diabetic retinal neurodegeneration

Diabetic retinopathy (DR) is one of the leading causes of blindness in developed coun
tries.20  The clinically visible onset of DR with microaneurysms, capillary nonperfusion, 
hemorrhages and/or lipoprotein exudates has led to the assumption that DR is primarily 
a microvascular disease. The clinical classification system for diabetic retinopathy is based 
on structural changes to the retinal microvasculature due to the fact that the microvas
culature is visible during ophthalmoscopy, but the neuroretina is transparent.21  Thus, 
changes to the neuroretina in diabetic retinopathy were not recognized until the 1960s 
when Wolter and Bloodworth identified degenerating neurons in the retinas of post
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mortem diabetic patients.22, 23  Since that time, there is increasing evidence of early retinal 
neurodegeneration in diabetes. Neuronal degeneration and early retinal dysfunction have 
been observed in various animal models of diabetes and in humans before the onset of 
diabetic vasculopathy.20, 2440  With optical coherence tomography (OCT), it became pos
sible to image the human retina in vivo, and to measure the retinal thickness (RT) with 
high accuracy.5  Several groups have shown that RT is decreased in diabetes patients with 
no or minimal DR, compared to normal controls.4146  As the inner retinal layers are affected 
differentially by diabetes it is desirable to quantify thickness of the separate  layers within 
the retina. Fully automated algorithms have been reported for the segmentation of reti
nal timedomain and spectraldomain OCT scans that are capable of detecting up to 11 
surface boundaries in the retina, based on differences in refractive index resulting in differ
ences in scattering of light.4750  

Figure 2. Macular Bscan with intraretinal surfaces as indicated by the colored lines and corresponding retinal 
layers. 1/ retinal nerve fiber layer, 2/ ganglion cell layer, 3/ inner plexiform layer, 4/ inner nuclear layer, 5/ outer 
plexiform layer, 6/ outer nuclear layer + inner segments (photoreceptors), 7/ outer segments (photoreceptors), 
8/ retinal pigment epithelium.

The intraretinal layers that can be identified were interpreted as follows (from the inner 
to outer surface): retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexi
form layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer 
(ONL)+inner segment photoreceptors (IS), outer segment photoreceptors (OS) and reti
nal pigment epithelium (RPE) (see Figure 2). In Chapters 3, 4 and 5 we describe studies 
investigating the question whether diabetes preferentially affects specific retinal layers, 
by means of comparing the thickness of the retinal layers in diabetic patients with no or 
minimal DR to those of age and gendermatched normal controls. 

The retinal neuropathy observed in diabetic patients at the structural levels is cor
roborated by previous functional studies showing neuroretinal functional deficits in 
diabetes, even before the onset of visible vascular lesions, including electroretinogram 
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 abnormalities, loss of dark adaptation and contrast sensitivity, color vision disturbances, 
and abnormal microperimetry.45, 5160  Conventional threshold perimetry and visual func
tion tests are relatively insensitive measures of minor neurovisual damage. The Rarebit 
technique was developed by Frisen and coworkers to improve detection of localised 
subtle visual field defects.61  The Rarebit technique avoids simultaneous stimulation of 
more than one receptive field at once, defined as the group of photoreceptors converg
ing on the same ganglion cell. Bright dots are presented against a dark background on a 
computer screen and the patient’s task is to identify the number of dots seen by clicking a 
mouse button. The Rarebit technique includes two tests, the Rarebit Perimetry (RBP) and 
the Rarebit Fovea Test (RFT). The RBP evaluates the central 30° visual field, while the RFT 
evaluates the central 4° visual field. In a previous study employing the Rarebit technique, 
Nilsson et al. detected foveal dysfunction in patients with diabetes mellitus type 1 without 
visible signs of vascular DR.45  In Chapter 6 the possible relationship between structural 
retinal neuropathy, as measured with OCT, and the neuroretinal deficits using the rarebit 
technique in patients with type 1 diabetes mellitus and no or minimal diabetic retinopa
thy (DR) is evaluated.

When studying changes in retinal layer thickness, it is essential to distinguish disease 
processes from normal agerelated changes. Previous studies have shown that the thick
ness of the retinal layers in normal subjects correlated negatively with age.6265  In Chapter 
7 we evaluate the effect of age on the thickness of individual retinal layers such as the 
peripapillary RNFL thickness and pericentral GCL thickness, measured with SDOCT, in a 
population of healthy individuals. In chapter 8 we describe the results of a longitudinal 
study in diabetes patients investigating whether the thinning of inner retinal layers in dia
betes patients that we have previously shown crosssectionally is progressive over time, 
and whether there is an association with duration of diabetes, hyperglycaemic control, 
and the presence or change in retinal vasculopathy. Annual change in inner retinal layers 
was analysed using a linear mixed model adjusting for age, gender, duration of diabetes , 
HbA1c over time, presence and progression of DR. 

In the retina, glia and neurons closely interact with the retinal vasculature to maintain 
the homeostasis necessary for normal neuroretinal function.24, 38, 66   The exact relationship, 
if there is any at all, between vascular diabetic retinopathy and diabetic retinal neuropathy 
is largely unknown. In Chapter 9 we will discuss the possible relationship between the 
vascular diabetic retinopathy and the diabetic retinal neuropathy. Furthermore, we will 
argue that the functional and structural measurements of retinal neurodegeneration in 
diabetes patients are possible candidates to serve as biomarkers for early retinal damage 
and other complications caused by diabetes, and could be useful in future trials explor
ing interventions to prevent the late vascular visual acuitythreatening complications of 
diabetic  retinopathy.  
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ABSTRACT

Purpose: To establish whether differences in the assessment of diabetic macular oedema 
(DME) with either optical coherence tomography (OCT) or stereoscopic biomicroscopy 
lead to variability in the photocoagulation treatment of DME.

Methods: The differences in the assessment of DME with either OCT or stereoscopic bio
microscopy were analysed by calculating the surface areas and the overlap of retinal thick
ening. Photocoagulation treatment plans of retinal specialists were compared by evaluat
ing the number and location of planned laser spots. 

Results: The threshold for and dosage of photocoagulation differ depending upon 
whether the basis of retinal thickness diagnosis is clinical observation or OCT. The overlap 
in laser spot location based on the assessment of DME with OCT or biomicroscopy aver
ages 51%. Among retinal specialists, the treatment plans differed in the laser spot count 
by six to 11fold.  

Conclusion: Diabetic macular oedema photocoagulation treatment threshold and dos
age of laser spots differ depending on whether thickness assessments are based on ste
reoscopic slitlamp biomicroscopy or OCT. In addition, retinal specialists differed in the 
number and placement of planned laser spots even when given identical information con
cerning DME and treatable lesions. This variability in the photocoagulation treatment of 
DME could lead to differences in patient outcome and laser study results. 
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INTRODUCTION

Diabetic macular oedema (DME) is the most common cause of visual loss in patients with 
diabetic retinopathy.1 DME is characterized by retinal thickening, hard exudates and capil
lary microaneurysms.2 The Early Treatment Diabetic Retinopathy Study (ETDRS) showed 
that careful patient selection and timely treatment by photocoagulation of thickened 
retinal areas slow visual loss from DME. The ETDRS defined DME as being “clinically sig
nificant” based upon the distribution and extent of retinal thickening and the presence 
of hard exudates. In the ETDRS, photocoagulation treatment was directed at all “treatable 
lesions” identified by ophthalmoscopic examination and/or fluorescein angiography (FA) 
within two disc diameters of the centre of the macula if they were associated with retinal 
thickening. FA is used in the standard photocoagulation workup to exclude other causes 
of visual loss, such as ischaemic maculopathy, as well as to identify “treatable lesions”. The 
characteristics of these treatable lesions are discrete points of retinal hyperfluorescence, 
focal leakage, areas of diffuse leakage and thickened retinal avascular zones.35

Adequate stereopsis of the treating physician is an assumed prerequisite for analysis of 
DME with stereoscopic slitlamp biomicroscopy. Stereoscopic slitlamp biomicroscopy is 
highly dependent on the skills and experience of the observer, dioptric power and type of 
the examining lens, patient cooperation, media opacities, pupil dilation, and the location, 
gradation and extent of retinal oedema. Optical coherence tomography (OCT) is a non
invasive, noncontact technique that creates crosssectional images of the retina. OCT 
enables evaluation of the macular contour and intra and subretinal fluid collections and 
allows objective and accurate measurement of retinal thickness.6,7 Previous studies show 
that OCT provides a more sensitive measure of retinal thickening than stereoscopic bio
microscopy and stereoscopic fundus photography.812 Macular thickness measurements 
obtained with the Stratus OCT using the fast macular mapping protocol have been shown 
to be repeatable and reproducible in previous studies.13

Optical coherence tomography can be used in addition to or even instead of stereo
scopic biomicroscopy to determine the location of DME. In practice, and because of physi
cian time constraints, many clinicians already substitute OCT for contact lens examination. 
We are not aware of any comprehensive studies that address the difference in threshold 
and dosage of photocoagulation treatment when OCT is used to judge thickening instead 
of clinical biomicroscopy. The purpose of this pilot study is to determine whether pho
tocoagulation treatment for DME would differ based on these different assessment tech
niques. 
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MATERIALS AND METHODS

Patients and Consenting Process
In January 2006 until March 2006 and September 2007 until January 2008, patients 
recruited from the outpatient clinic of the Department of Ophthalmology at the Academic 
Medical Center (University Hospital, Amsterdam, The Netherlands) were asked to partic
ipate in this observational study. The study adhered to the tenets of the Declaration of 
Helsinki. Investigative review board approval was obtained at the AMC, and all partici
pants gave written informed consent. Study observations were made in addition to stan
dard ophthalmologic care. The study did not interfere in any way with the standard care.

Inclusion and Exclusion Criteria
Patients were included if they had a diagnosis of diabetes mellitus (DM) and a clinical 
suspicion of DME as determined by a retinal specialist through slitlamp stereoscopic bio
microscopy after pupil dilation with 0.5% phenylephrine hydrochloride and 1.0% tropi
camide. Exclusion criteria were significant media opacities, refractive errors over SE+5 or 
under SE8 diopters, previous ocular surgery including previous photocoagulation treat
ment, or a previous diagnosis of glaucoma, uveitis, or retinal disease. Bestcorrected visual 
acuity was measured using an Early Treatment Diabetic Retinopathy Study chart at 4 
meters and recorded as Snellen equivalent. All patients underwent colour fundus photog
raphy (TRC50IX; Topcon Corporation, Tokyo, Japan), FA, stereoscopic slitlamp biomicros
copy and OCT. 

Stereoscopic slitlamp biomicroscopy
A medical retinal specialist, masked to the OCT readings, performed stereoscopic biomi
croscopy utilizing a 78D handheld lens (Volk Optical, Inc., Mentor, OH). Any observed 
retinal thickening defined as CSME by the ETDRS was sketched on a fundus photograph.  

Optical Coherence Tomography 
All subjects were imaged with the Stratus OCT (Model 3000; Carl Zeiss Meditec, Dublin, CA, 
USA, software version 4.0.1), using the fast macular thickness OCT scan protocol. The macu
lar mapping algorithm  interpolates the thickness measurements of the six radial OCT scans 
resulting in a topographic map of the central ETDRS regions. Colour coding was used to 
compare local thickness to a proprietary normative database of the Stratus OCT (Fig 1).
Areas of DME were measured from the OCT topographic map, based on criteria as close 
as possible to those of the ETDRS. The term “treatable macular oedema” (TME) is used to 
differentiate the assessment of DME utilizing OCT from the assessment utilizing biomi
croscopy or stereoscopic fundus photography. TME is analogous to CSME, but thickening 
is derived from OCT (Table 1). For the presence of TME, specific thresholds were chosen for 
“thickening”: an area within 500 µm of the fovea, either 2 SD greater than normal or more 
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than 50 µm thicker than retinal thickness equidistance from fovea. Contour maps indicat
ing the presence, location and extent of TME were outlined by a second retinal specialist, 
masked to the stereoscopic biomicroscopy examination, on a second colour fundus pho
tograph of each patient (Fig 1). 

 

Fig. 1.  (A) Colour fundus photography; (B) OCT topographic map; (C) Presence, location and extent of CSME as 
assessed on OCT and handsketched on a colour fundus photograph.

Table 1.  Definition of treatable macular oedema 

1)  Areas of retinal thickness (RT) > 2 standard deviations (SD) thicker than mean RT of normal controls, 
larger than 50 µm in diameter, of which any part is within 500 µm of the fovea

2)  Areas of RT  more than 50 µm  thicker than equidistant foveal retina, larger than 50 µm in diameter, of 
which any part is within 500 µm of the fovea

3)  Hard exudates at, or within, 500 µm  of the fovea, if associated with an area of retinal thickening as 
described in criteria 1 and 2

4)  Areas of retinal thickening of 2 SD, one disc area or larger in size, any part of which is within one disc 
diameter of the centre of the macula 

Photocoagulation treatment plans
Using the Truthseeker (IDx LLC, Iowa City, IA, USA) program, four retinal specialists indepen
dently reviewed the fundus images with the contour map of either TME or CSME (Fig 2).14 
The fundus images with contour map of CSME were horizontally mirrored prior to presenta
tion to improve masking. They used early/mid/late phases of FA in a standardized format 
and order to localize the treatable lesions. They then marked the position, and number of 
planned photocoagulation spots on the corresponding colour fundus photograph. 

Data Analysis
The extent and location of CSME and TME were compared using Imagenet Ibase (version 
3.5.4; Topcon Europe Medical, Capelle a/d/IJssel, the Netherlands). Both the CSME and TME 
areas were marked in the corresponding fundus image. With Imagenet Ibase, it is possible 
to accurately calculate surface areas of CSME, TME and the CSMETME overlap in mm2. 
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For each individual retinal specialist, the photocoagulation treatment plans based 
on CSME or TME were evaluated and compared as follows. For each retinal specialist, the 
number and location of planned laser spots were calculated and evaluated individually. 
The treatment overlap was defined as the fraction of identical planned laser spot locations 
for each retinal specialist to the total number of laser spots. Placement of laser spots was 
considered identical when the laser spots were marked within an area of approximately 
0.5 mm2 of each other.

Thirdly, the photocoagulation treatment plans of the four retinal specialists, who were 
provided with identical information concerning presence and location of DME and treat
able lesions, were analyzed and compared. The overall number of laser spots and the num
ber of laser spots confined to the area of retinal thickening  CSME or TME  were counted 
for each retinal specialist. The agreement between the four different retinal specialists con
cerning the number of laserspots was defined using the intraclass correlation coefficient.

Fig. 2.  Documented example of a laser treatment plan using the Truthseekerj program. Biomicroscopy or OCT 
determined thickening are indicated by red circels. The retinal specialists marked all the locations where they 
would apply focal laser coagulation with yellow targets. The program shows a fundus photograph with and 
without marked thickening, a redfree photograph and early and late phase fluorescein angiogram images. 

RESULTS

Of the 16 subjects (24 eyes) with diabetes analysed, the age was 60 ± 12 years (mean ± SD). 
Sixtytwo percent were women. Fifteen subjects were patients with type 2 diabetes. One 
subject was patient with type 1 diabetes. The mean duration of diabetes was 15 ± 7 years 
(mean ± SD). Mean visual acuity in study eyes was 20/32 (ETDRS chart: 77 ± 11 letters). 
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Comparison of TME and CSME 
The assessment of DME differed between stereoscopic slitlamp biomicroscopy and 
OCT. In only 16 of 24 eyes (67%) both methods detected DME. In three of these 16 eyes, 
the assessment of TME and CSME was identical in both area and location. In Fig. 3, four 
examples of the differences between the assessment of TME and CSME are depicted. In 
four eyes, CSME was marked, while no TME was marked anywhere (see Subject 1 in Fig. 
3). In four eyes, TME was marked, but no CSME was marked (see Subject 2 in Fig. 3). In the 
remaining 13/16 eyes both CSME and TME were marked, but their location and area were 
different (see Subjects 3 and 4 in Fig. 3). The mean surface area of DME assessed with OCT 
was 5.89 ± 4.95 mm2. The mean surface area of DME assessed with stereoscopic biomicros
copy was 4.02 ± 4.93 mm2. The mean area of overlap (2.31 ± 2.49 mm2) between the two 
assessments was 30% of the total area of thickening of the two assessments combined 
(7.60 ± 4.95 mm2, see Table 2). 

Table 2. The area of DME assessed by biomicroscopy and OCT

Biomicroscopy OCT OCT+biomicroscopy Overlap 

Mean DME 4.02 ± 4.93 mm2 5.89 ± 4.95 mm2 7.60 ± 4.95 mm2 2.31 ± 2.49 mm2

Values are the mean ± standard deviation. DME = diabetic macular edema, OCT = optical coherence tomography.

Comparison of photocoagulation treatment plans 
Differences in the assessment of DME with OCT or stereoscopic biomicroscopy appeared 
to lead to different photocoagulation treatment decisions. Figure 4 demonstrates that the 
photocoagulation treatment plans of four retinal specialists differ depending on whether 
thickness assessments are based on stereoscopic slitlamp biomicroscopy or OCT. The 
overlap in location of laser spots based on CSME or TME averages 51% (Table 3).

Table 3. The overlap in laser spot location based upon CSME versus TME scenarios.

Retina Specialist Specialist 1 Specialist 2 Specialist 3 Specialist 4 Average 

Overlap in laser spot location 43 ± 45% 49 ± 44% 57 ± 45% 53 ± 43% 53 ± 42%

The treatment overlap was defined as the proportion of identical planned laser spot locations for each retina 
specialist in relation to total number of laser spots. Values are the mean ± standard deviation. S1, S2, S3 and S4 
represent the different individual retina specialists. CSME = clinically significant macula edema, TME = treatable 
macular oedema.
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Fig. 3. Four examples of the differences between the assessment of treatable macular oedema (TME) and CSME. 
Each panel represents one subject. Within each panel, the subpanels are marked as follows: (A) Optical coher
ence tomography (OCT)  based TME; (B) Stereoscopic slitlamp biomicroscopy based CSME; (C) Earlyphase fluo
rescein angiography (FA) image; (D) Latephase FA image. In Example 1, CSME is shown, while assessment with 
OCT did not show TME. In Example 2, TME is shown while assessment with stereoscopic slitlamp biomicroscopy 
did not show CSME. In Example 3 and 4, both CSME and TME are shown, but the extent and location differ con
siderably. 

Table 4. Placement and number of laser spots by retinal specialist

Assessment method Stereoscopic biomicroscopy OCT

Retinal specialist S1 S2 S3 S4 S1 S2 S3 S4

Average number of laser spots 5.1 23.4 30.8 16.4 4.3 22.2 31.2 17.9

Average number of laser spots 
within retinal thickening 

1.7 10.1 18.0 5.6 1.3 10.7 14.5 5.7

S1, S2, S3 and S4 represent the different individual retinal specialists. OCT = optical coherence tomography.

Of equal or greater importance was that retinal specialists markedly differed in the num
ber and placement of planned laser spots when given identical information concerning 
presence and location of DME and treatable lesions (see Table 4). Identical information 
was used differently by different specialists. For CSMEbased scenarios, the average 



27

Variability in photocoagulation treatment of diabetic macular edema

2

0

0

0

0

0

0

0

0

number of proposed laser spots varied from 5.1 to 30.8 per patient. Within the region 
of retinal thickening, the number of laser spots ranged between 1.7 and 18.0. Similarly, 
large variances were found for the TMEbased map scenarios. Average number of pro
posed laser spots varied from 4.3 to 31.2, and spots within retinal thickness area ranged 
from 1.3 to 14.5. These averages suggest that the dosage of laser application, given iden
tical information concerning presence and location of DME and treatable lesions, may 
vary by six to 11fold. The intraclass correlation coefficient between the four different 
retinal specialists for the number of planned laserspots was 0.41 (95% CI 0.22 – 0.62). 
Examples of location, amount and pattern of planned laser spots marked by the differ
ent medical retinal specialist are shown in Fig. 4. Inspection of the treatment plans sug
gests that two medical retinal specialists tended to treat strictly focal lesions contiguous 
to retinal thickening, while the other two had the tendency to also treat discrete points 
of retinal hyperfluorescence or leakage irrespective of retinal thickening.

Fig. 4. The photocoagulation treatment plans of four retinal specialists. The top row represents photocoagula
tion treatment plans based on stereoscopic slitlamp biomicroscopy. The bottom row represents photocoagula
tion treatment plans based on optical coherence tomography. Each column represents the photocoagulation 
treatment of a different retinal specialist based on identical information concerning retinal thickening and treat
able lesions. Early (top) and latephase (bottom) fluorescein angiogram images of this patient are shown at 
right.

DISCUSSION

This study addresses two major contributions to the variability of photocoagulation treat
ment for DME. Firstly, we have shown that the threshold for and dosage of photocoagu
lation differs depending upon whether the basis of retinal thickness diagnosis is clinical 
observation or OCT. Secondly, we have shown that the dosage of laser application may 
vary by six to 11fold among retinal specialists, given identical information concerning 
presence and location of DME and treatable lesions. 

For clinicians utilizing primarily OCT rather than clinical examination to assess regions 
of diabetic macular thickening and treatment initiation, these results should be concern
ing. We found a concordance rate of 67% in diagnosing retinal thickness by clinical exami
nation and OCT. Even in the majority of concordant cases, the areas of agreement were 
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only 31%. The extent of TME was 46% greater than CSME. More importantly, these vari
ances between CSME and TME assessment for the same patient appeared to lead to dif
ferent photocoagulation treatment decisions. The overlap in laser spot location between 
plans based on CSME or TME averages 51%. We are not aware of any study that has proven 
the effectiveness of photocoagulation on DME, in which treatment initiation was based 
upon thickening as measured by OCT. Therefore, we cannot know whether outcomes 
similar to the ETDRS can be achieved using these methods.  

We had expected this variation in the threshold for and dosage of photocoagulation 
when comparing the different DME assessments. Surprisingly, however, we also found 
large and unexpected differences in treatment plans between retinal specialists when 
given identical information concerning presence and location of DME and treatable 
lesions. Perhaps the most notable finding is that clinical retinal experts can vary in their 
application of photocoagulation treatment dosage by six to 11 fold. Although we have 
been impressed by the large variations found within this study, especially in delivery of 
laser doses, we anticipate that more variation may exist among retinal specialists in diverse 
practice settings and between training programmes, countries and continents; however, 
this pilot study was not powered to answer such questions. 

We have assumed that a determination of TME can be made using a set of criteria that 
is analogous to the ETDRS definition of CSME.  Our definition of TME is analogous to CSME, 
but the specific thresholds chosen for “thickening” (2 SD greater than normal, or more than 
50 µm thicker than retinal thickness equidistance from fovea within 500 µm of the fovea) 
may affect our results. Also, we utilized Stratus OCT rather than newer spectral domain 
OCT, which may underestimate or overestimate the area or degree of retinal thickening. 
However, the magnitude of the variances that we have found suggests that our general 
findings are likely to be correct, even if alternative thickness thresholds or OCT instru
ments were chosen.  

The agreement between stereo biomicroscopy and OCT for the detection of diabetic 
foveal oedema is poor when OCT thickening is mild (Brown et al. 2004). We included 
patients that had not previously been treated with laser photocoagulation. The greater 
part of the included patients had mild DME (i.e. no more than 200300 µm thickness). We 
found a concordance rate of 67% in diagnosing retinal thickness by clinical examination 
and OCT. The concordance rate would possibly be greater if more patients with severe dia
betic macular edema were included (ie>300 µm thickness). 

This study was limited to the analysis of initial photocoagulation treatment plans that 
each retinal specialist would provide to patients with DME. However, in clinical practice, 
if DME persists after the first photocoagulation treatment, additional laser is commonly 
applied during followup.2 Although retinal specialists can differ in their first approach, 
applying more or less photocoagulation spots during followup could eventually result in 
more similar endpoints.  

As shown by our application of Truthseeker, the recording of fictional photocoagula
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tion treatment plans provides a powerful tool to compare individual plans. However, 
without some means to deliver these treatment plans to a subject with CSME or TME in 
an objective way, comparative determinations on visual outcome and consequences 
of ophthalmologistrelated variability in photocoagulation treatment may be difficult. 
Application of automated treatment planning and custom laser pattern application offers 
the potential for more uniform treatment guideline application.15,16  

In summary, this study shows that DME treatment threshold and dosage of laser spots 
differs depending upon whether the basis of retinal thickness diagnosis is clinical observa
tion or OCT. What was even more striking was that individual retinal specialists diverge in 
their management and intensity of photocoagulation therapy of DME. There is a need for a 
better and renewed definition of treatable DME and consensus regarding standardization 
of photocoagualtion treatment for macular oedema. This is particular relevant to clinical 
trials investigating new treatment modalities like antiVEGF in DME in comparison, or con
junction with photocoagulation treatment. In the absence of additional or comprehen
sive studies the divergence of the individual retinal specialists has the potential to affect 
patient outcome and laser study results.  
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ABSTRACT

Aim: To determine whether type 1 diabetes preferentially affects the inner retinal layers 
by comparing the thickness of six retinal layers in type 1 diabetic patients who have no or 
minimal diabetic retinopathy (DR) with those of age and sexmatched healthy controls.

Methods: Fiftyseven patients with type 1 diabetes with no (n=32) or minimal (n=25) DR 
underwent full ophthalmic examination, stereoscopic fundus photographs, and optical 
coherence tomography (OCT).  After automated segmentation of intraretinal layers of the 
OCT images, mean thickness was calculated for six layers of the retina in the fovea, the 
pericentral area, and the peripheral area of the central macula and were compared with 
those of an age and gendermatched control group. 

Results: In patients with minimal DR, the mean ganglion cell/inner plexiform layer was 
2.7μm thinner (95% confidence interval (CI), 2.1  4.3 μm) and the mean inner nuclear layer 
was 1.1 μm thinner (95% CI, 0.1 – 2.1 μm) in the pericentral area of the central macula com
pared to those of agematched controls. In the peripheral area, the mean ganglion cell/
inner plexiform layer remained significantly thinner. No other layers showed a significant 
difference.  

Conclusion: Thinning of the total retina in type 1 diabetic patients with minimal retinopa
thy compared with healthy controls is attributed to a selective thinning of inner retinal 
layers and supports the concept that early DR includes a neurodegenerative component.
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INTRODUCTION

Diabetic retinopathy (DR) is one of the leading causes of blindness in developed countries. 
DR is primarily considered a form of vasculopathy and classically manifests with micro
aneurysms, small hemorrhages, or lipoprotein exudates. The precise pathophysiological 
mechanism leading to the onset and progression of DR is still unclear, though vascular 
damage through hyperglycemia is considered to play a pivotal role.1 Several studies have 
indicated that neural loss may occur in DR even before any visible signs of vascular dam
age can be observed. Human and animal studies have shown neural apoptosis, loss of 
ganglion cell bodies, and glial reactivity in the retina in the earliest stages of retinopathy. 
215 Previous studies showed that the inner retinal layers in both Ins2Akita diabetic mice 
and streptozytocin diabetic rats are thinner than controls, which indicates neurodegener
ation of the inner retina.11;16 With optical coherence tomography (OCT), it became possible 
to image the human retina longitudinally in vivo and to measure the retinal thickness (RT) 
with high accuracy. Several groups have shown that total RT is decreased in patients with 
no or minimal DR compared with healthy controls.1720 

Given that the inner retinal layers are affected differentially by diabetes, it is desirable 
to have the ability to quantify the thickness of each layer within the retina separately. The 
Stratus OCT (Model 3000, software version 4.0.1; Carl Zeiss Meditec, Dublin, CA) provides 
Bscan images of the retina with an axial resolution of 8 to10 µm. Even though multiple 
layers of the retina are distinguishable in these OCT images, the installed software only pro
vided thickness measurements for the total retina and retinal nerve fiber layer. Recently, 
fully automated algorithms have been published for the segmentation of retinal time
domain and spectraldomain OCT scans that are capable of detecting seven to nine surface 
boundaries in the retina, based on differences in refractive index resulting in differences in 
scattering of laser light.2126 The accuracy and reproducibility of the algorithm developed by 
Garvin et al. used in this study is comparable or better than that of human experts segment
ing the same layer surfaces, and detects six retinal layers in Stratus OCT images. 

The purpose of this study was to determine whether type 1 diabetes preferentially 
affects the inner retinal layers by comparing the thickness of six retinal layers in type 1 
diabetic patients who had no or minimal DR with the thickness in age and sexmatched 
healthy controls.

MATERIALS AND METHODS

Patients
Consecutive patients, recruited from the outpatient clinic of the department of Internal 
Medicine at the Academic Medical Centre (University Hospital, Amsterdam, Netherlands) 
between July 2004 and June 2005 and participating in an ongoing longitudinal obser
vational study, were asked to participate in this observational crosssectional study. In 
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total, 57 patients were included, of whom 53 have already been described in a previous 
study by Biallosterski et a.17 The study adhered to the tenets of the Declaration of Helsinki. 
Investigative review board approval was obtained at both the Academic Medical Centre 
and the University of Iowa, and all participants gave written informed consent. 

Visual acuity was measured with the use of an Early Treatment Diabetic Retinopathy 
Study chart at 4 m. Bestcorrected visual acuity was recorded as Snellen equivalent. 
After pupil dilation with 0.5% phenylephrine hydrochloride and 1.0 % tropicamide, both 
eyes were examined with stereoscopic slit lamp biomicroscope and a handheld lens 
(Superfield; Volk Optical , Inc., Mentor, OH), and OCT images were obtained. In addition, 
stereoscopic fundus photographs were taken (TRC50IX; Topcon corporation, Tokyo, 
Japan). Age, sex, duration and type of diabetes, and recent HbA1c level (within 3 months) 
were recorded.

Inclusion criteria were diagnosis of type 1 diabetes mellitus (DM) and no or minimal 
DR, as determined by a retinal specialist through indirect fundoscopy and slit lamp ste
reo biomicroscopy and stereoscopic fundus photography. Minimal DR was defined as the 
presence of at least one microaneurysm or hemorrhages in the central retina but no other 
diabetic lesions (second stage of the International Clinical Diabetic Retinopathy Disease 
Severity Scale).27 Exclusion criteria were refractive errors over S +5 or under S 8 D, visual 
acuity less than 20/25, significant media opacities, and previous diagnosis of glaucoma, 
uveitis, or retinal disease. Healthy control subjects were age and sex matched with patients 
and did not have any diagnosed ocular disease, diabetes or other systemic disease. 

Optical Coherence Tomography Imaging
All subjects were examined with the Stratus OCT (Model 3000, software version 4.0.1; Carl 
Zeiss Meditec). The fast macular thickness OCT protocol was performed. This scan protocol 
obtains six crosssectional Bscans, 6 mm in length, at equally spaced angular orientations 
(30º) in a radial spoke pattern centered on the fovea. A previous study by Biallosterski et 
al. showed a significant correlation (R = 0.93, P value <0.0001) between the mean RT of 
the left and right eye of the same subject.17 Therefore, in this study only the right eyes of 
patients and controls were used for further analysis. For analysis of the retina, three retinal 
areas were defined. They were: (1) the fovea, the central circle with a diameter of ~1 mm;  
(2) the pericentral area, a donut shaped ring centered on the fovea with an inner diameter 
of 1 mm and an outer diameter of 3 mm; and (3) the peripheral area, with an inner diam
eter of 3 mm and outer diameter of 6 mm. 

Automated Segmentation of Retinal Surfaces
Segmentation was performed in two stages. First, a threedimensional (3D) macular vol
ume from the raw data of the 6 radial OCT scans was created. Second, the seven surfaces 
within this 3D macular image were determined. Briefly, the seven surfaces defining the six 
layers were found in each 3D volume by transforming the segmentation task into that of 



37

Selective loss of inner retinal layer thickness in type 1 diabetic patients 

0

3

0

0

0

0

0

0

0

finding a minimumcost closed set in a geometric graph constructed from edge/regional 
information and a priori determined surface smoothness and interaction constraints. 
Correspondence with human expert segmentation has been studied and published previ
ously.25 The six layers that could be identified were interpreted as follows (from inner to 
outer surface): A, retinal nerve fibre layer; B, ganglion cell layer plus inner plexiform layer; 
C, inner nuclear layer; D, outer plexiform layer; E, outer nuclear layer plus inner segments 
(photoreceptors); F, outer segments (photoreceptors) (Figure 1). 

 

Figure 1. Macular Bscan with intraretinal surfaces as indicated by the red lines and corresponding retinal lay
ers. A, retinal nerve fibre layer; B, ganglion cell layer plus inner plexiform layer; C, inner nuclear layer; D, outer 
plexiform layer; E, outer nuclear layer plus inner segments (photoreceptors); F, outer segments (photoreceptors).

Thickness Measurement of the Separate Layers
Each of the six Bscans was divided into two halfsections, from the foveal center to the most 
peripheral measured Ascan (Figure 2). Each of the 12 half sections consisted of 64 Ascans. 
An Ascan is an axial depth scan at a given lateral point in the retina. A crosssectional scan 
(Bscan) may be achieved by laterally combining 128 of these Ascans. The central Ascans 
from 1 to 11 defined the foveal area; the pericentral area was defined by Ascans 12 to 32, 
and the peripheral area by Ascan 33 to 64. Within each Ascan, the thickness of the six dif
ferent layers as detected by the segmentation algorithm was defined. Mean layer thickness 
(LT) in all three areas –foveal , pericentral , peripheral  for all layers was compared among 
patients without DR, patients with minimal DR, and healthy controls.

Statistical Analysis
Statistical analyses were performed (SPSS 16.0.2 for Windows; SPSS, Chicago, IL). Analysis 
of variance (ANOVA) was used to assess differences in mean age between patients and 
controls. Mean HbA1c and duration of diabetes of patients with no and minimal DR were 
compared using the unpaired ttest. 
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Mean RT and mean LT of diabetic patients with DR, diabetic patients without DR, and 
controls were compared using ANOVA, followed by Bonferroni post hoc analysis to correct 
for multiple comparisons. Confidence intervals were computed at the P=0.05 level. 

Figure 2. Twelve halfsections of the six Bscans of the fast macular thickness OCT scan protocol. The dotted lines 
indicate the transition between the foveal area, pericentral area and  peripheral area. 

RESULTS

In total, 57 consecutive patients with type 1 diabetes were included in the study, of whom 
32 had no DR and 25 had minimal DR. There were a significant differences in age and mean 
duration of diabetes between the diabetic patients with minimal DR and those without 
DR (see table 1). There was no significant difference in age between patients and controls. 
Most patients had reasonable glycemic control (mean HbA1c, 8.1%; SD = 1.1). Mean total 
RT in all patients with DM compared with healthy controls is shown in Table 2. The pericen
tral area was significantly thinner in patients than in controls. Division of the patient group 
into diabetic patients with minimal DR and patient with no DR showed that thinning of the 
retina was more pronounced in the patient group with minimal DR (Table 3). The total RT 
in diabetic patients with minimal DR was significantly thinner in the pericentral area than 
it was in healthy controls. 
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Table 1. Characteristics of patients with type 1 diabetes with and without minimal diabetic retinopathy and 
controls.

Parameters Patients  with and wit-
hout minimal DR (N=57)

Patients wit-
hout DR (N=32)

Patients with 
 minimal DR (N=25)

Controls
(N=59)

Age (years) 33 ± 11 30 ± 11* 37 ± 10* 33 ± 11

Gender (male: female) 21 : 36 11: 21 10 :15 25 : 34

Duration of DM (years) 17.6 ± 9.2 14 ± 8 * 22 ± 9 * NA

HbA1c (%) 8.1 ± 1.1 8.0 ± 1.2 8.1 ± 0.9 

DR, diabetic retinopathy; HbA1C, glycosylated hemoglobin. The values are the mean ± SD for all subjects in each 
group. NA, not applicable; , not performed. * Significant difference as compared between the patients with DM 
type 1 with minimal DR and without DR. 

Table 2. Mean RT measurements (μm) in patients with type 1 diabetes with and without minimal DR compared 
to controls. 

Parameters Patients with and 
 without minimal DR
(N=57)

Mean 
 difference

95% CI
Lower bound

95% CI
Upper bound

Controls
(N=59)

Fovea 207.46 0.68 9.78 8.41 208.14 

PCR 273.98 6.23 -12.27 -0.18 280.21 

PR 240.00 3.04 8.16 2.10 243.04 

CI, confidence interval; PCR, pericentral ring; PR, peripheral ring; DR, diabetic retinopathy. The bold values indi
cate a statistically significant difference between patients and controle (P < 0.05)

Table 3. Mean RT measurements (μm) in patients with type 1 diabetes with and without minimal DR compared 
to controls.

Para
meters

Patients 
without DR
(N=32)

Mean 
diffe-
rence

95% CI
Lower 
bound

95% CI
Upper 
bound

Patients 
with mini-
mal DR
(N=25)

Mean 
diffe-
rence

95% CI
Lower 
bound

95% CI
Upper 
bound

Controls
(N=59)

Fovea 211.72 3.58 9.53 16.69 202.00 6.14 20.40 8.12 208.14 

PCR 277.84 2.38 11.02 6.27 269.05 11.16 -20.56 -1.77 280.21 

PR 241.03 2.01 9.47 5.46 238.69 4.35 12.46 3.76 243.04 

Abbreviations as in Table 2. The bold values indicate a statistically significant difference between patients and 
controle (P < 0.05)

Mean LT of the six intraretinal layers in the foveal, the pericentral, and the peripheral areas 
of patients with type 1 DM, with or without minimal DR, compared with healthy controls is 
shown, respectively, in Tables 4, 5 and 6. Mean LT differences (μm) between patients with 
type 1 DM with or without minimal DR and agematched healthy controls in the pericen
tral area of the macula are depicted in Figure 3. In the pericentral area, the ganglion cell 
plus inner plexiform layer and the inner nuclear layer of diabetic patients with minimal DR 
were significantly thinner than in healthy controls. In the peripheral area, the ganglion cell 
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plus inner plexiform layer remained significantly thinner. In contrast all outer retinal layers 
did not show a significant difference in layer thickness. Patients with diabetes and no DR 
showed no significant differences in any LT compared to healthy controls. 

Table 4. Mean LT measurements (μm) of the individual intraretinal layers in the foveal area in patients with type 
1 diabetes with and without minimal DR compared with controls.

Para
meters

Patients 
without DR
(N=32)

Mean 
diffe-
rence

95% CI
Lower 
bound

95% CI
Upper 
bound

Patients 
with mini-
mal DR 
(N=25)

Mean 
diffe-
rence

95% CI
Lower 
bound

95% CI
Upper 
bound

Controls
(N=59)

RNFL 0.88 0.16 0.1 0.44 0.66 0.06 0.36 0.24 0.72

GCL + IPL 43.76 3.62 2.58 9.84 40.60 0.46 6.26 7.2 40.14

INL 29.42 0.58 1.9 3.06 29.1 0.26 2.44 2.96 28.84

OPL 16.54 2.30 0.12 4.70 14.86 0.62 2.02 3.22 14.24

ONL + IS 115.64 1.2 8.04 5.64 113.02 3.82 11.26 3.62 116.84

OS 38.36 0.32 1.28 1.92 39 0.96 0.78 2.7 38.04

DR, diabetic retinopathy; CI, confidence interval ; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, 
inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner seg
ments; OS, outer segments. 

Table 5. Mean LT measurements (μm) of the individual intraretinal layers in the pericentral area of the macula in 
patients with type 1 diabetes with and without minimal DR compared with controls

Para
meters

Patients 
without DR
(N=32)

Mean 
diffe-
rence

95% CI
Lower 
bound

95% CI
Upper 
bound

Patients 
with mini-
mal DR 
(N=25)

Mean 
diffe-
rence

95% CI
Lower 
bound

95% CI
Upper 
bound

Controls
(N=59)

RNFL 16.6 0.1 1.34 1.54 15.2 1.5 3.06 0.06 16.7

GCL + IPL 105.86 0.2 3.1 2.7 100.64 -5.42 -8.56 -2.26 106.06

INL 36.26 0.04 1.88 1.82 34.14 -2.16 -4.18 -0.16 36.3

OPL 39.38 1.4 0.98 3.78 38.58 0.6 1.98 3.2 37.98

ONL + IS 88.68 1.62 5.5 2.26 87.32 2.98 7.2 1.24 90.3

OS 34.46 0.42 1.62 2.44 35.54 1.5 0.72 3.72 34.04

DR, diabetic retinopathy; CI, confidence interval; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner 
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segments; 
OS, outer segments. The bold values indicate a statistically significant difference between patients and controle 
(P < 0.05)
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Table 6. Mean LT measurements (μm) of the individual intraretinal layers in the peripheral area of the macula in 
patients with type 1 diabetes with and without minimal DR compared with controls

Para
meters

Patients 
without DR
(N=32)

Mean 
diffe-
rence

95% CI
Lower 
bound

95% CI
Upper 
bound

Patients 
with mini-
mal DR
(N=25)

Mean 
diffe-
rence

95% CI
Lower 
bound

95% CI
Upper 
bound

Controls
(N=59)

RNFL 32.68 0.88 2.76 1.02 32.26 1.3 3.34 0.76 33.56

GCL + IPL 74.14 0.36 2.1 1.38 72.36 -2.14 -4.02 -0.24 74.5

INL 33.52 0.06 1.58 1.7 32.44 1.02 2.82 0.76 33.46

OPL 27 0.2 1.48 1.86 26.64 0.16 1.98 1.66 26.8

ONL + IS 78.52 0.72 4 2.58 78.32 0.92 4.48 2.66 79.24

OS 36.5 0.68 0.84 2.18 36.32 0.5 1.16 2.12 35.82

DR, diabetic retinopathy; CI, confidence interval; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner 
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segments; OS, 
outer segments. The bold values indicate a statistically significant difference between patients and controle (P < 0.05)

Figure 3. Mean LT differences (μm) and 
95% CI between patients with type 1 dia
betes with and without minimal DR and 
agematched controls in the pericentral 
and  Peripheral area of the macula.
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DISCUSSION

With the use of an algorithm that detects six retinal layers in Stratus OCT images and 
through comparison of patients and age and gendermatched healthy controls, this 
study showed that type 1 diabetes preferentially affects the inner retinal layers. In patients 
with minimal DR, significant thinning was found in the pericentral area of the macula in 
the ganglion cell plus inner plexiform layer (5.42 μm) and the inner nuclear layer (2.16 
μm). In the peripheral area, only the ganglion cell plus inner plexiform layer was thinner 
(2.14 μm)  in these patients. In contrast, in the outer retinal layers, no significant  difference 
in  thickness measurements between the patients with minimal DR and healthy con
trols could be detected. The mean difference of  total RT (11.6µm) in the pericentral ring 
between type 1 diabetic patients with minimal DR and controls was attributed primarily to 
a selective thinning of inner retinal layers (9.08 µm). In patients without DR, no statistical 
significant difference in any LT could be found.

Based on these results, we conclude that the inner retina becomes thinner in patients 
with type 1 diabetes and minimal DR. Previous studies have shown a decrease in total 
retinal thickness1720, and this study confirms and expands these results. The loss of neural 
tissue agrees with previous studies showing neuroretinal functional deficits in patients 
with diabetes, even before the onset of vascular lesions, such as an abnormal electroret
inogram, loss of dark adaptation and contrast sensitivity, color vision disturbances, and 
abnormal microperimetry.2835 

Our results indicate diabetes has an early neurodegenerative effect on the retina that 
occurs even though the vascular component of DR remains minimal. The mechanisms 
behind this neurodegeneration are not clear. The inner retina, supplied by the retinal cir
culation, is relatively hypoxic compared with the outer retina, which is primarily supplied 
by the choroidal circulatory. In combination with the high metabolic demands of the ret
ina this makes the inner retina more vulnerable to metabolic stress induced by diabetes. 36 
Another potential mechanism is the decreased availability of insulin, a survival factor for 
retinal neurons, 37;38 counteracting apoptosis of neuroglial cells in the inner retina induced 
by  hyperglycemia and advanced glycation end products.4;39  

In this study, the mean duration of DM in patients with minimal DR was 8 years longer 
than in patients without DR (Table 1), which indicates that both processes slowly develop 
over time and are late complications of DM. Although both processes are linked, the exact 
nature of their interdependence is unknown. Each process, once established, probably 
contributes to the progression of the other.36 Therefore, neuronal apoptosis may be an 
important target for new therapeutic interventions. 

The high interindividual variability in RT prevents the definition of a clear threshold 
between normal and abnormal RT. Consequently, RT measurements based on Stratus OCT 
are not suitable for detecting early neurodegeneration and thus are not applicable for the 
decision to treat. Future studies must address whether the increased resolution of spectral 
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domain OCT or a combination of neuroretinal functional tests and RT measurements can 
be useful to detect early neural cell defects and to start possible neuroprotection.  

The present study had several limitations. First, the grading of no or minimal back
ground retinopathy was made by a single reader from a single set of stereoscopic central 
retinal photographs combined with clinical evaluation instead of the gold standard – 
sevenfield stereo fundus photography read by independent, trained graders.40 However, 
no patients had advanced retinopathy, indicating that the results do apply to the earliest 
stage of DR.

Secondly, the HbA1C of the healthy subjects was unknown. Type 2 diabetes is often 
subclinical; therefore it cannot be excluded that some healthy subjects actually had diabe
tes and elevated blood sugar levels, though the prevalence of diabetes at this age is low. 
In addition, the presence of undiagnosed diabetes would most likely have led to underes
timation, not overestimation, of the difference in inner retinal thickness between patients 
and controls. 

Stratus OCT is limited because only six scans are obtained that have to be interpolated 
over relatively large areas. With the advent of spectral domain OCT, regional differences in 
layer thickness can be determined more reliably. Although the faster scanning time and 
increased depth resolution of the spectral domain OCT allow for a substantial improve
ment of retinal thickness mapping resolution, with fewer movement artifacts, there is 
no reason to believe that the outcome of this study would have been different if spectral 
domain OCT was used. It is, however, the next step to apply the segmentation algorithm 
to spectral domain OCT volume scans of type 1 diabetic patients with no or minimal DR. 

Although no direct relationship has been described, a layered structure of the retina, 
visible in histologic examination, is also present in OCT images by spatially separated 
intensity differences. Automated segmentation offers an objective, efficient method to 
quantify thickness of these individual retinal layers. As this study reveals, identification of 
separate retina layers and measurement of their thickness demonstrates that individual 
layers of the retina can be affected differently in certain diseases. 

In summary, the decreased total RT most pronounced in the pericentral area in type 1 
diabetic patients with minimal DR compared to total RT in healthy controls, is attributed to 
a selective loss of thickness in the inner retinal layers and supports the concept that early 
DR also includes a neurodegenerative component.
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ABSTRACT

Purpose: To determine which retinal layers are most affected by diabetes and contribute 
to thinning of the inner retina, and to investigate the relationship between retinal layer 
thickness (LT) and diabetes duration, diabetic retinopathy (DR) status, age, glycosylated 
hemoglobin (HbA1c) and the sex of the individual, in patients with type 1 diabetes who 
have no or minimal DR. 

Methods: Mean LT was calculated for individual retinal layers after  automated segmen
tation of spectral domain optical coherence tomography scans of patients with diabetes 
and compared with that in control subjects. Multiple linear regression analysis was used 
to determine the relationship between LT and HbA1c, age, sex, diabetes duration, and DR 
status.

Results: In patients with minimal DR, the mean ganglion cell layer (GCL) in the pericentral 
area was 5.1 μm thinner (95% confidence interval (CI), 1.1 – 9.1 μm), and in the peripheral 
macula, the mean retinal nerve fiber layer (RNFL) was 3.7 μm thinner (95% CI, 1.3 – 6.1 
μm) than in the control subjects. There was a significant linear correlation (R= 0.53, pvalue 
< 0.01) between GCL thickness and diabetes duration in the pooled group of patients. 
Multiple linear regression analysis (R=0.62, pvalue < 0.01) showed that DR status was the 
most important explanatory variable. 

Conclusion: This study demonstrates GCL thinning in the pericentral area and corre
sponding loss of RNFL thickness in the peripheral macula in patients with type 1 diabetes 
with no or minimal DR compared with control subjects. These results support the concept 
that diabetes has an early neurodegenerative effect on the retina, which occurs even 
though the vascular component of DR is minimal. 
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INTRODUCTION

Diabetic retinopathy (DR) is one of the leading causes of blindness in developed countries. 
The clinically visible onset of DR with microaneurysms, capillary nonperfusion, hemor
rhages, and/or lipoprotein exudates has led to the assumption that DR is primarily a micro
vascular disease. Several studies have shown neural apoptosis, loss of ganglion cell bodies, 
glial reactivity, and reduction in thickness of the inner retinal layers in the earliest stages of 
DR. Some have proposed that diabetes causes retinal neuropathy through a microvascular 
mechanism.110  The structural neuropathy is corroborated by previous functional studies 
showing neuroretinal deficits in patients with diabetes, even before the onset of visible 
vascular lesions, including electroretinogram abnormalities, loss of dark adaptation and 
contrast sensitivity, color vision disturbances, and abnormal microperimetry.1120 

The debate is still open as to whether diabetic retinal neuropathy is the effect of vascu
lar diabetic retinopathy or is primarily caused by direct neurologic damage from chronic 
hyperglycemia. Relationships between specific inner retinal layer thicknesses and DR sta
tus, on the one hand, as a proxy for vascular damage, and specific inner retinal layer thick
nesses and duration of diabetes, on the other hand, as a proxy for chronic hyperglycemia, 
may shed additional light on this debate. 

The introduction of time domainoptical coherence tomography (TDOCT) has made 
possible to image the human retina longitudinally in vivo and to measure the retinal thick
ness (RT) with high accuracy. Several groups have shown that total RT is decreased in dia
betic patients with no or minimal DR, compared to that in normal control subjects.12, 2126  
Automated segmentation of intraretinal layers in TDOCT images has enabled calculation 
of mean thickness of the individual layers of the retina. The results have shown that the 
decreased total RT in patients with type 1 diabetes with minimal DR is due to thinning of 
the inner retina in the pericentral and peripheral area of the central macula.26 However, 
researchers in these studies were unable to accurately differentiate between the indi
vidual layers that constitute the inner retinal layer ( i.e. retinal nerve fiber layer, ganglion 
cell layer, inner plexiform layer, and inner nuclear layer), because of  limited resolution of 
TDOCT. The identification of the retinal layers that are affected by diabetes may help elu
cidate the underlying mechanism of inner retinal damage and guide the development of 
neuroprotective therapeutic strategies. 

Spectral domain (SD)OCT allows imaging of the macula, with higher scan resolution 
and reduced motion artifacts compared with TDOCT. TDOCT collects 400 axial mea
surements per second with an axial resolution of approximately 10 μm. The scan rate of 
SDOCT is at least 18,000 axial measurements per second with an axial resolution of 5 
μm, so that SDOCT allows detailed threedimensional (3D), closetoisotropic volumetric 
scans. The primary advantage of the more isotropic imaging in measuring retinal thick
ness is that fewer assumptions have to be made about the tissue in between measured 
samples, potentially leading to more accurate RT  measurements. The high resolution of 



50

Chapter 4

SDOCT allows for enhanced definition of the retinal layers. We have recently developed 
a fully threedimensional, automated algorithm to segment multiple surfaces in SDOCT 
scans in the retina based on differences in refractive index, with an accuracy comparable 
to human experts.27  

The purpose of this study is twofold: to determine in detail which retinal layers are most 
affected by diabetes and contribute to the thinning of the inner retina and to investigate 
the possible relationship between thinning of the inner retina and duration of diabetes 
mellitus (DM), DR status, age, glycosylated hemoglobin (HbA1c) and the sex of the indi
vidual, by using highresolution SDOCT and retinal layer segmentation in patients with 
type 1 diabetes and no or minimal DR compared with normal control subjects. 

MATERIALS AND METHODS

Patients
Patients, recruited from the outpatient clinic of the department of Internal Medicine at 
the Academic Medical Center (University Hospital, Amsterdam, the Netherlands) between 
July 2004 and June 2005 and participating in an ongoing longitudinal observational study, 
were asked to participate in this observational crosssectional study. Normal control sub
jects were agematched with patients; did not have a diagnosis of any ocular disease, dia
betes, or other systemic disease; and were randomly recruited from persons accompany
ing patients visiting the outpatient clinic of the Department of Ophthalmology. The study 
adhered to the tenets of the Declaration of Helsinki. Investigative Review Board approval 
was obtained at both the AMC and the University of Iowa and all participants gave written 
informed consent. 

Patients were included if they had a diagnosis of type 1 DM and either no DR or mini
mal DR, as determined by a retinal specialist through indirect fundoscopy, slit lamp stereo 
biomicroscopy, and stereoscopic fundus photography. Minimal DR was defined as the 
presence of at least one microaneurysm and/or hemorrhage in the central retina in the 
absence of peripheral lesions (stage 2 of the International Clinical Diabetic Retinopathy 
Disease Severity Scale (ICDRSS)).28  No DR was defined as no microaneurysms in the cen
tral retina, and no lesions in the periphery (stage 1 of the ICDRSS). Exclusion criteria were 
refractive errors over S+5 or under S8 D, visual acuity below 20/25, significant media 
opacity, previous ocular surgery, and a previous diagnosis of glaucoma, uveitis, or retinal 
disease. Visual acuity was measured with an Early Treatment Diabetic Retinopathy Study 
chart at 4 m. Best corrected visual acuity was recorded as Snellen equivalent. After pupil 
dilation with 0.5% phenylephrine hydrochloride and 1.0% tropicamide, both eyes were 
examined with stereoscopic slit lamp biomicroscopy with a handheld lens (SuperField; 
Volk Optical, Inc., Mentor, OH) for signs of DR, and OCT images were obtained (3D OCT
1000, Topcon Corp., Tokyo, Japan). In addition, stereoscopic fundus photographs were 
taken (TRC50IX; Topcon Corp.). Age, sex, duration of diabetes (in years) and mean HbA1c 
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were obtained from the patients’ charts. The mean HbA1c was calculated from all HbA1c 
measurements in the year preceding the ophthalmological examination. 

OCT Imaging and Layer Segmentation
Subjects were imaged with SDOCT (3D OCT1000, Topcon Corp.). A 3D volume scan pro
tocol (6 x 6 x 2.2 mm), consisting of 128 (y), to 512 (x), to 650 (z) voxels, was used. Nine intra
retinal surfaces were segmented in all subjects by our algorithm, which is a fully 3D graph 
search approach.27 This graphtheoretic approach detects the optimal set of feasible 3D sur
faces in the OCT volume with respect to a cost function. The cost function definition defines 
the better of two feasible surface sets. Intuitively, for each surface, a “cost’’ is assigned to each 
voxel, to reflect the unlikelihood (the complement of the likelihood) that voxel belongs to 
a particular surface, with the surface cost being defined as the cost summation of all sur
face voxels. The cost of a set of feasible surfaces is defined by summation of the individual 
surface costs. In this work, the cost functions were defined by 3D edge detectors that favor 
a darktolight transition or a lighttodark transition. As an example, consider the use of a 
3D edge detector favoring a darktolight transition for the internal limiting membrane. This 
approach corresponds to defining the surface at the points in which the intensity changes 
from a dark to a light intensity, subject to the feasibility constraint that the defined 3D sur
face is smooth and appropriately interacts with the other detected surfaces (e.g., the surface 
is not allowed to cross a second surface or make large jumps in position). 

The layers that could be identified between intraretinal surfaces were interpreted as 
follows (from the inner to the outer surface, as labelled in Fig. 1): A, retinal nerve fiber layer 
(RNFL); B, ganglion cell layer (GCL); C, inner plexiform layer (IPL); D, inner nuclear layer (INL); 
E, outer plexiform layer (OPL); F, outer nuclear layer (ONL) + inner segments (photorecep
tors) (IS); G, outer segments (photoreceptors) (OS); H, retinal pigment epithelium (RPE). 

Thickness Measurement of the Separate Layers
After automated segmentation of the retinal layers, one of the authors (HvD) who was 
masked to the status of diabetes and demographic features, defined two retinal areas: the 
pericentral area, a donut shaped ring centered on the fovea with an inner diameter of 1 mm 
and an outer diameter of 3 mm, and the peripheral area, with an inner diameter of 3 mm and 
outer diameter of 6 mm. The mean thickness of each layer in the pericentral and peripheral 
areas was calculated automatically using ImageJ 1.41, a public domain, Javabased image 
processing program developed by Wayne Rasband at the National Institutes of Health.29  

Statistical Analysis
Analysis of variance (ANOVA) was used to assess differences in mean age between diabetic 
patients with no and minimal DR and controls (SPSS 16.0.2 for Windows; SPSS, Chicago, IL). 
Mean HbA1c and duration of diabetes of patients were compared between patients with 
no and minimal DR using the unpaired ttest. 
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Mean RT and mean layer thickness (LT) of diabetic patients with minimal DR, dia
betic patients with no DR and control subjects were compared by ANOVA, followed by a 
Bonferroni post hoc analysis to correct for multiple comparisons.

Confidence intervals were computed at the P = 0.05 level. Correlation analysis between 
LT differences and duration of diabetes was performed by calculating the Pearson correla
tion coefficient. A multiple linear regression model was used to determine the relationship 
between retinal LT, duration of DM and DR status, while correcting for HbA1c, age and sex. 

Figure 1. Macular Bscan with intraretinal surfaces as indicated by the colored lines and corresponding retinal 
layers. A, RNFL; B, GCL; C, INL; D, inner nuclear layer; E, OPL; F, ONL + IS; G, OS; and H, RPE.

RESULTS

Demographics
In total, 40 patients with type 1 diabetes were included, of which 38 have already been 
described in a previous study in which TDOCT instead of SDOCT.26  Nineteen patients had 
no DR and 20 patients had minimal DR. There was a significant difference in mean duration 
of diabetes (P = 0.01) between the patients with minimal DR and those with no DR (Table 
1). There was no significant difference in age and sex between both patient groups and 
controls. Patients were in average glycemic control (mean HbA1c = 8.4%; SD = 1.2%). 

Table 1. Demographics of patients with type 1 diabetes and no or minimal diabetic retinopathy (DR) and control 
subjects. 

Parameters No DR (N=19) Minimal DR (N=20) Controls (N=40)

Age (y) 30 ± 11 37 ± 10 33 ± 9

Gender (M:F) 7 : 12 10 : 10 24 : 16

Duration of DM (y) 14 ± 7 * 22 ± 10 * NA

 HbA1c (%) 8.4 ± 1.5 8.3 ± 0.8 

Values are the mean micrometers  ± SD for all subjects in each group. NA, not applicable; , not performed. * 
Significant difference as compared between the patients with type 1 DM with minimal DR and no DR.
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Retinal layer thickness analysis
Differences in regional retinal layer thickness
The differences (in micrometers) in regional retinal LT between patients with type 1 DM and 
no or minimal DR and normal control subjects in the pericentral and peripheral areas of the 
macula are given in Tables 2 and 3. Significant differences were found in the GCL in the peri
central area of the macula, which was 5.1 μm thinner in patients with minimal DR compared 
than in normal control subjects (95% confidence interval (CI), 1.1 – 9.1). The RNFL in the 
peripheral area of the macula was 3.7 μm thinner in patients with minimal DR than in nor
mal control subjects (95% CI, 1. 3 – 6.1). The other retinal layers did not show a significant 
difference in LT. Patients with diabetes but no DR showed no significant differences in any 
LT in any area compared with normal control subjects. 

Table 2. Mean layer thickness measurements of the individual intraretinal layers in the pericentral area of the 
macula in patients with type 1 DM with no or minimal DR compared to control subjects.

Para
meters

No DR
(N=19)

Mean 
 difference

95% CI Minimal DR 
(N=20)

Mean 
 difference

95% CI Controls
(N=40)

RNFL 23.6 0 1.4 – 1.4 22.3 1.3 0.1 – 2.7 23.6

GCL 50.8 1.4 5.5 – 2.7 44.3 5.1 1.1 – 9.1 49.4

IPL 40.2 0 2.6 – 2.6 38.1 2.1 0.4 – 4.6 40.2

INL 38.6 0.9 3.2 – 1.4 36.3 1.4 0.9 – 3.7 37.7

OPL 30.0 0.3 2.6 – 3.0 31.4 1.1 4.0 – 1.6 30.3

ONL + IS 88.3 2.6 4.7 – 9.8 88.1 2.8 4.3 – 9.9 90.9

OS 24.2 0.3 1.9 – 2.4 24.9 0.4 2.5 – 1.7 24.5

RPE 36.7 1.6 3.4 – 0.2 35.7 0.6 2.4 – 1.1 35.1

Values are the mean micrometers  ± SD for all subjects in each group. The bold values indicate a statistically 
significant difference between patients and controls (P < 0.01). 

Table 3. Mean layer thickness measurements of the individual intraretinal layers in the peripheral area of the 
macula in patients with type 1 diabetes with minimal or no DR compared to control subjects.

Para
meters

No DR
(N=19)

Mean 
 difference

95% CI Minimal DR 
(N=20)

Mean 
 difference

95% CI Controls
(N=40)

RNFL 35.8 0.8 1.7 – 3.1 32.9 3.7 1.3 – 6.1 36.6

GCL 30.5 0.6 2.8 – 1.5 28.7 1.2 0.9 – 3.3 29.9

IPL 34.9 0.2 2.5 – 2.8 32.9 2.2 0.4 – 4.7 35.1

INL 30.5 0.6 2.5 – 1.2 28.9 1.0 0.8 – 2.8 29.9

OPL 25.3 0.2 1.1 – 1.4 26.0 0.5 1.7 – 0.7 25.5

ONL + IS 73.4 2.3 3.2 – 7.7 74.6 1.1 4.3 – 6.4 75.7

OS * 24.6 1.0 3.5 – 1.6 23.0 0.6 1.9 – 3.1 23.6

RPE 33.5 0.8 2.8 – 1.3 34.2 1.5 3.4 – 0.5 32.7

Values are the mean micrometers  ± SD for all subjects in each group. The bold values indicate a statistically 
significant difference between patients and control subjects (P < 0.01). * Minimal DR N=16, No DR N=14, healthy 
controls N=31, measurements with artifacts excluded.
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Relationship between GCL and RNFL
In the pooled population of patients with no or minimal DR, the relationship between indi
viduals LTs was assessed. There was a significant and marked linear correlation (R = 0.54,  P 
< 0.01) between GCL thickness in the pericentral area of the macula and RNFL thickness in 
the peripheral area of the macula (Fig. 2), in all patients with diabetes. 

Figure 2.  Correlation between pericentral GCL thickness and peripheral RNFL in patients with type 1 diabetes 
and minimal or no DR (R= 0.54, P < 0.01).

Relationship between GCL thickness and duration of DM
In the pooled population of patients with no or minimal DR, the relationship was assessed 
between GCL thickness and duration of diabetes. GCL thickness versus duration of diabe
tes, not corrected for HbA1c, age, sex, and retinopathy status is plotted in Figure 3, show
ing a significant inverse linear correlation between GCL thickness and duration of diabetes.

Relationship between GCL thickness and duration of DM, retinopathy status, age, 
HbA1C and sex
A multiple linear regression model was used to assess the relationship between GCL 
thickness, duration of diabetes, and DR status, while correcting for HbA1c, age, and sex.  
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In Table 4 the standardized coefficients of the explanatory variables – HbA1c, age, sex, 
duration of DM, and retinopathy status – using GCL thickness as the dependent variable 
are presented, which shows the DR status to be the best explanatory variable.

Figure 3.  Correlation between GCL thickness and duration of diabetes in patients  type 1 diabetes and minimal 
or no DR (R= 0.53, P < 0.01) .

Table 4.  Standardized regression coefficients derived from multiple linear regression analysis with ganglion cell 
layer thickness as the dependent variable.

Independent variable Standardized coefficients P

HbA1c 0.05 0.76

Age 0.01 0.96

Sex 0.01 0.93

Duration DM 0.38 0.06

DR status 0.35 0.03

R=0.62, P < 0.01. Regression coefficients are presented in standardized (zscore) form. 
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DISCUSSION

The findings in this study demonstrate that, in this population, the GCL in the pericentral 
area and the RNFL in the peripheral area of the macula were thinner in patients with mini
mal DR than in normal control subjects. There was a significant linear correlation between 
the GCL thickness in the pericentral area and the RNFL thickness in the peripheral area of 
the macula. The duration of DM was correlated significantly and inversely with the GCL 
thickness. In the multiple linear regression analysis including age, sex, HbA1c, diabetes 
duration, and DR status, DR status was the most important explanatory variable. 

The results suggest that the thinning of the inner retina in patients with minimal reti
nopathy, which we described earlier, is caused primarily by a thinning of the GCL in the 
pericentral area of the macula, and secondary thinning of the RNFL more peripherally 
in the macula, because of axonal loss from the central ganglion cells.26 The ganglion cell 
axons in the RNFL travel in bundles towards the optic nerve head without any tendency 
to cross to adjacent bundles or disperse.30 Therefore, the most pronounced difference in 
RNFL thickness due to loss of ganglion cells in the pericentral area is expected to be found 
in the nasal region of the peripheral area of the macula. This result was confirmed in an 
additional analysis showing a significant difference in RNFL thickness (5.5 μm, 95% CI, 1.1 
– 9.9) in the nasal region of the peripheral area of the macula in patients with minimal DR 
compared with that in normal control subjects, whereas the difference in the temporal 
region was minimal (0.4 μm, 95% CI, 1. 7 – 2.4). 

The results indicate an early neurodegenerative effect on the retina in diabetes, which 
occurs, even though the vascular component of diabetic retinopathy remains minimal. 
The mean duration of DM in patients with minimal DR in this study was 8 years longer than 
that in the patients without DR (Table 1). This result shows that both processes, DR and 
neurodegeneration, develop slowly over time and that both are late complications of DM, 
which suggests that both processes are closely linked. However, the exact nature of their 
interdependence is not known. Each process, once established, probably contributes to 
the progression of the other. Therefore, neuronal apoptosis may be an important target for 
new therapeutic interventions. 

The significant linear correlation between GCL thickness and duration of diabetes 
suggests that neurodegeneration  loss of GCL is primarily caused by a prolonged dis
turbance of the glucose metabolism, perhaps even irrespective of the presence of vascu
lopathy. Figure 3 shows that longer duration of DM without DR can result in a relatively 
thin GCL. This assumption is in line with earlier reports.  A previous study showed that, in 
diabetic patients with no or mild DR, the macular and foveal thickness is significantly thin
ner with longer duration of DM.21  Moreover, neuroretinal functional deficits, such as an 
abnormal electroretinogram, loss of dark adaptation and contrast sensitivity, color vision 
disturbances, and abnormal microperimetry were described in several studies in patients 
with diabetes before the onset of visible vascular lesions.1120  As the inner retina is part of 
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the central nervous system, the results are also in line with the findings of a previous study 
describing decreased functional connectivity and cognition in diabetic patients with and 
without microvascular complications. In this study, the authors hypothesized that chronic 
hyperglycemia, even in the absence of clinically detectable microvascular complications, 
can negatively affect cognitive functioning and cerebral communication.31  Although the 
pathophysiological substrate is yet undefined, there is evidence that chronic hyperglyce
mia and not the number of hypoglycemic events is the cause of cognitive deterioration 
and structural brain changes in patients with diabetes.3135 

With the introduction of SDOCT, regional differences in LT can be determined more 
reliably. TDOCT (StratusOCT; Carl Zeiss Meditec, Dublin, CA) is limited because only six 
Bscans are obtained and data must be interpolated over relatively large areas. The faster 
scanning time and increased depth resolution of the SDOCT allow for a substantial 
improvement of retinal thickness mapping resolution, with less movement artifacts. The 
results of this study substantially confirm those in a previous study with the StratusOCT, in 
which thinning of the inner retina was described in the same group of patients with type 
1 diabetes and minimal DR.26 Neurodegeneration seems to be a generalized process that 
occurs throughout the macular area and is not confined to local abnormalities, as is the 
case with funduscopically visible signs of retinopathy. However, the use of SDOCT makes 
it possible to measure individual layers at higher resolution and indicates that the thinning 
of the inner retina in the macula is primarily due to loss of ganglion cells. 

There are limitations to the present study. First, the grading of no or minimal back
ground retinopathy was made by a single reader from a single set of stereoscopic cen
tral retinal photographs combined with clinical evaluation, instead of the gold standard 
– that is, sevenfield stereo fundus photography read by independent, trained graders.36  
However, the patients definitely did not have advanced retinopathy, indicating that the 
results do apply to the earliest stage of DR.

Second, the HbA1c of the normal subjects was not known. Type 2 diabetes is often 
subclinical; therefore it cannot be excluded that some normal control subjects actually 
had type 2 diabetes and elevated blood sugar levels, although the prevalence of diabetes 
at this age is low. Also, the presence of undiagnosed diabetes would most likely lead to 
underestimation, not overestimation of the difference in inner retinal thickness between 
patients and controls. 

In summary, this study demonstrates selective loss of thickness of the GCL in the peri
central area and corresponding loss of RNFL thickness in the peripheral area of the macula 
in patients with type 1 diabetes and minimal DR compared with control subjects. These 
results support the concept that early DR includes a neurodegenerative component. 
The hypothesis that diabetes causes a retinal neuropathy independent of retinopathy is 
intriguing (although larger studies are needed) and potentially links retinal neuropathy to 
other diabetic neuropathies. 
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ABSTRACT

Purpose: The purpose of this study was to determine whether diabetes type 2 causes 
thinning of retinal layers as a sign of neurodegeneration and to investigate the possible 
relationship between this thinning and duration of diabetes mellitus, diabetic retinopathy 
(DR) status, age, sex, and glycemic control (HbA1c).

Methods: Mean layer thickness was calculated for retinal layers following automated 
segmentation of spectral domain optical coherence tomography images of diabetic 
patients with no or minimal DR and compared with controls. To determine the relationship 
between layer thickness and diabetes duration, DR status, age, sex, and HbA1c, a multiple 
linear regression analysis was used. 

Results: In the pericentral area of the macula, the retinal nerve fiber layer (RNFL), ganglion 
cell layer (GCL), and inner plexiform layer (IPL) were thinner in patients with minimal DR 
compared to controls (respective difference 1.9 μm, 95% confidence interval (CI) 0.3 – 3.5 
μm; 5.2 μm, 95% CI 1.0 – 9.3 μm; 4.5 μm, 95% CI 2.2 – 6.7 μm) . In the peripheral area of the 
macula, the RNFL and IPL were thinner in patients with minimal DR compared to controls 
(respective difference 3.2 μm, 95% CI 0.1 – 6.4 μm; 3.3 μm, 95% CI 1.2 – 5.4 μm). Multiple 
linear regression analysis showed DR status to be the only significant explanatory variable 
(R= 0.31, P=0.03) for this retinal thinning. 

Conclusion: This study demonstrated thinner inner retinal layers in the macula of type 2 
diabetic patients with minimal DR than in controls. These results support the concept that 
early DR includes a neurodegenerative component. 
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INTRODUCTION

Diabetic retinopathy (DR) is commonly viewed as a microvascular complication of diabe
tes mellitus. In addition to vascular changes, structural neurodegenerative changes such 
as neural apoptosis, loss of ganglion cell bodies, glial reactivity, and reduction in thick
ness of the inner retinal layers have been described in the earliest stages of DR. This loss 
of neural tissue agrees with previous functional studies showing neuroretinal deficits in 
patients with diabetes including electroretinogram abnormalities, loss of dark adaptation 
and contrast sensitivity, color vision disturbances, and abnormal microperimetry.17 The 
introduction of optical coherence tomography (OCT) has allowed imaging and measuring 
of retinal thickness (RT) with high accuracy, and several groups have been able to show 
that total RT is decreased in diabetic patients with no or minimal DR compared to normal 
controls.814 The high resolution of spectral domain OCT (SDOCT) allows measurement of 
the thickness of all individual retinal layers after automated threedimensional segmenta
tion.15;16 The layers that can be identified have been interpreted as follows (from the inner 
to outer surface): retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner plexiform 
layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL) 
+ inner segment photoreceptors (IS), outer segment photoreceptors (OS),and retinal pig
ment epithelium (RPE). A recent study by this group has shown that the decreased total RT 
that manifests in type 1 diabetic patients with minimal DR is caused by retinal neuropa
thy characterized by thinning of the GCL in the pericentral area, and RNFL in the periph
eral area of the of the macula.17 The difference in disease mechanism and management 
of patients with type 1 and type 2 diabetes mellitus (DM) may also result in differential 
development of neuropathy in these patients.18 The purpose of the present study was to 
determine whether type 2 diabetes, like type 1, causes thinning of individual retinal layers 
while correcting for age, sex, duration of DM, DR status, and glycosylated serum hemoglo
bin (HbA1c). 

MATERIALS AND METHODS

Participants
Patients were recruited from the outpatient clinic of the Department of Ophthalmology 
at the Academic Medical Center (University Hospital, Amsterdam, the Netherlands). 
Inclusion criteria were type 2 diabetes and no or minimal DR, as evaluated by a retinal 
specialist through indirect fundoscopy and slitlamp stereo biomicroscopy. Minimal DR 
was defined as microaneurysms only, conforming to stage 2 of the International Clinical 
Diabetic Retinopathy Disease Severity Scale.19 Exclusion criteria were refractive error of 
more than S +5, or S −8 diopters in at least one eye; visual acuity below 20/25; significant 
media  opacity; or a history of glaucoma, uveitis, or retinal disease. Age and sexmatched 
subjects free of ocular disease, diabetes, hypertension or other systemic diseases were 



64

Chapter 5

recruited as controls from among those who accompanied patients visiting the outpa
tient clinic. All subjects underwent pupillary dilation and an ophthalmologic examination, 
including slitlamp biomicroscopy with a handheld lens (SuperField; Volk Optical, Inc., 
Mentor, OH) and OCT imaging (3D OCT1000; Topcon Corporation, Tokyo, Japan). Age, sex, 
duration of diabetes, and HbA1c were obtained from the patient charts. The mean HbA1c 
was calculated from all available HbA1c measurements in the year preceding the study 
visit. The study adhered to the tenets of the Declaration of Helsinki. Investigative Review 
Board approval was obtained at both the Academic Medical Center and the University of 
Iowa, and all participants gave written informed consent. 

Optical Coherence Tomography Imaging and Layer Segmentation
OCT images of the subjects were obtained with SDOCT using the 3D volume scan proto
col (6 × 6 × 2.2 mm3). Nine intraretinal surfaces were segmented automatically for all sub
jects using the authors’ algorithm, which entails a fully threedimensional graph search 
approach.15;16 The algorithm had previously shown excellent reproducibility of intraretinal 
layer thickness.20 The identified layers between the intraretinal surfaces were interpreted 
as follows: A, retinal nerve fiber layer (RNFL); B, ganglion cell layer (GCL); C, inner plexiform 
layer (IPL); D, inner nuclear layer (INL); E, outer plexiform layer (OPL); F, outer nuclear layer 
(ONL) + inner segments (photoreceptors) (IS); G, outer segments (photoreceptors) (OS); H, 
retinal pigment epithelium (RPE). One of the authors (HvD), masked to the demographic 
characteristics and retinopathy status of each subject, marked two retinal areas centered 
on the fovea: the pericentral area, with an inner diameter of 1 mm and an outer diameter 
of 3 mm; and the peripheral area, with an inner diameter of 3 mm and outer diameter of 6 
mm. The mean thickness of each of the layers in the pericentral and peripheral areas was 
calculated automatically using ImageJ 1.41.21 

Statistical analysis
Statistical analyses were performed with SPSS 16.0.2 for Windows (SPSS, Chicago, IL). 
Analysis of variance (ANOVA) was used to assess differences in mean age between diabetic 
patients with no and minimal DR and controls. Mean HbA1c and duration of diabetes were 
compared using the unpaired ttest between patients with no and minimal DR. 

Mean layer thicknesses of diabetic patients with minimal DR, diabetic patients with
out DR, and controls were compared using ANOVA, followed by a Bonferroni post hoc 
analysis to correct for multiple comparisons. Correlation analysis between individual 
retinal layers was performed by calculating the Pearson correlation coefficient. A mul
tiple linear regression model was used to determine the relationship between inner reti
nal layer thickness and the duration of DM, DR status, age, sex, and HbA1c in the diabetic 
patients. 
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RESULTS

Sixtyfour subjects with type 2 DM were included. Thirtynine patients had no DR, and 
25 patients showed minimal DR. Diabetes duration was longer and HbA1c higher in the 
patients with minimal DR as compared to the patients without DR. Fiftyseven controls 
were included. There was no significant difference in age and sex among patient groups 
and controls (see Table 1). 

The absolute values and differences in retinal layer thickness (μm) between patients 
with type 2 DM and no or minimal DR as compared to normal controls in the pericentral 
and peripheral area of the macula are given in Table 2 and 3. In the pericentral area of the 
macula the RNFL, GCL, and IPL were thinner in patients with minimal DR compared to con
trols (respective difference RNFL: 1.9 μm, 95% CI 0.3 – 3.5 μm; GCL: 5.2 μm, 95% CI 1.0 – 9.3 
μm; IPL: 4.5 μm, 95% CI 2.2 – 6.7 μm). In the peripheral area of the macula, the RNFL and IPL 
were thinner in patients with minimal DR compared to controls (respective difference RNFL: 
3.2 μm, 95% CI 0.1 – 6.4 μm; IPL: 3.3 μm, 95% CI 1.2 – 5.4 μm). The other retinal layers did not 
show a significant difference in layer thickness. Patients with diabetes but no DR showed 
no significant difference in any layer thickness in both areas compared to normal controls. 

Table 1.  Demographics of patients with type 2 diabetes and no or minimal diabetic retinopathy (DR) and controls. 

Parameters
No DR 
(N = 39)

Minimal DR 
(N = 25)

Controls
 (N = 57)

Age (years) 56 ± 9 59 ± 6 58 ± 12

Gender (M:F) 18 : 21 10 : 15 23 : 34

Duration DM (years) 8 ± 7 16 ± 8 NA

HbA1c (%) 7.6 ± 1.0 7.9 ± 0.8 

Values are the mean ± standard deviation for all subjects in each group. NA, not applicable; , not performed. 

Table 2. Mean layer thickness measurements (µm) of the individual intraretinal layers in the pericentral area of 
the macula in patients with type 2 diabetes with no or minimal DR compared to controls.

Para
meters

No DR
(N= 39)

Mean dif-
ference

95% CI of the 
difference

Minimal 
DR 
(N= 25)

Mean dif-
ference

95% CI of the 
difference

Controls
(N=57)

RNFL 22.3 ± 2.3 0.9 0.5  2.3 21.3 ± 3.0 1.9 0.3 – 3.5 23.2 ± 3.0

GCL 46.9 ± 6.4 2.1 1.6 – 5.7 43.8 ± 7.8 5.2 1.0 – 9.3 49.0 ± 7.5

IPL 38.3 ± 3.9 1.5 0.5 – 3.5 35.3 ± 3.3 4.5 2.2 – 6.7 39.8 ± 4.2

INL 38.2 ± 3.3 1.4 3.4 – 3.2 38.6 ± 3.6 1.0 1.0 – 3.1 39.6 ± 3.8

OPL 28.3 ± 2.9 0.7 1.0 – 2.3 28.1 ±3.0 0.9 1.0 – 2.7 29.0 ±3.5

ONL + IS 90.6 ± 9.3 3.1 1.3 – 7.5 89.3 ± 9.0 4.4 0.7 – 9.4 93.7 ± 8.2

OS 26.3 ± 2.2 0.8 0.3 – 1.9 26.9 ± 2.4 0.2 1.0 – 1.5 27.1 ± 2.1

RPE 39.3 ± 2.2 0.1 1.2 – 1.1 39.3 ± 2.3 0.1 1.4 – 1.3 39.2 ± 2.4

Values are the mean ± standard deviation for all subjects in each group. The bold values indicate a statistically 
significant difference between patients and controls. 
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Table 3. Mean layer thickness measurements (µm) of the individual intraretinal layers in the peripheral area of 
the macula in patients with type 2 diabetes with no or minimal DR compared to controls.

Para
meters

No DR
(N= 39)

Mean dif-
ference

95% CI
of the dif-
ference

Minimal 
DR
(N= 25)

Mean dif-
ference

95% CI 
of the dif-
ference

Controls
(N=57)

RNFL 34.4 ± 4.2 2.2 0.6 – 5.0 33.4 ± 5.8 3.2 0.1 – 6.4 36.6 ± 5.6

GCL 28.9 ± 2.7 0.3 2.3 – 1.7 27.0 ± 4.8 1.6 0.5 – 3.9 28.6 ± 3.7

IPL 34.4 ± 3.5 0.2 1.7 – 2.0 31.3 ± 3.2 3.3 1.2 – 5.4 34.6 ± 3.6

INL 29.7 ± 1.9 0.4 1.0 – 1.8 28.7 ± 2.5 1.4 0.1 – 3.0 30.1 ± 2.9

OPL 25.0 ± 1.5 0.4 0.6 – 1.4 24.4 ± 2.0 1.0 0.1 – 2.2 25.4 ± 2.1

ONL + IS 74.6 ± 7.1 1.3 2.2 – 4.8 73.2 ± 5.8 2.7 1.1 – 6.6 75.9 ± 6.2

OS 23.5 ± 1.9 0.3 0.7 – 1.1 23.7 ± 2.2 0.1 1.1 – 1.3 23.8 ± 2.0

RPE 39.3 ± 1.7 0.0 1.0 – 1.0 39.5 ± 2.0 0.2 1.4 – 0.9 39.3 ± 1.9

Values are the mean ± standard deviation for all subjects in each group. The bold values indicate a statistically 
significant difference between patients and controls

A multivariable regression analysis including diabetes duration, DR status, age, sex, and 
HbA1c showed that DR status was the only significant explanatory variable (R = 0.31, P = 
0.03) for the thinning of the inner retinal layers (RNFL, GCL, IPL) in both the pericentral and 
the peripheral area of the macula.

DISCUSSION

The results of this study demonstrate that the inner retinal layers  RNFL, GCL, and IPL  
in the macula were thinner in patients with minimal DR compared to controls in an 
unselected population of patients with type 2 diabetes. In multiple linear regression analy
sis, DR status –that is, the presence of minimal DR  was the only significant explanatory 
variable for this retinal thinning, with age, sex, duration of DM, and HbA1c corrected for. 

A previous study using identical methods, showed selective loss of thickness of the 
GCL in the pericentral area and corresponding loss of RNFL thickness in the peripheral area 
of the macula in type 1 diabetic patients with minimal DR compared to normal controls.17 
The changes in retinal thickness were comparable in type 1 and 2 diabetes (Figs. 1, 2). This 
finding is not selfevident, as there are obvious pathophysiological differences between 
these two types of diabetes. Type 1 diabetic patients have lower plasma insulin concentra
tions compared to hyperinsulinemic type 2 patients. In the retina, insulin action stimu
lates neuronal development, differentiation, growth and survival. Retinal apoptosis can 
be reversed by systemic insulin therapy, and insulin provides trophic support for retinal 
neurons.2224

In the previous study with type 1 diabetic patients, there was a significant linear cor
relation (R = 0.53, pvalue < 0.01) between GCL thickness and the duration of diabetes.17 In 
patients with type 2 DM, glucose metabolism can be disturbed years before the diagnosis 
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is made. The duration of the disease process is therefore uncertain in patients with type 
2 diabetes, and the assessment of a possible correlation between thinning of the inner 
retinal layers and duration of disease is therefore less precise.  

Figure 1.  Mean layer thickness difference ± 95% CI (microns) in the pericentral area of the macula in patients 
with minimal DR. DR, diabetic retinopathy; CI, confidence interval; RNFL, retinal nerve fiber layer; GCL, ganglion 
cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; 
IS, inner segments; OS, outer segments; RPE, retinal pigment epithelium. 

Figure 2.  Mean layer thickness difference ± 95% CI (microns) in the peripheal area of the macula in patients with 
minimal DR. DR, diabetic retinopathy; CI, confidence interval; RNFL, retinal nerve fiber layer; GCL, ganglion cell 
layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, 
inner segments; OS, outer segments; RPE, retinal pigment epithelium. 
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The present study had some limitations. The grading of the severity of DR was done by 
a single reader through ophthalmologic examination, including indirect fundoscopy and 
slitlamp stereo biomicroscopy, instead of the gold standard, namely sevenfield stereo
scopic fundus photography assessment by independent trained graders.25 However, the 
patients certainly did not have advanced retinopathy, indicating that the results do apply 
to the earliest stage of DR.

Type 2 diabetes is often subclinical. It cannot be excluded that some of the controls 
also had diabetes type 2, because the HbA1c of the controls was not known. The presence 
of undiagnosed diabetes would most likely lead to underestimation of the difference in 
retinal layer thickness between patients and controls instead of overestimation. 

In a previous study, the present authors’ algorithm showed an excellent reproducibil
ity of intraretinal layer thickness. After segmentation of intraretinal layers from repeated 
OCT scans the overall mean regional thickness difference was 1.16 ± 0.84 μm.18 This indi
cates that the resulting mean retinal layer thickness differences of the RNFL, GCL, and IPL 
between patients and controls in this study exceeded expected differences in intrasu
bject repeat automated layer thickness measurements. In individual patients, however, 
repeated retinal layer thickness measurements may not be suitable for detecting small 
differences in the inner retinal layers. Future studies need to address whether prolonged 
followup measurements of individual patients can show statistically significant thinning 
over time due to neurodegeneration.  

The findings in this study provide further evidence for a neurodegenerative compo
nent in early DR. Previous studies have demonstrated neurodegenerative changes includ
ing neural apoptosis, loss of ganglion cell bodies, glial reactivity and reduction in thickness 
of the inner retinal layers in DR.1;314;17 These findings of structural neuropathy may explain 
the neuroretinal functional deficits that are known in patients with diabetes.17;11 The rela
tionship of this retinal loss to other neural damage in diabetes, such as white matter loss, 
cognitive decline, peripheral neuropathy and diabetic autonomic neuropathy remains to 
be determined and is the subject of future studies. 

In summary, this study provided proof of concept that the inner retinal layers in the 
pericentral and peripheral area of the macula in type 2 diabetic patients with minimal DR 
are thinner compared to normal controls. These results support the concept that early DR 
includes a neurodegenerative component. 
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ABSTRACT

Diabetic retinopathy (DR) classically presents with microaneurysms, small haemorrhages 
and/or lipoprotein exudates. Several studies have indicated that neural loss occurs in DR 
even before vascular damage can be observed. This study evaluated the possible relation
ship between structure (spectral domain optical coherence tomography) and function 
(Rarebit visual field test) in patients with type 1 diabetes mellitus and no or minimal DR. 
Results demonstrated loss of macular visual function and corresponding thinning of the 
ganglion cell layer (GCL) in the pericentral area of the macula of diabetic patients (Rs = 
0.65, p < 0.001). In multivariable logistic regression analysis, GCL thickness remained an 
independent predictor of decreased visual function (OR 1.5, 95% CI 1.1 – 2.1). Early DR 
seems to include a neurodegenerative component.  
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INTRODUCTION

One of the most frequent causes of blindness among adults in the Western world is dia
betic retinopathy (DR).1 The clinical hallmarks of DR are primarily vascular, including micro
aneurysms, hemorrhages, capillary occlusions, and lipoprotein exudates. In addition to 
vascular changes,  neurodegenerative changes have been described including neural 
apoptosis, loss of ganglion cell bodies, glial reactivity and reduction in thickness of the 
inner retinal layers in the earliest stages of DR.214 These findings of structural neuropathy 
may explain the neuroretinal functional deficits that are known in patients with diabetes, 
even before the presence of frank retinopathy. Several studies have shown electroretino
gram abnormalities, loss of dark adaptation and contrast sensitivity and colour vision dis
turbances independent of vascular retinopathy.1523 

Conventional threshold perimetry and visual function tests are insensitive measures of 
minor neurovisual damage.24, 25 The Rarebit technique, which includes Rarebit Perimetry 
(RBP) and the Rarebit Fovea Test (RFT), was developed to improve detection of subtle 
defects.26  The Rarebit technique is based on the principle of detection of very small and 
bright stimuli. The small stimulus corresponds to half the minimum angle of resolution 
at the tested retinal location. The test avoids simultaneous stimulation of more than one 
receptive field, defined as the group of photoreceptors converging on the same ganglion 
cell. 27 In a previous study  employing the Rarebit technique, Nilsson et al. detected foveal 
dysfunction in patients with diabetes mellitus type 1 without DR. 28 

With optical coherence tomography (OCT) the retinal thickness (RT) can be measured 
with high accuracy. The retinal thickness in diabetic patients with no or minimal DR is thin
ner than in normals.16, 2833 The high resolution of spectral domain OCT (SDOCT) allows 
measurement of the thickness of all individual retinal layers, especially if the layers are seg
mented automatically in threedimensions.34 Results of a recent study showed that the 
decreased total RT in type 1 diabetic patients with minimal DR is predominantly caused 
by a thinning of the ganglion cell layer (GCL) in the pericentral area and retinal nerve fiber 
layer (RNFL) thinning in the peripheral area of the of the macula, i.e. both axons and nerve 
bodies are involved in thinning.35

The purpose of the present study is to evaluate the hypothesis that GCL thickness mea
sured with SDOCT and the function of the macula tested with the Rarebit technique are 
associated in patients with type1 diabetes mellitus (DM) and no or minimal DR.  

MATERIALS AND METHODS

Patients
Patients with type 1 DM were recruited from the outpatient clinic of the department of 
Internal Medicine at the Academic Medical Center (AMC University Hospital, Amsterdam, 
the Netherlands) for an ongoing longitudinal observational study. In September 2008 
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they were invited to participate in this observational crosssectional study. Additionally, 
healthy agematched individuals served as controls. The study adhered to the tenets of 
the Declaration of Helsinki, and Institutional Review Board approval was obtained at both 
the AMC and the University of Iowa.  All subjects provided written informed consent.

DR status was evaluated by a retinal specialist through indirect fundoscopy, slitlamp 
stereo biomicroscopy and stereoscopic fundus photography. Patients were included 
if they were diagnosed with minimal or no DR. The definition of minimal DR was con
form stage 2 of the International Clinical Diabetic Retinopathy Disease Severity Scale.36 
Control subjects did not have a diagnosis of any ocular disease, diabetes or other sys
temic disease, and were randomly recruited from accompanying persons of patients vis
iting the outpatient clinic of the department of Ophthalmology. Exclusion criteria were 
refractive errors over S+5, or under S8 diopters, visual acuity below 20/25, significant 
media opacities, previous ocular surgery and a previous diagnosis of glaucoma, uveitis, 
or retinal disease.

Age, gender, duration since diagnosis of diabetes and serum glycosylated hemo
globin (HbA1c) at the time of the study examinations were gathered from the patient 
charts. Best corrected visual acuity was obtained conform the Early Treatment Diabetic 
Retinopathy Study, and recorded as Snellen equivalent. All subjects underwent Rarebit 
Perimetry and the Rarebit Fovea Test. 26 Finally, all subjects underwent papillary dilata
tion and an ophthalmic examination including slitlamp biomicroscopy with a handheld 
lens (SuperField; Volk Optical, Inc., Mentor, OH), OCT imaging (3D OCT1000, Topcon 
Corporation, Tokyo, Japan) and stereoscopic fundus photography (TRC50IX; Topcon 
Corporation, Tokyo, Japan).  

Rarebit Perimetry and Rarebit Fovea Test
The RBP and the RFT form a computerized visual function test developed to detect subtle 
damage to the visual system.26 The RBP evaluates the central 30° visual field, while the RFT 
evaluates the central 4° visual field. The test principle is to briefly (200 ms) present zero, 
one, or two, bright small (<0.5 min of arc) dots against a dark background in a completely 
dark room. Due to photopic luminance levels for both the fixation mark and the test tar
gets, dark adaptation is not of influence for test results. The subjects are asked to focus on 
the fixation mark and meanwhile respond by clicking a mouse button once or twice when 
they detect one respectively two dots anywhere on the screen. The result of the Rarebit 
test is presented as mean hit rate (MHR). The MHR is a percentage of the stimuli seen by the 
subject of all presented stimuli. In this study we combined the RFT and RBP and present a 
combined MHR. The combined MHR is abnormal if below 95%.37, 38  

Optical coherence tomography imaging and layer segmentation
OCT images of the subjects were obtained with SDOCT (3D OCT1000, Topcon 
Corporation, Tokyo, Japan) using the 3D volume scan protocol (6 ×6 ×2.2 mm3), consist
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ing of 128 (y) by 512 (x) by 650 (z) voxels. From this volume, nine intraretinal surfaces 
defining 8 retinal layers were segmented automatically by our algorithm, which uses an 
extensively validated, robust fully threedimensional graph search approach.34 The 8 lay
ers were interpreted as follows (from inner to outer surface): 1/ retinal nerve fiber layer 
(RNFL), 2/ ganglion cell layer (GCL), 3/ inner plexiform layer (IPL), 4/ inner nuclear layer 
(INL), 5/ outer plexiform layer (OPL), 6/ outer nuclear layer (ONL) + inner segments (pho
toreceptors) (IS), 7/ outer segments (photoreceptors) (OS), 8/ retinal pigment epithelium 
(RPE) (Figure 1). 

The pericentral area of the macula  a donut shaped ring centered on the fovea with 
an inner diameter of 1 mm  was defined by one of the authors (HvD), who was masked 
for the DR status and demographic features of the patients and controls. The mean thick
ness of each layer in the pericentral area was automatically calculated with the computer 
program ImageJ 1.41.39 

Figure 1. The intraretinal surfaces in a macular Bscan as indicated by the colored lines and the corresponding  
retinal layers in figures. The retinal surfaces are segmented fully automatically using an inherently 3D approach. 
1/ retinal nerve fiber layer, 2/ ganglion cell layer, 3/ inner plexiform layer, 4/ inner nuclear layer, 5/ outer plexiform 
layer, 6/ outer nuclear layer + inner segments, 7/ outer segments, 8/ retinal pigment epithelium.

Statistical analysis
For the statistical analyses SPSS 16.0.2 for Windows (SPSS, Chicago, IL) was used. An inde
pendent ttest was used to assess differences in mean age and MHR between diabetic 
patients and controls. A Chisquare test was used to compare distribution of gender 
between patients and controls. Mean HbA1c, age, duration of diabetes and mean peri
central GCL thickness of diabetic patients with subnormal MHR and diabetic patients with 
normal MHR were compared using the independent ttest. The presence or absence of DR 
was compared between patients with subnormal and normal MHR using the Chisquare 
test. The possible correlation between MHR and pericentral GCL and INL thickness was 
analyzed using the Spearman rank test. Multivariable logistic regression analyses were per
formed to identify independent predictors of subnormal MHR. Confidence intervals were 
computed at the p = 0.05 level.
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RESULTS

Thirtytwo patients type 1 diabetes with no or minimal DR and 38 controls were included. 
There was no significant difference in age and gender between patient groups and con
trols. Patients were in reasonable glycemic control (mean HbA1c = 8.1%; SD = 1.4). 

The mean MHR of patients with DM and controls were 93.5 ± 5.3 and 97.1 ± 2.8, respec
tively. The mean MHR of the patient group was significantly decreased compared with the 
control group (95% CI of the difference 1.6 – 5.6).The subjects with subnormal MHR had 
significantly longer duration of DM and were older than subjects with normal MHR (see 
Table 2). HbA1c did not differ significantly between the groups. Although the number of 
subjects with minimal DR differed substantially between the patient group with subnor
mal MHR and normal MHR this difference was not significant (Chisquare, p = 0.08). The 
patients with subnormal MHR had significantly lower pericentral GCL and INL thickness 
(see Table 3). The remaining retinal layers did not differ significantly between patients with 
normal and subnormal MHR.

Table 1. Demographics of patients with type 1 diabetes and controls. 

Parameters DM (n=32) Controls (n=38)

Age (yrs) 34 ± 10 35 ± 11

Gender (M:F) 12 : 20 19 : 19

 HbA1c (%) 8.1 ± 1.4 

Values are the mean ± standard deviation for all subjects in each group. DM, diabetes mellitus; , not performed; 
HbA1c, glycosylated hemoglobin; MHR, mean hit rate.  

Table 2. Duration of diabetes, age, HbA1c and retinopathy status in patients with type 1 diabetes with subnor
mal MHR compared to patients with normal MHR.

Parameters
Subnormal 
Rarebit
(n=14)

Normal 
Rarebit
(n=18)

Mean difference
95% CI of the difference

Lower Upper

Duration of DM (yrs) 24.6 ± 9.9 16.7 ± 5.3 7.9 2.3 13.4

Age (yrs) 39.8 ± 9.3 30.1 ± 7.9  9.6 3.4 15.8

HbA1c (%) 7.8 ± 1.3 8.4 ± 1.5  0.59 1.6 0.5

Minimal DR (%) 64% 33% NA NA NA

Values are the mean ± standard deviation. CI, confidence interval; DM, diabetes mellitus; DR, diabetic retino
pathy; HbA1c, glycosylated hemoglobin. 

In the population of 32 DM patients, both the pericentral GCL thickness (Rs = 0.65, p < 
0.001) and the pericentral INL thickness (Rs = 0.41, p = 0.02) showed a significant correla
tion with the MHR. However in logistic regression analysis with GCL and INL thickness as 
variables, the GCL thickness was the strongest independent predictor of subnormal MHR 
(OR 1.37, 95% CI 1.05 – 1.79) compared to the INL thickness (OR 0.99, 95% CI 0.72 – 1.37). 
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Table 3. Mean layer thickness measurements (microns) of the individual intraretinal layers in the pericentral area 
of the macula in patients with type 1 diabetes with subnormal Rarebit MHR compared to patients with normal 
Rarebit MHR.

Parameters
Subnormal 
Rarebit
(N=14)

Normal Rarebit
(N=18)

Mean difference
95% CI of the difference

Lower Upper

RNFL 20.3 ± 1.8 21.4 ± 1.9 1.1 2.4 0.3

GCL 46.3 ± 5.4 54.5 ± 4.6 8.2 -11.8 -4.6

IPL 37.0 ± 4.4 38.1 ± 2.9 1.1 3.8 1.4

INL 37.3 ± 4.7 40.8 ± 3.4 3.5 -6.4 -0.6

OPL 29.9 ± 4.8 28.3 ± 2.7 1.6 1.1 4.4

ONL + IS 86.9 ± 13.0 93.3 ± 9.0 6.4 14.4 1.5

OS 27.2 ± 2.0 26.2 ± 1.7 1.0 0.2 2.4

RPE 38.6 ± 1.8 39.6 ± 1.4 1.0 2.1 0.2

Values are the mean ± standard deviation for all subjects in each group. The bold values indicate a statistically 
significant difference between patients with normal and subnormal rarebit Test. DR, diabetic retinopathy; CI, 
confidence interval; RNFL, retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner 
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segments; OS, outer segments; RPE, 
retinal pigment epithelium.

Subsequently the GCL thickness remained the only independent predictor of subnormal 
MHR (OR 1.5, 95% CI 1.1 – 2.1) in a second multivariable logistic regression analysis with 
GCL thickness, duration of DM, DR status, HbA1c and age as variables. Duration of DM (OR 
1.0, 95% CI 0.8 – 1.1), DR status (OR 0.7, 95% CI 0.04 – 10.9), HbA1c (OR 2.5, 95% CI 0.8 – 7.6) 
and age (OR 0.9, 95% CI 0.8 – 1.0) had no predictive value for subnormal MHR. A scatter
plot of GCL thickness versus MHR is shown in Figure 2.

Figure 2. Scatterplot of pericentral GCL thickness versus MHR in type 1 diabetes patients
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DISCUSSION

These results support our hypothesis that GCL thickness as measured with SDOCT and the 
macular sensitivity as tested with the Rarebit technique are associated. In fact, decreased 
GCL thickness in the pericentral area of the macula correlates highly with MHR, and is the 
only significant predictor of subnormal MHR, independent of other known variables. To 
our knowledge, this study is the first to describe the possible link between structure and 
function in type 1 diabetes patients. 

The results support the early neurodegenerative effect of diabetes on the retina. The 
ganglion cells seem to be most vulnerable to diabetes related degeneration 26, 8, 10, 13, 14. This 
study shows a decreased MHR in diabetes patients due to loss of receptive fields which is 
possibly caused by apoptosis of ganglion cells throughout the retina. However, the ques
tion remains whether the function decrease is directly and solely caused by the ganglion 
cell loss or whether the ganglion cell loss is a proxy for a more general neuronal loss. In this 
study the INL was also significantly decreased in thickness. All retinal neurons  photore
coptors, bipolar cells, horizontal cells, amacrine cells and ganglion cells – are involved in 
the transmission of visual signals to the brain.40  Degeneration of the neuroretinal system 
is associated with architectural defects such as loss or disconnection of retinal ganglion 
cells or upstream connections. The results of the Rarebit test in type 1 diabetes patients 
indicate that such architectural defects may produce the small visual field defects as 
observed in this study.26   

Both foveal dysfunction and GCL thinning in patients with type 1 diabetes have been 
described previously.28, 32, 35 In glaucoma, previous studies attempted to understand how 
functional losses may relate to structural damage. Glaucoma is an optic neuropathy charac
terized by a loss of retinal ganglion cells leading to characteristic changes in the structure of 
the optic disc and in loss of visual fields, as measured with standard automated perimetry. 
Recent studies detected macular thinning of the ganglion cell layer in glaucoma patients 
using SDOCT. The location of ganglion cell loss colocalized with the visual field loss. The 
most severe loss of ganglion cells was seen in patients with the most severe loss of visual 
field loss. Significant thinning of the GCL could be detected in preperimetric glaucoma 
patients. These studies confirm the relationship between structural loss of ganglion cells 
and functional loss.4145 In patients with DM the loss of ganglion cells is much less pro
nounced, and in general will not lead to frank visual field loss. The Rarebit technique tests 
visual function differently and is sensitive to local loss of single receptive fields.  

The present study has some pitfalls. The grading of the severity of DR was done by a 
single reader through ophthalmologic examination and evaluation of a single set of ste
reoscopic central retinal photographs, instead of the gold standard, i.e. 7 field stereoscopic 
fundus photography assessment by independent trained graders.46 However, the patients 
definitely did not have advanced retinopathy, indicating that the results do apply to the 
earliest stage of DR.
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Type 2 diabetes is often subclinical. It cannot be excluded that some controls actually 
had diabetes type 2 and elevated blood sugar levels because the HbA1c of the normal 
subjects was not known. The prevalence of diabetes at this age is however low. The pres
ence of undiagnosed diabetes would most likely lead to underestimation of the difference 
in retinal layer thickness between patients and controls instead of overestimation. .  

Furthermore, the number of included patients in this study is low. Due to low power 
it cannot be ruled out that some of the variables in the logistic regression model would 
have been significantly correlated with the decrease of MHR if the number of patients 
was higher. In a previous study concerning GCL thinning in diabetic patients, the pres
ence of early vasculopathy was the most important explanatory variable for the observed 
decrease in GCL thickness. The same study showed that the duration of DM was signifi
cantly correlated with GCL thickness.35 Studies by Nilsson et al. and Salvetat et al. both 
previously showed that age correlated negatively with MHR.38, 47 However the fact that in 
this study solely the GCL remains an independent predictor in the multivariable logistic 
regression model despite the small number of included patients shows that the correla
tion between the GCL thinning and the visual function is strong. 

In summary, this study demonstrates subtle loss of macular visual function and cor
responding loss of thickness of the GCL in the pericentral area of the macula in type 1 dia
betic patients. These results support the concept that early DR includes a neurodegenera
tive component. Though larger studies are needed, the hypothesis of diabetes causing a 
retinal neuropathy independent of vascular retinopathy is intriguing, and potentially links 
retinal neuropathy to other diabetic neuropathies. 
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ABSTRACT

Purpose. To determine the effect of age on the thickness of individual retinal layers, mea
sured with spectraldomain optical coherence tomography (SDOCT), in a population of 
healthy Caucasians.

Methods. One hundred and twenty subjects with an age ranging between 18 and 81 
years were examined with SDOCT. Mean layer thickness was calculated for seven retinal 
layers, in the fovea (region 1 of the 9 Early Treatment Diabetic Retinopathy Study (ETDRS) 
regions); in the pericentral ring (ETDRS regions 2 to 5); and the peripheral ring (ETDRS 
region 6 to 9) following automated segmentation using the Iowa Reference Algorithm. In 
addition, mean peripapillary retinal nerve fiber layer (RNFL) thickness was measured. The 
partial correlation test was performed on each layer to determine the effect of age on layer 
thickness, while correcting for spherical equivalent, sex and Topcon image quality factor 
as confounders, followed by Bonferroni corrections to adjust for multiple testing. 

Results. The thickness of the peripapillary RNFL (R0,332, P<0,001), pericentral GCL 
(R0,354, P <0,001), peripheral IPL (R0,328, P<0,001) and foveal OSL (R0,381, P<0,001) 
decreased significantly with increasing age. Foveal RPE thickness (R0,467, P<0,001) 
increased significantly with increasing age; other layers showed no significant differences 
with age. 

Conclusions. Several macular layers and the peripapillary RNFL thickness showed signifi
cant changes correlated with age. This should be taken into consideration when analyzing 
macular layers and the RNFL in SDOCT studies of retinal diseases and glaucoma. 
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INTRODUCTION

The introduction of optical coherence tomography (OCT) has made it possible to visualize 
the human retina noninvasively in vivo with high resolution and to quantify retinal struc
tures, such as total retinal thickness (RT) with high accuracy. Measurement of RT is impor
tant in the diagnosis and monitoring of retinal and optic nerve diseases, but to distinguish 
disease processes from normal agerelated changes it is important to know the effect of 
aging on OCT measurements of the retina. Multiple OCT studies measuring the total RT in 
healthy subjects have shown a significant decrease in RT with age, in the pericentral and 
peripheral Early Treatment Diabetic Retinopathy Study (ETDRS) macular regions.110  

In recent years, several algorithms have been developed for Spectral Domain OCT 
(SDOCT) that allow for automatic measurement of the thickness of individual retinal lay
ers in the macula, in addition to the segmentation of the retinal nerve fiber layer (RNFL), a 
tool provided by all commercially available devices.1118  

Employing one of these techniques, the Iowa Reference Algorithm, a thinning of the gan
glion cell layer (GCL) has been demonstrated in the pericentral macula and a corresponding 
loss of RNFL thickness in the peripheral macula in patients with type 1 or type 2 diabetes 
and no or minimal diabetic retinopathy compared with control subjects.19, 20  For studies of 
changes in retinal layer thickness due to diseases like diabetes mellitus, Alzheimer’s disease, 
glaucoma or multiple sclerosis, it is essential to include the influence of age as a confounder 
of individual retinal layer thickness in the analysis. In support of this notion, in a recent study, 
Ooto et al. have shown changes in individual retinal layer thickness with increasing age in 
the eyes of a Japanese population, using an automated layer segmentation algorithm.15 

There is an increasing interest in the effects of aging in general and parameters of the 
aging process that can be objectively measured. The eye is of interest in that respect, and 
several ocular parameters have been defined in a review by Pathai et al, such as the RNFL, 
but changes in the macular area could be of interest as well.21

To collect reference data on the effect of aging on individual retinal layers, in the pres
ent pilot study, we used 3D volume scans of the macula and the optic disc made with a 
SDOCT (TRCNW7SF Mark II; Topcon Medical Systems, Inc.,  Oakland, NJ) in combination 
with the Iowa Reference Algorithm to determine the effect of aging on the thickness of 
seven individual retinal layers in 120 eyes of 120 healthy Caucasian men and women aged 
between 18 and 81 years.12, 13   

SUBJECTS AND METHODS

Subjects
In this prospective, crosssectional observational study, the subjects were randomly 
recruited from accompanying persons of patients visiting the ophthalmology outpatient 
clinic of the Academic Medical Center, Amsterdam, the Netherlands, between January 
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2012 and January 2013 who fulfilled all inclusion and exclusion criteria. The study adhered 
to the tenets of the Declaration of Helsinki. Investigative Review Board approval was 
obtained at the AMC and all participants gave written informed consent. 

Inclusion criteria were a history without any ocular disease, diabetes, systemic hyper
tension or any other (chronic) autoimmune or infectious disease, such as HIV, multiple 
sclerosis and rheumatoid arthritis, that could affect the retina. 

Exclusion criteria were refractive errors over S+5.5 or under S8.5 diopters, visual 
acuity below 0,1 logMAR, intraocular pressure (IOP) higher than 21 mm Hg, significant 
media opacities, previous ocular surgery and a previous diagnosis or any present sign of 
glaucoma, uveitis or retinal disease. Visual acuity was measured using a modified ETDRS 
chart with Sloan letters (Lighthouse, NY) at 4 meters. Best corrected visual acuity (BCVA) 
was recorded in logMAR units. IOP was measured by airpuff tonometry (Computerized 
tonometer CT80; Topcon Medical Systems, Inc.). All subjects underwent pupil dilation 
(1,0% tropicamide) and an ophthalmic examination, including slitlamp biomicroscopy 
with a handheld lens, as well as fundus photography to rule out any signs of retinopathy or 
glaucoma. Only one eye of each participant was randomly selected for OCT examination 
(3D OCT1000, Topcon Corp., Tokyo, Japan) and was scanned after pupil dilation. 

SD-OCT and Layer Segmentation
OCT images of the subjects were obtained with SDOCT (Topcon Corp.) using the 3D mac
ular and disc volume scan protocols (6 ×6 ×2.2 mm3), consisting of 128 (y) by 512 (x) by 
650 (z) voxels. Only highquality images with a Topcon image quality factor (QF) > 60 were 
used.  

From each 3D macular volume, 11 intraretinal surfaces defining 10 retinal layers were 
segmented automatically by The Iowa Reference Algorithm (Retinal Image Analysis Lab, 
Iowa Institute for Biomedical Imaging, Iowa City, IA. http://www.biomedimaging.uiowa.
edu/downloads/), which uses an extensively validated, robust fully threedimensional 
graph search approach.12, 13  In this study, the highly reflective layer between inner and 
outer segments, and the outer segments up to the retinal pigment layer were taken 
together as one layer, the outer segment layer (OSL), ignoring the line ascribed to the cone 
outer segments. The remaining 8 layers were interpreted as follows (from inner to outer 
surface): (1) RNFL; (2) GCL;( 3) inner plexiform layer (IPL); (4) inner nuclear layer (INL); (5) 
outer plexiform layer (OPL); (6) outer nuclear layer (ONL) + inner segments (IS; photorecep
tors); (7) outer segment layer (from inner –outer segment transition up to retinal pigment 
epithelium); (8) retinal pigment epithelium (RPE) (Fig. 1).
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Figure 1. Macular Bscan with intraretinal surfaces as indicated by the colored lines and corresponding retinal 
layers. (layer 1) Retinal nerve fiber layer. (Layer 2) Ganglion cell layer. (Layer 3) Inner plexiform layer. (Layer 4) 
Inner nuclear layer. (Layer 5) Outer plexiform layer. (Layer 6) Outer nuclear layer + inner segments (photorecep
tors). (Layer 7) Outer segments (photoreceptors). (Layer 8) Retinal pigment epithelium.

The Iowa Reference Algorithm allows analysis according to the ETDRS grid, which allows for 
the calculation of the thickness of all individual retinal layers for each of the 9 ETDRSgrid 
defined regions.12, 13  In this study for each layer, three retinal areas were defined using this 
ETDRS grid: the fovea, the central circle with a diameter of 1 mm; the pericentral ring, a 
donut shaped ring centered on the fovea with an inner diameter of 1 mm and an outer 
diameter of 3 mm; and the peripheral ring, with an inner diameter of 3 mm and outer 
diameter of 6 mm (Fig. 2). Because inner retinal layers are nearly absent in the fovea, only 
outer retinal layer thicknesses were analyzed in this 1mm diameter area in the center of 
the fovea.

Figure 2. ETDRS grid. Nine subfields of the nine ETDRS regions in each eye. (a) Right eye. (b) Left eye. (c) The 
four regions around the fovea constitute the pericentral ring (red coloured ring). Thickness measurement of 
the pericentral ring is estimated by averaging the thickness measurements of the four quadrant areas. (d) The 
four yellowcoloured regions constitute the peripheral ring. Thickness measurement of this area is estimated by 
averaging the thickness measurements of the four quadrant areas. 

a b c d
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Thickness measurements of the pericentral and peripheral rings were estimated by 
averaging the thickness measurements of the four corresponding quadrant areas (seg
ments 2 to 5 for the pericentral ring and segments 6 to 9 for the peripheral ring; Fig. 2). 
In addition, thickness measurements of the entire area within the ETDRS grid were calcu
lated automatically by the Iowa Reference Algorithm and this area was defined as ‘’Whole 
macular region’’.12, 13  

Finally, peripapillary RNFL thickness measurements were acquired from the 3D optic 
nerve head OCT’s using the same Iowa Reference Algorithm.12, 13  The peripapillary ring was 
centered manually if needed, with the center of the ring coinciding with the center of the 
optic disc. 

Statistical Analysis
Statistical analyses were performed with commercial statistical software (IBM SPSS 
Statistics v 19 for Windows; SPSS Inc., Chicago, IL).  The Partial correlation test was used 
to determine the effect of age on individual layer thickness with spherical equivalent 
(SE), Topcon image quality factor QF and sex as confounders, since these parameters are 
known to influence OCT thickness measurements.2, 4, 5, 8, 9, 15, 2229 Bonferroni corrections were 
applied to counteract the effect of multiple testing with statistical significance set at P < 
0.001. Finally, linear regression analysis was performed for the layers that correlated sig
nificantly with age. 

RESULTS

Demographic and ocular features of the study population are presented in Table 1. There 
were no significant differences in any of the parameters between men and women. Table 2 
shows the mean layer thickness measurements (µm) of the individual retinal layers of the 
subjects in the central fovea (only outer retinal layer thicknesses), pericentral and periph
eral rings (all retinal layers) and the correlation between these layers with age, adjusted 
for Topcon image QF, SE and sex. The thickness of the pericentral GCL, peripheral IPL and 
foveal OSL decreased significantly with increasing age (Table 2; Figs. 3AC). Foveal RPE 
thickness increased significantly with increasing age (Table 2; Fig. 3D); other layers showed 
no significant differences with age.  
Mean peripapillary RNFL thickness decreased significantly with age (R = 0,332, P < 0,001; 
partial correlation test; adjusted for spherical equivalent, sex and Topcon image quality 
factor; Fig. 3E). There was a significant positive correlation between mean peripapillary 
RNFL thickness and mean pericentral GCL thickness (R = 0,553, P < 0,001; Pearson correla
tion coefficient; Fig. 3F). 
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Table1. Demographic and Ocular Features of Included Subjects

Mean ± SD Range

OD:OS, ratio 73:47 

Men: women, ratio 63:57 

Age, y 46,9 ± 16,5 18  81

Topcon image QF, disc scan 85,0 ± 7,5 60 – 98,9

Topcon image QF, macula scan 84,5 ± 7,0 63,5 – 100

SE refraction, D 1,6 ± 2,8  8,5 – 5,25

IOP, mm Hg 14,6 ± 3,2 7 – 20 

BCVA, logMar 0,0 ± 0,1 0,3 – 0,1

DISCUSSION

The purpose of this study was to evaluate the effect of age on individual retinal layer 
thickness and peripapillary RNFL thickness, calculated from 3Dvolume scans made with 
a SDOCT  (Topcon Medical Systems, Inc.), using the Iowa Reference Algorithm.12, 13  The 
data were adjusted for confounders SE, Topcon Image QF and sex, since these factors are 
known to influence OCT thickness measurements.2, 4, 5, 8, 9, 15, 2229  

The present study demonstrated a significant decrease in peripapillary RNFL thickness, 
pericentral GCL thickness, peripheral IPL thickness and foveal OSL thickness with increas
ing age, while foveal RPE thickness correlated positively with age. Regarding the topo
graphic distribution of the changes in retinal layer thickness over time, we postulated that 
the effect of age on the neuroretina would be most probably a diffuse loss of neural tissue 
over time, and would include all cells of the retina. A minute percentage loss of cells/ tissue 
would be best measured in those areas where a certain cell type in a certain retinal layer is 
thickest. For that reason changes in RNFL can be best measured in a ring around the optic 
nerve and changes in the ganglion cell layer in the pericentral area. The same could be true 
for the changes in RPE thickness and OSL in the fovea, but another explanation for these 
central changes can be the excessive metabolic strain that accumulates over the years in 
this most central part of the retina. The inner plexiform layer in the peripheral area reflects 
perhaps the loss of the pericentral GCL and the connections with the bipolar cells. 

Using the findings of this study (Fig. 3) one can estimate that, over a period of 20 years, 
an individual will lose approximately 2,66 µm of peripapillary RNFL, 2,06 µm of pericentral 
GCL, 0,92 µm of peripheral IPL and 1,76 µm of foveal OSL, while the foveal RPE will increase 
with 3,08 µm. However, these numbers are just an impression of the theoretical speed of 
age related changes based on the found linear relationship between thickness measure
ments and age (Fig. 3). These figures are hypothetical, and can only be demonstrated with 
a longitudinal study (perhaps changes do not occur early in life, but only from a certain 
age, and this would be obscured in our analysis). 
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Table 2. Correlations of Age with Thickness of Macular Layers after adjusting for Spherical Equivalent, Topcon 
Image Quality Factor and sex. 

Macular layer Region Mean thickness 
(n=120)

R P*

RNFL   Whole 31,8 ± 3,1 0,109 0,241

  Pericentral ring 23,1 ± 1,8 0,216 0,019

  Peripheral ring 35,4 ± 3,8 0,082 0,382

GCL   Whole 33,1 ± 3,3 0,270 0,003

  Pericentral ring 50,6 ± 5,6 0,354 <0,001 §

  Peripheral ring 28,5 ± 3,0 0,193 0,037

IPL   Whole 37,5 ± 2,6 0,273 0,003

  Pericentral ring 40,7 ± 3,3 0,030 0,747

  Peripheral ring 37,0 ± 2,9 0,328 <0,001 §

INL   Whole 32,6 ± 2,4 0,193 0,037

  Pericentral ring 39,6 ± 3,2 0,055 0,556

  Peripheral ring 30,9 ± 2,5 0,259 0,005

OPL   Whole 26,1 ± 2,0 0,180 0,053

  Fovea 24,4 ± 5,1 0,097 0,299

  Pericentral ring 29,0 ± 3,5 0,156 0,093

  Peripheral ring 25,2 ± 1,8 0,188 0,042

ONL + IS   Whole 84,5 ± 7,6 0,177 0,056

  Fovea 117,0 ± 11,7 0,138 0,138

  Pericentral ring 95,9 ± 9,3 0,063 0,499

  Peripheral ring 79,9 ± 7,3 0,230 0,013

OSL   Whole 39,7 ± 2,8 0,047 0,613

  Fovea 48,6 ± 3,9 0,381 <0,001 §

  Pericentral ring 42,6 ± 3,6 0,105 0,258

  Peripheral ring 38,4 ± 2,9 0,006 0,945

RPE   Whole 19,2 ± 1,7 0,032 0,730

  Fovea 18,3 ± 2,4 0,467 <0,001 §

  Pericentral ring 18,2 ± 1,9 0,177 0,056

  Peripheral ring 19,6 ± 1,8 0,124 0,183

Values are mean ± SD (µm). Whole, entire ETDRS area;  fovea, central fovea (1 mm); pericentral ring, 13 mm from 
the fovea; peripheral ring, 36 mm from the fovea. RNFL: retinal nerve fiber layer, GCL: ganglion cell layer, IPL: 
inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL+IS: outer nuclear layer + inner seg
ments (photoreceptors), OSL: outer segment layer (photoreceptors), RPE: retinal pigment epithelium. 
* P using Partial Correlation Coefficient. 
§ Statistically significant after Bonferroni correction. 
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Figure 3. Scatterplots of simple linear regression between: age and mean pericentral GCL thickness (A), mean 
peripheral IPL thickness (B), mean foveal OSL thickness (C), mean foveal RPE thickness (D), mean peripapillary 
RNFL thickness (E); and  between mean pericentral GCL thickness and mean peripapillary RNFL thickness (F). 
PCR: pericentral, GCL: ganglion cell layer, PR: peripheral, IPL: inner plexiform layer, OSL: outer segment layer, RPE: 
retinal pigment epithelium, PP: peripapillary, RNFL: retinal nerve fiber layer. 
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The mean OCT based thickness data of the layers acquired in this study (Table 2) are 
similar to those reported in other SDOCT studies, with some small differences that can be 
attributed to differences in study populations, the OCT devices used, and the algorithms 
to calculate the thickness of the individual layers.8, 11, 14, 15, 30 

The differences of the thickness of the individual retinal layers with age observed in the 
present study are mostly in concordance with previous studies, although Ooto et al report a 
thickening of the OSL while we describe a thinning with aging and the RPE was not included 
in other segmentation algorithms.6, 10, 15, 31 Ooto et al. use a different definition of the OSL, 
compared to the present study, and mention in their discussion that RPE and OS tip lines 
were difficult to identify independently in some subjects, which may have led to an underes
timation of OSL thickness in their study.15  Because of this ambiguity in the definition of the 
OS tips, we defined the layer between the IS/OS transition and RPE as representing the OSL. 

Histological studies support our results: the GCL and their axons (the RNFL) are vul
nerable to loss during aging and there is a decrease in cone pigment (contained within 
several hundreds of infolded plasma membrane discs of the outer segments) with age, 
which indicates a loss and displacement of photoreceptors with age.3235  Several structural 
changes occur as the RPE ages, including loss of melanin granules, increase in the den
sity of residual bodies and accumulation of lipofuscin, accumulation of basal deposits on 
or within Bruch’s membrane, formation of drusen and thickening of Bruch’s membrane.36  
This can all lead to a thickening of the RPE with older age on OCT measurements, either 
real or due to increased reflectivity leading to optical ‘pseudothickening’. 

In the present study there is a significant positive correlation between pericentral GCL 
thickness and peripapillary RNFL thickness (Fig. 3F). Since the RNFL consists of axons of 
the GCL, it is feasible that a thinner GCL would indeed lead to a thinner RNFL.  This is also 
described in other studies where the GCL(IPL) thickness correlated with peripapillary 
RNFL thickness.26, 27, 37  

Limitations of the present study are the relatively small sample size (n=120 compared 
to larger numbers in other studies) and the fact that it was based on crosssectional data 
rather than longitudinal data. Another pitfall is that the subjects were not objectively 
checked for systemic diseases such as diabetes or hypertension, but that rather self 
reported health information was used. 

In conclusion, this study indicates that changes in the thickness of several retinal layers 
occur with increasing age and this should be taken into consideration while interpreting ret
inal layer and RNFL thickness data in studies concerned with the effects of disease on the ret
ina. The age related changes of the retina may also be of use as a simple method to provide 
an objective parameter for aging in general, or aging in the course of systemic diseases.21 
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ABSTRACT

Purpose: This longitudinal study investigated the change of inner retinal layer thickness 
in patients with diabetes mellitus type 1 and no or minimal diabetic retinopathy, and its 
association with duration of diabetes, glycemic control, and the presence and progression 
of retinal vasculopathy.

Methods: Mean layer thickness was calculated for the ganglion cell plus inner plexi
form layer (GCL+IPL) and retinal nerve fiber layer (RNFL) at different time points over a 
5 year period following automated segmentation of Time Domain Optical Coherence 
Tomography images. A retinal specialist graded the fundus photographs for retinal vas
culopathy. 

Results: The GCL+IPL thinned by approximately 0.29 μm per year, and the  RNFL by 0.25 
μm per year taking into account age, gender, duration of diabetes, HbA1c, and the pres
ence and progression of retinal vasculopathy. Patients with longer duration of diabetes 
prior to inclusion had thinner neuroretinal layers in the pericentral area at baseline. Neither 
presence, nor progression of vasculopathy or  HbA1c were associated with the progressive 
thinning of the inner retinal layers. 

Conclusion: Diabetic retinal neurodegeneration in diabetes type 1 is progressive over 
time and is related to duration of diabetes, but occurs independently of glycemic control 
and presence or progression of visible retinal vasculopathy. 
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INTRODUCTION

Diabetic retinopathy (DR) is a microvascular disease defined by the presence of retinal 
ischemia and vascular leakage, as indicated by the typical lesions of microaneurysms, 
capillary nonperfusion, neovascularization, hemorrhages, macular edema, and lipopro
tein exudates. Many studies have shown that DR can be accompanied by neurodegenera
tive changes including neural apoptosis, loss of ganglion cell bodies, glial reactivity and 
reduction in thickness of the inner retinal layers in the earliest stages of DR, in both animal 
models and in humans 125 . This diabetic retinal neuropathy corresponds to early retinal 
functional deficits that have been found in patients with diabetes, including electroret
inogram abnormalities, loss of dark adaptation and contrast sensitivity, color vision distur
bances, abnormal microperimetry and frequency doubling technology (FDT) visual field 
testing, even in the absence of DR.2635 

In the retina, glia and neurons closely interact with the retinal vasculature to main
tain the homeostasis necessary for normal neuroretinal function.1, 11, 15, 16, 19, 36 However, 
the pathophysiological relationship between vascular diabetic retinopathy and diabetic 
retinal neuropathy is unknown. Diabetic retinal neuropathy could be a secondary effect of 
vascular damage, itself resulting from hyperglycemia, leading to increased permeability 
and occlusion of the retinal microvasculature and subsequent neuronal loss. In this sce
nario diabetic vasculopathy would preceed the retinal neuropathy. An alternative hypoth
esis is that diabetes primarily affects the neuroretina, and that this secondarily compro
mises vascular integrity by an unknown mechanism, in which case diabetic vasculopathy 
is preceded by diabetic retinal neuropathy. Currently, neither of these hypotheses has 
been refuted, and it is also possible that these pathological changes occur independently, 
as two separate sequelae of the diabetic state both interfering with visual function. 

The introduction of optical coherence tomography (OCT) has allowed measurements 
of the thickness of the different retinal layers with high accuracy in vivo. Fully automated 
algorithms have been developed for the segmentation of retinal timedomain and spec
traldomain OCT scans that are capable of detecting seven to11 surface boundaries in 
the retina.37, 38  We and others have shown in crosssectional studies that decreased retinal 
thickness in diabetic patients with no or minimal DR is decreased in previous crosssec
tional studies, due to decreased thickness of the inner retinal layers, specifically the gan
glion cell layer.2, 5, 13, 2023, 25 This inner retinal thinning was related to diabetes duration, but 
not to the presence of DR.21 

The purpose of the present prospective longitudinal study is to investigate the pro
gression patterns of thinning of ganglion cell and nerve fiber layers thickness in diabetes 
over time, correcting for the effects of normal aging, and to determine the possible rela
tionship between this inner retinal change and diabetes parameters, and the presence or 
progression of retinal vasculopathy. 
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MATERIALS AND METHODS

Patients
Fortyfive patients, recruited from the outpatient clinic of the department of Internal 
Medicine at the Academic Medical Center  at the University of  Amsterdam, the Netherlands 
between July 2004 and June 2005, participated in this ongoing longitudinal observational 
cohort study. These patients also participated in our previously reported observational 
crosssectional studies that demonstrated significant loss of thickness of the GCL and 
corresponding loss of RNFL thickness in type 1 diabetic patients with minimal DR when 
compared to normal non diabetic controls.20, 21 The study adhered to the tenets of the 
Declaration of Helsinki. Investigative Review Board approval was obtained at both the AMC 
and the University of Iowa and all participants provided written informed consent. 

Patients with type 1 diabetes mellitus (DM) were included if they had no DR or minimal 
DR as determined by a retinal specialist through slitlamp stereo biomicroscopy and fun
dus photographs (TRC50IX; Topcon Corporation, Tokyo, Japan). Minimal DR was defined 
as the presence of at least one microaneurysm and/or hemorrhage in the central retina 
in the absence of peripheral lesions, conform stage 2 of the International Clinical Diabetic 
Retinopathy Disease Severity Scale.39 Patients with any sign of diabetic macular edema 
were excluded. Other exclusion criteria were refractive errors over S+5 or under S8 diop
ters, visual acuity below 20/25, significant media opacities, previous ocular surgery, and a 
previous diagnosis of glaucoma, uveitis, or other retinal disease. All patients underwent 
complete ophthalmologic examination at baseline and thereafter approximately every 12 
months. Visual acuity was measured using an Early Treatment Diabetic Retinopathy Study 
chart at 4 meters. After pupil dilation with 0.5% phenylephrine hydrochloride and 1.0% 
tropicamide, both eyes were examined with stereoscopic slitlamp biomicroscopy and 
a handheld lens (SuperField; Volk Optical, Inc., Mentor, OH). Subjects were imaged with 
StratusOCT (StratusOCT, Model 3000, Carl Zeiss Meditec, Dublin, CA, USA, software version 
4.0.1). The fast macular thickness OCT scan protocol was performed. This scan protocol 
obtains six crosssectional Bscans, 6 mm in length, at equally spaced angular orienta
tions (30º) in a radial spoke pattern centered on the fovea.  At each visit fundus photo
graphs (IMAGEnet ibase, version 3.5.4; Topcon Europe Medical, Capelle a/d/IJssel, the 
Netherlands) were taken and a retinal specialist graded the diabetic vasculopathy (grade 
0= 0 microaneurysms;  grade 1= 05 microaneurysms; grade 2= 510 microaneurysms; 
grade 3= 1020 microaneurysms; grade 4= >20 microaneurysms). This grading described 
the presence and progression of vascular lesions. Blood pressure and HbA1c were mea
sured at each visit.  

Automated segmentation and thickness measurement of the separate layers
The 6 retinal layers that can be identified using automated segmentation of the six cross
sectional Bscans were interpreted as follows (from inner to outer surface): retinal nerve 
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fibre layer (RNFL), ganglion cell layer (GCL) + inner plexiform layer (IPL), inner nuclear layer, 
outer plexiform layer,outer nuclear layer + inner segments (photoreceptors), outer seg
ments (photoreceptors).38 In this paper we focussed on the RNFL and the GCL+IPL because 
in our previous studies in DM patients a significant thinning of these inner retinal layers 
was found compared to healthy control subjects.2022 After segmentation, two retinal areas 
of interest were defined as follows: the pericentral area, a donut shaped ring centered on 
the fovea with an inner diameter of 1 mm and an outer diameter of 3 mm; and the periph
eral area, with an inner diameter of 3 mm and outer diameter of 6 mm. 

Statistical analysis
Statistical analysis was performed using SPSS software version 20.0 (SPSS Inc., Chicago, 
IL, USA) and SAS software version 9.2 (SAS Institute Inc., Cary, North Carolina). Analysis 
of variance (ANOVA) was used to assess differences between the 4 follow up visits in 
mean HbA1c, mean blood pressure and mean best corrected visual acuity (BCVA). In a 
previous study it was demonstrated that there was no statistical difference in measure
ments between both eyes, and one eye was at random chosen for the present analysis.40  
Changes over time in the thickness of the inner retinal layers were assessed using a linear 
mixed regression model with a firstorder autoregressive covariance structure, to take into 
account that repeated measurements on the same subject over time are highly correlated. 
The firstorder autoregressive covariance structure takes into account that observations 
on the same subject that are closer in time are more highly correlated than measurements 
at times further apart. The correlation between two measurements within the same sub
ject decreases exponentially as the length of time between the measurements increases. 
The mixedeffects model is also robust to missing data and can handle uneven spacing of 
the repeated measurements. The model was adjusted for age, gender, duration of diabe
tes, HbA1c, DR at inclusion and progression of DR, which were included as fixedeffects in 
the model. Age, HbA1c and progression of DR were included in the model as time updated 
covariates. The primary research objective was to test if there was progressive thinning 
of the pericentral and peripheral RNFL and/or CGL+IPL. To limit the risk for type I errors 
because of multiple testing, a Bonferroni correction was applied: Pvalues below 0.0125 
were considered to be statistically significant. All reported pvalues are 2sided.

RESULTS

In total, 45 patients with type 1 diabetes mellitus, who had already been described in a 
previous crosssectional study, were included.20, 21  At the time of inclusion 21 patients had 
no DR and 24 patients showed minimal DR. During follow up, 18 patients showed progres
sive vasculopathy. The mean HbA1c at baseline was 8.2 (SD 1.2%). There were no statisti
cally significant differences in mean HbA1c, blood pressure and BCVA between the 4 study 
visits. The median follow up time was 73.0 months (IQR 57.5 – 80). The minimal followup 
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time was 37 months, the maximum was 79 months. Some patients skipped intermediary 
visits (n=6), and some were lost to followup (n=10) because of migration. 

The linear mixed model showed that the inner retinal layers decrease in thickness over 
time while adjusting for gender, age at inclusion, duration of diabetes, HbA1c, DR at inclu
sion and DR progression. The changes in RNFL and the GCL+IPL thickness over time are 
shown in Table 2. We observed thinning of the pericentral and peripheral RNFL and in the 
pericentral GCL+IPL over time. The macular GCL+IPL thins approximately 0.29 μm per year, 
and the peripheral and macular RNFL thickness by 0.25 μm per year. Although the GCL+IPL 
layer in the peripheral ring shows a trend to become thicker over time, this change was not 
statistically significant. 

Table 1. Baseline characteristics of the study group at inclusion. 

Characteristics Diabetic patients

No. of patients* 45

Age (years) 31 ± 10 

Male gender, n 17 (37.9%)

Duration of diabetes (years) 16.4 ± 7.6

No. of patients with minimal DR 24 (53.3%)

BCVA (logMAR) 0.05 ± 0.07

HbA1c (%) 8.2 ± 1.2

Systolic blood pressure (mmHg) 123 ± 14

Diastolic blood pressure (mmHg) 76 ± 10

Values are the mean ± standard deviation or number of patients. DR, diabetic retinopathy; BCVA, best corrected 
visual acuity; HbA1c, glycosylated hemoglobin.

Patients with longer duration of diabetes prior to inclusion had thinner RNFL and thin
ner GCL layers in the pericentral area at inclusion. The thinner layers observed with each 
year of longer diabetes duration are in agreement (both in direction and magnitude) 
with the decrease per year during the observation period. Each year of longer duration 
of diabetes prior to inclusion was associated with a 0.21 and 0.19 μm thinner RNFL in the 
peripheral and pericentral macula, and during follow up the peripheral and pericentral 
RNFL thickness decreased with 0.25 and 0.25 μm per year. Each year of longer duration of 
diabetes prior to inclusion was associated with a 0.44 μm thinner GCLIPL in the pericentral 
macula and during follow up the GCLIPL thickness decreased with 0.29 μm per year. 
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Table 2. Four linear mixed regression models: change over time of the retinal nerve fiber layer thickness and 
the ganglion cel plus inner plexiform layer thickness in type 1 diabetes patients with no or minimal diabetic 
retinopathy (DR). In the table the change in thickness is shown per 1 unit change of each independent variable. 

Effect  Model 1: RNFL 
 (peripheral) *

Model 2: RNFL 
(pericentral) *

Model3 : GCL+IPL 
(peripheral) *

Model 4:  GCL+IPL 
(pericentral) *

Intercept 38.72
(32.68 to 44.76) 
<.001

15.05
( 10.05 to20.05)
<.001

71.21
(65.40 to 77.03)
<.001

104.18 
(93.58 to 114.78)
<.001

Female gender 0.27 
(1.84 to 1.31)
 0.739

-1.79 
(-3.10 to -0.48) 
0.008

0.11 
(1.50 to  1.71) 
0.896

-4.22 
(-7.49 to -0.95) 
0.012

Age at inclusion 
(year)  

0.02 
(0.13 to  0.08) 
0.612

0.08
(0.02 to  0.15) 
0.135

0.06 
(0.15 to  0.06) 
0.374

0.04 
(0.19 to  0.27) 
0.786

Duration prior DM 
(year) 

-0.21 
(-0.34 to -0.06) 
0.005

-0.19 
(-0.30 to -0.08) 
0.002

0.11 
(0.27 to  0.04) 
0.120

-0.44 
(-0.74 to -0.13) 
0.004

Minimal DR at 
inclusion 

0.19 
(2.09 to  1.69)
 0.838

1.03
(0.55 to  2.60) 
0.203

0.17 
(1.73 to  2.05) 
0.864

1.71
(1.98 to  5.38) 
0.361

Follow-up (year) -0.25
(-0.42 to -0.08) 
0.004

-0.25 
(-0.40 to -0.11) 
<.001

0.19 
( 0.04 to  0.36) 
0.021

-0.29 
(-0.49 to -0.08) 
0.006

DR score (grade) 0.06 
(0.59 to  0.70) 
0.855

0.06 
(0.48 to  0.61) 
0.815

0.32 
(0.93 to  0.29) 
0.283

0.63 
(1.48 to  0.23) 
0.147

HbA1c (%) 0.40 
(0.80 to 0.00) 
0.048

0.13 
(0.19 to  0.46) 
0.432

0.17 
(0.19 to  0.51)
 0.366

0.06 
(0.42 to  0.53) 
0.811

* fixedeffect parameter estimate (95% confidence interval), t statistic twotailed pvalue. DR, diabetic retinopathy; 
HbA1c, glycosylated hemoglobin; RNFL retinal nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer. 

DISCUSSION

Several previous reports have shown that the inner retinal layers in the macula of diabetic 
patients with minimal DR are thinner compared to normal nondiabetic.2, 5, 13, 2023, 25 The 
results of our present study now demonstrate that the thinning of the inner retinal layers – 
specifically RNFL, GCL, and IPL  in the macula is progressive over time and that duration of 
diabetes appears to be a key determinant.  In contrast, this retinal neurodegeneration was 
not associated with presence or progression of visible retinal vasculopathy, or magnitude 
of hyperglycaemia and therefore these processes seem to occur independently in the con
text of diabetes. 

Although the negative relationship between duration of diabetes and inner retinal 
layer thickness seems statistically robust, the hypothesis that retinal neurodegeneration 
is the direct result of hyperglycemia is disputable. The results of this present study pro
vide no evidence for a strong correlation between HbA1c levels and the thinning of the 



106

Chapter 8

peripheral RNFL or GCL. The question is which other mechanisms than hyperglycemia 
in diabetes could be the cause of the observed retinal neurodegeneration. The mole
cular mechanisms involved in retinal neurodegeneration in diabetes have previously 
been proposed to be complex and may include a combination of ocular factors such as 
increased oxidative stress, loss of neuroprotective factors, increased inflammation, glu
tamate excitotoxicity, and systemic factors including hyperglycemia, dyslipidemia, and 
insulin deficiency.19 

When studying changes in retinal layer thickness, it is essential to distinguish disease 
processes from normal agingrelated changes. Various previous papers described age 
related thinning of inner retinal layers in de macula in normal subjects. Ooto et al. found 
agerelated losses in the thicknesses of the RNFL, GCL and IPL over the whole macula of 
0.05, 0.07 and 0.05 μm/year, respectively.41  Demirkaya et al. postulated that a healthy indi
vidual will lose 0.133 μm/year of peripapillary RNFL, 0.103 μm/year of pericentral macu
lar GCL and 0.046 μm/year of peripheral macular IPL.42  Kim et al. showed that the mean 
inner retinal layer thickness (RNFL, GCL and IPL) decreased by approximately 0.159 μm/
year.43  Mwanza et al. found a 0.102% decrease in thickness per calendar year (approxi
mately 0.07 μm/ year).44   The data of these previous studies and our study are difficult to 
compare because the methods differed in OCT devices, scanning area and segmentation 
algorithms. However, the rate of thinning of the macular RNFL and GCL in our group of 
diabetic patients did exceed the thinning observed in the normal population in these pre
vious studies. By extrapolation, the results of the present study suggest a decline in GCL
IPL thickness in the pericentral macula of 2.9 μm per decade (0.29 μm per year) in type 1 
diabetes patients, and for the RNFL thickness a decline of  2.5 μm per decade (0.25 μm per 
year). In our patient population, the linear mixed regression model showed that age was 
not significantly associated with macular RNFL or GCL thickness, which might be because 
our patient population is relatively young with a mean age of 31 years at the time of inclu
sion, and the limited age range. Mwanza et al. showed that in their patient population the 
GCL+IPL thickness was stable between 18 and 49 years and then decreased progressively. 
They found that the correlation of average GCLIPL thickness with age was curvilinear, 
with a steeper drop beyond the age of 60 years.44 

Our results indicate a strong relationship between the inner retinal layer thicknesses 
and gender, although we did not find evidence that the rate of thinning is different for 
men and women. Both the GCL+IPL and the RNFL are significantly thinner in the macula 
of female subjects compared to men, but the rate of thinning over time was not signifi
cantly different between men and women. This is in line with earlier studies showing that 
retinal thickness is significantly thinner in female subjects.41, 45  Koh et al., described that 
specifically the GCL+IPL thickness is significantly lower in females compared to men.46 
Other studies however have found no relationship between inner retinal layer thickness 
and gender.43, 47  The present findings indicate that gender must be considered while inter
preting macular retinal thickness data. 
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The present study has several limitations. The grading of the severity and progression 
of DR was done by a single reader through ophthalmologic examination including indi
rect fundoscopy, slitlamp stereo biomicroscopy, and 3field fundus photography, instead 
of the gold standard, i.e. 7 field stereoscopic fundus photography assessment by indepen
dent trained graders.48  Time domain OCT is limited because only 6 scans are obtained that 
need to be interpolated over relatively large areas. With the advent of spectral domain 
OCT, regional differences in layer thickness can be determined more reliably. Although the 
faster scanning time and increased depth resolution of the spectral domain OCT allow for 
a substantial improvement of retinal thickness mapping resolution, with less movement 
artefacts, there is no reason to believe that the outcome of this study would have been 
different using the spectral domain OCT. 

In summary, this study shows for the first time that thinning of the inner neuro
retinal layers in the macula is progressive over time and exceeds the expected effects of 
normal aging, and that this diabetic retinal neurodegeneration is associated with dura
tion of diabetes, but occurs independently of  presence or progression of visible retinal 
vasculopathy,and glycemic control. 
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Discussion

Diabetic retinopathy
Diabetic retinopathy (DR) is one of the leading causes of blindness in developed countries.1  
The clinically visible onset of DR with microaneurysms, capillary nonperfusion, hem
orrhages and/or lipoprotein exudates has led to the assumption that DR has primarily a 
microvascular origin. The vascular focus is largely due to the fact that the retinal vascular 
abnormalities are visible by ophthalmoscopy, and that advanced vascular abnormalities 
correlate with and/or directly cause vision loss.2  The retina is a layered tissue lining the inte
rior of the eye that enables the conversion of incoming light into a neural signal that is suit
able for further processing in the visual cortex of the brain. The retina is an extension of the 
brain embryologically, and both can be considered to be neural tissue with vascular supply. 
Normal function of the retina depends on the interaction between neuronal cells, includ
ing photoreceptors, horizontal and bipolar cells, and amacrine and ganglion cells, and their 
supporting glia cells (astrocytes and Muller cells), as well as inner vascular  (endothelial cells 
and pericytes) and outer bloodretinal (choroidal vessels and pigmented epithelium) bar
riers.3 The complexity and functional demands of the retina make it susceptible to even
tual loss of tissue homeostasis in the presence of diabetes.2  Balancing local blood supply 
and metabolic demands are important aspects in neuronal tissue. Iadecola was the first to 
introduce the term neurovascular unit to describe the functional unit formed by neurons, 
astrocytes, smooth muscle cells and endothelial cells that controls cerebral blood flow in 
response to metabolic demand.4  Metea and Newman described this functional and struc
tural interactions between  neurons, glial cells, and vascular cells in the inner retina.5 Thus in 
both the retina and in the brain, neurovascular coupling regulates blood flow to meet the 
oxygen and nutrient demand created by electrical and metabolic activities. The retina is a 
neurovascular unit. 

Functional retinal changes in diabetes
Retinal dysfunction in diabetes can be measured by a variety of psychophysical and elec
trophysiological methods, as well as by methods to measure blood flow changes. 

In people with diabetes who have no clinically visible signs of diabetic retinopathy the 
physiology of the neurovascular unit is altered. The ability of the retinal circulation to regu
late blood flow in response to neural activity or metabolic demand is diminished. These 
alterations can be measured with flicker light stimulation of the retina. In the normal retina, 
the increase of neural activity from flicker light stimulation leads to an increase in blood 
flow and subsequent retinal arterial and venous dilation. In people with diabetes, even 
before the onset of structural microvascular abnormalities on dilated indirect fundoscopy 
and retinal color photographs, these flickerinduced blood flow changes are attenuated.68 
The mechanism by which diabetes affects the neurovascular coupling response to flicker
ing light is not clear. 
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Furthermore, several studies have shown using psychophysical and electrophysical 
methods that vascular changes in the retina of diabetic patients are accompanied or even 
preceded by neurodegenerative changes.916 

Psychophysical methods 
Visual acuity is the most commonly used functional test of the retina. However, in the 
early stages of diabetic retinopathy visual acuity is normal, because this test measures 
the foveal function which is not impaired until the later stages of diabetic retinopathy. 
Standard automated perimetry, microperimetry, frequency doubling technology, short 
wavelength automated perimetry and Rarebit technique all show a reduction of retinal 
sensitivity outside the fovea in diabetic patients even in the absence of DR.1722  Contrast 
sensitivity is also diminished in the absence of vasculopathy.23  Color vision defects such 
as tritan color confusion and loss of sensitivity to blue light are demonstrated to occur in 
diabetic patients.24, 25  

Electrophysological methods
Electrophysiological methods allow the evaluation of the entire visual pathway. The func
tion from retinal photoreceptors to the occipital primary visual cortex, can be objectively 
assessed by recording cortical potentials evoked by patterned stimuli (visual evoked 
potentials). There are several studies showing VEP responses with an increased implicit 
time and a decreased amplitude in persons with type 1 diabetes with and even without 
DR.2628  Abnormal VEPs observed in people with diabetes indicate a general involvement 
of the visual system or of one of its composing structures. Furthermore, in healthy con
trol subjects, photostress induces VEP changes consisting of an increase in implicit time 
and decrease in amplitude, which recovers in a range of between 68 and 78 seconds.29  
However in people with diabetes with and without vasculopathy this implicit time after 
photostress is increased, the amplitude is lower and the recovery time is increased com
pared to control subjects.30  This abnormal VEP results after photostress suggest macular 
dysfunction in the diabetic patient. 

The electroretinogram (ERG) is an electrophysical test that provides objective and 
quantitative information on retinal (dys)function by recording electroretinographic 
signals evoked by a light stimulus (flash or pattern). A full field response is generated by 
stimulating the entire retina with a flash light stimulus. Major components of the electri
cal waveform thus measured include the awave, primarily derived from the photorecep
tors; the bwave, derived from the inner retina (probably Muller and bipolar cells); and 
the cwave, derived from the RPE and photoreceptors. The oscillatory potentials (OP) are 
lowamplitude, highfrequency wavelets superimposed on the ascending limb of the ERG 
bwave. The exact intraretinal sites from which the OPs originate are unknown.31  Retinal 
function as measured by OPs can be abnormal in diabetics before  vascular changes are 
clinically observable.28, 3234  Bresnick et al. showed that the reduction in OP amplitudes 
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 predicts progression of DR.35 The ERG response generated by a pattern stimulus, is thought 
to reflect the ganglion cell activity.36, 37  Impaired pattern ERG responses are present in dia
betes patients with disease duration ranging from less than 6 months.28, 38  Multifocal ERG 
(mfERG) is a technique used to measure the function of localized regions of the retina. With 
mfERG it is therefore possible to detect focal retinal abnormalities. Studies using mfERG 
revealed that measuring focal areas of increased implicit time can predict the develop
ment of retinal vascular changes in patients with diabetes.39, 40  

Structural retinal changes in diabetes
The microvascular changes visible with ophthalmoscopy are microaneurysms, hemor
rhages, lipid exudates, macular edema, capillary occlusion, cottonwool spots and neovas
cularizations. Chronic exposure to hyperglycaemia is hypothesized to initiate a cascade of 
biochemical and physiological changes that ultimately lead to microvascular damage.41  
Retinal pericyte loss from the retinal capillaries is a characteristic early feature of preclini
cal DR. Normal pericytes have a contractile function involved in blood flow autoregula
tion in the retina. The loss of pericytes is accompanied by the loss of capillary endothelial 
cells and presumably vasoregression, the loss of capillaries. In response to the subsequent 
hypoxia, retinal cells express VEGF and other stress factors, stimulating increased capil
lary permeability, microaneurysm formation and parainflammation. Affected areas tend 
to enlarge, possibly by a vicious circle of VEGFinduced vascular closure and ischaemia, 
resulting in focal or diffuse retinal vascular leakage threatening the function of the macula, 
or in worse cases in preretinal vascularization causing blindness by hemorrhage or scar 
formation. Diabetes not only causes microvascular changes. The above mentioned func
tional studies indicate that there is an early retinal neurodegenerative component in peo
ple with diabetes. This early retinal neuropathy observed in diabetic patients is confirmed 
by studies showing alterations in structure of different retinal cell types. Histopathologic 
studies emphasized the loss of neurons in human diabetic retinopathy more than 40 years 
ago.42, 43  Barber et al. showed that experimental streptozotocin (STZ) diabetes in rats and 
diabetes mellitus in humans are accompanied by increased apoptosis of retinal neural 
cells.44  This occurred already after only 1 month of experimental diabetes in rats, and a 
similar increase in apoptosis was noted in a human retina after six years of diabetes. The 
STZ diabetic rats had significantly reduced inner retinal layer thickness 7.5 months after 
onset of hyperglycemia, suggesting that the diabetes induced apoptosis leads to loss of 
cells in the inner retinal retina. Apoptosis was also increased in the Ins2Akita mouse model 
of type 2 diabetes to a similar extent as in STZ diabetic rats.45  Data from human retinas 
suggest that there are similar increases in apoptosis, which indicates that these animal 
models accurately reflect the apoptosis in the human retina in diabetes.44, 46 The inner reti
nal layer thickness was reduced in Ins2Akita mice after 5 months of hyperglycemia.47 Several 
studies have demonstrated loss of ganglion cells in animal models of diabetes. Barber et 
al made an approximation of 10% reduction of ganglion cells after 7 months of diabetes.44   
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Another study with retinas of STZ diabetic mice identified a 2025% reduction of ganglion 
cells after 14 weeks of hyperglycemia.48  Besides accelerated apoptosis of retinal neurons, 
glial activation, impaired glial cell metabolism, have also been found in animal studies.4955 
Several studies have measured the thickness of the retinal nerve fiber layer (RNFL). The 
thickness of the RNFL is assumed to be related to the number of ganglion cells.56, 57  Chihara 
et al. found defects in the thickness of the RNFL using red free fundus photography in 20% 
of the patients without vascular retinal changes such as microaneuryms.58 With the use of 
scanning laser polarimetry several studies have found a correlation between RNFL layer 
thinning, glycemic control, duration of DM and degree of DR.5961 
 
Optical coherence tomography
With optical coherence tomography (OCT) and advanced segmentation algorithms, it 
has become possible to image the human retina longitudinally and quantitatively in vivo 
and to measure total retinal thickness (RT) and the thickness of specific layers with high 
accuracy.62, 63  Several groups have shown that total RT is decreased in patients with no or 
minimal DR compared with healthy controls.19, 6469  As the retinal layers are affected dif
ferentially by diabetes it is desirable to quantify thickness of the separate  layers within 
the retina. Automated threedimensional segmentation algorithms (such as the Iowa  
Reference Algorithms http://www.iibi.uiowa.edu/content/downloads) allow the mea
surement of the thickness of the individual retinal layers in time domain OCT (TDOCT), 
spectral domain and swept source OCT (SDOCT) scans.7072  The studies described in this 
thesis show that the thinning of the previously described pericentral macula from TDOCT 
images in patients with diabetes without DR is due to a selective loss of thickness in the 
inner retinal layers, in particular the ganglion cell layer (GCL) plus inner plexiform layer 
(IPL).73  However, the individual layers of the retina that can be distinguished on SD OCT 
images allow for an even more detailed analysis of the individual layers. Measurements 
of individual retinal layers thickness with segmentation of SDOCT images demonstrated 
GCL thinning in the pericentral area and corresponding loss of  RNFL thickness in the 
peripheral macula in patients with type 1 diabetes with minimal DR compared with con
trol subjects.57  Additionally, in type 2 diabetes patients with minimal DR the inner retinal 
layers in the macula are thinner than in controls.74  Other research groups also measured 
inner retinal layers thickness changes in the macula of people with diabetes without 
minimal or no DR, and their results confirm the diminished inner retinal layer thickness 
in diabetes compared to control subjects as described in this thesis.67, 75, 76 These RNFL and 
GCL losses, though significant in groups of patients, are not large enough to characterize 
individual patients. The reason is that single measurements show high variability between 
individuals, both normal and diseased, and standard single cutoff values, are too insen
sitive to detect differences changes. Longitudinal observations detecting significant 
trends of change could be more useful in this respect. Recently it was demonstrated, that 
the thinning of the inner retinal layers – specifically RNFL, GCL, and IPL  in the macula is 
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 progressive over time in patients with type 1 DM, with no or minimal vasculopathy and 
that duration of diabetes appears to be a key determinant.77  Interestingly, neither the 
presence of vasculopathy, nor an increase of vasculopathy during the observation period, 
was significantly related to this decrease in layer thickness. With several studies demon
strating decline of the neuroretina in vivo in humans, it has been proven to be possible to 
measure and quantify, both microvascular damage, and neural damage in the retina.

Is there a relationship between vascular diabetic retinopathy and diabetic retinal 
neuropathy?
The molecular mechanisms involved in retinal neurodegeneration in diabetes are complex 
and may include a combination of ocular factors such as increased oxidative stress, loss of 
neuroprotective factors, increased inflammation, glutamate excitotoxicity, and systemic 
factors including hyperglycemia, dyslipidemia, and insulin deficiency.14, 78  The exact rela
tionship, if there is any at all, between vascular diabetic retinopathy and diabetic retinal 
neuropathy is not yet known. Diabetic retinal neuropathy could be a secondary result of 
vascular damage, itself the result of hyperglycemia, leading to increased permeability and 
occlusion of the retinal microvasculature and subsequent neuronal loss. In this scenario 
diabetic vasculopathy would probably be observed preceding the retinal neuropathy. An 
alternative hypothesis is that diabetes primarily affects the neuroretina, and that this sec
ondarily compromises vascular integrity by an unknown mechanism, in which case dia
betic vasculopathy is preceded by diabetic retinal neuropathy. It is also possible that these 
pathological changes occur independently, as two separate sequelae of the diabetic state. 

The studies mentioned previously, demonstrating structural or functional retinal neu
ropathy, were performed in diabetic patient or diabetes animal models with no or minimal 
DR. Thus, they indicate neuroretinal degeneration to be one of the earliest detectable reti
nal abnormalities in patients with DM, and possibly even preceding vasculopathy. Most of 
the functional studies in diabetic patients without apparent DR do not exclude the possi
bility of preclinical vascular changes,  not visible with funduscopy or fundus photography. 
Such subtle capillary dropout or changes in the bloodretinal barrier due to diabetes can 
be visualised on fluorescein angiogram (FA) and vitreous fluorometry (VF). Interestingly, 
Reis et al. recently found evidence for neuropathy in the absence of vascular DR in patients 
with diabetes type 1.79  They described implicit time changes measured with mfERG and 
impaired contrast sensitivity in the absence of breakdown of the blood retina barrier or 
capillary dropout,  as demonstrated with FA and VF.  Yoshida et al. performed electroreti
nography and vitreous fluorophotometry in diabetic patients and healthy control sub
jects.80  They found a delay in the peak implicit time of the oscillatory potential in the peo
ple with diabetes and no significant difference in the permeability of the bloodretinal bar
rier between the two groups. These results emphasize that the retinal functional changes 
may be present before changes in bloodretinal barrier permeability are apparent.80  
Harrison et al. recently showed that with the use of mfERG the onset of diabetic retino
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pathy can be predicted within small retinal patches.40  Di Leo measured the natural course 
of diabetic retinal dysfunction in a group of diabetic patients and no DR with fluorescein 
angiography and focal electroretinogram at the macula, for 3 years. The results suggests 
that in diabetic patients the neuronal function of the retina was surprisingly impaired after 
only a few years of disease before clinically detectable vascular abnormalities occurred. 
Two other longitudinal studies demonstrating progression of neurodegeneration both 
show no association between progressive neurodegeneration and the presence or pro
gression of vascular diabetic retinopathy.77, 81 Hellgren et al detected progression of early 
retinal dysfunction with standard automated perimetry (SAP) in diabetic patients and no 
or minimal DR. Visual field deterioration was not correlated with a change in retinopathy.81  
Van Dijk et al. showed that the thinning of inner retinal layers in the macula in diabetes 
type 1 is progressive over time and is related to disease duration but occurs independently 
of retinal vasculopathy.77 

However, contradicting this, a recent study performed by Lasta et al. indicates that 
the retinal vascular response to flicker stimulation is reduced before the reduction in pat
tern ERG in patients with type 1 diabetes without DR.6  This seems to indicate that in early 
diabetes, the abnormal retinal response may not be a consequence of reduced neuronal 
activity. However, they used pattern ERG instead of mfERG, and  the latter is superior in 
measuring early retinal neurodegeneration in diabetic patients. 

Though the results of the above studies as well as our results may sometimes contradict 
each other, in general they suggest that both processes are independent of each other. 
However, both processes once established, dependent or independent of each other, will 
probably negatively influence one another, because the retina behaves as a neurovascular 
unit in which neurons, glial and microglial cells, and blood vessels are organized to facili
tate adaptations to varying conditions.3 

Neuroprotection
The standard of care of newly diagnosed DR relies on laser photocoagulation and injection 
of antiVEGF agents.82, 83 However, laser treatment is not uniformly successful in halting 
visual decline and is associated with side effects such as moderate visual loss, diminished 
visual field, reduced color vision, and reduced contrast sensitivity.84  Although success has 
not been total, the antiVEGF treatments represent a major advance in DR treatment.85  The 
antiVEGF treatments demonstrate that treating the vascular aspects in the later stages of 
the disease can preserve vision in many patients. However the greater goal is to prevent 
the onset of the disease or arrest its progression at a stage preceding the appearances 
of microvascular pathologies so that patients with diabetes can maintain vision without 
the need for invasive or destructive procedures such as intravitreal injections with anti
VEGF and photocoagulation. The local availability of growth factors and neurotrophins, 
which are peptides that promote neuronal differentiation and survival, are essential for 
the survival of retinal neurons in a hostile environment. In diabetes, the efficacy and/or 



119

General discussion

0

3

4

5

6

7

8

9

0

concentration of such molecules are reduced, suggesting that treatment with neuropro
tective factors has the potential to play a role in preventing vision loss associated with 
diabetes.14  The debate concerning the exact relationship between the vascular diabetic 
retinopathy and diabetic retinal neuropathy is relevant when we think in terms of possible 
neuroprotection in the future. When neurodegeneration precedes and possibly causes or 
accelerates the microvascular changes in DR, then retinal neuroprotection could possibly 
prevent or inhibit these microvascular changes and prevent vision loss. Even when both 
processes are independent, it is important to realize that due to retinal diabetic neuropa
thy the diabetic patient suffers vision loss such as color vision changes, diminished retinal 
sensitivity, and contrast sensitivity. The possibility of topical therapy delivering neuropro
tective agents could open up a new and safe strategy for the prevention or treatment of 
the early stages of DR and diabetic neurodegeneration.  

Biomarkers 
Functional and structural measurements of retinal neurodegeneration and neurovascu
lopathy in DM patients are excellent candidates to serve as biomarkers for early retinal 
damage, and could be used in future trials exploring interventions to prevent the late 
vascular, visual acuity threatening complications of diabetic  retinopathy. Moreover, these 
multiple biomarkers will possibly allow improved and early identification of persons with 
diabetes at increased risk for complications not only in the retina but possibly also in other 
organs. 

There is increasing evidence that longstanding diabetes is associated with cognitive 
decline, cerebral atrophy, white matter hyperintensities and infarctions.86  In one study, 
these changes seem not to be related to microvascular complications of diabetes, and 
were found not be associated with retinopathy.87  Van Duinkerken et al found that com
pared with healthy control subjects, functional connectivity and cognition differed in 
type 1 diabetic patients irrespective of microvascular complication status, indicating that 
chronic hyperglycemia, among other factors, may negatively affect brain functioning 
even before microvascular damage becomes manifest.88 As the retina is an extension of 
the brain and the high embryonic and cellular similarity of neuroretinal tissue and neo
cortical tissue, it is reasonable to expect to find similar pathologic changes in both. Easily 
imaged and quantified retinal biomarkers could possibly be used as biomarkers for early 
brain damage due to diabetes. 
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Summary

In Chapter 1, the introduction, a short outline is given of the issues addressed in this thesis. 

One of the retinal diseases in which optical coherence tomography (OCT) is of high diag
nostic value is diabetic retinopathy (DR) and in particular diabetic macular edema (DME).1  
DME is the most frequent cause of vision loss related to diabetes.2  DME is characterized by 
retinal thickening, hemorrhages, hard exudates and capillary microaneurysms.3  The fact 
that visual loss caused by DME can be prevented through pharmacological interventions, 
laser, or in some cases surgical treatment, places great importance on the proper detection 
of patients with DME. The study presented in Chapter 2 shows that the threshold for and 
dosage of photocoagulation treatment for diabetic macular edema (DME) differ depending 
upon whether the basis of retinal thickness diagnosis is clinical observation or OCT.4  The 
concordance rate in diagnosing retinal thickness by clinical examination and OCT was 67%. 
Even in the majority of concordant cases, the areas of agreement were only 33%. These vari
ances between the two different techniques for the assessment of DME appeared to lead 
to different photocoagulation treatment decisions. The study however also showed large 
differences in treatment plans between retinal specialists even when given identical infor
mation concerning presence and location of DME and treatable lesions. The study shows 
that the dosage of laser application may vary by six to eleven fold among retinal specialists. 
Although this study shows that this variability in the diagnosis and photocoagulation treat
ment of DME could lead to differences in patient outcome and laser study results, within 
the last 5 years the use of intravitreal antivascular endothelial growth factor (VEGF) agents 
have come into clinical practice for the management of DME, and several recent random
ized clinical trials have shown improved effectiveness of antiVEGF compared to focal/grid 
laser.5, 6  Even though, due to these developments, the indications for laser treatment have 
been changed and narrowed. A renewed definition of treatable DME with the use of OCT 
remains essential, because nowadays OCT is used as perhaps the most important tool in 
(re)treatment decisions regarding antiVEGF injections. 

The clinically visible onset of DR with microaneurysms, capillary nonperfusion, hemor
rhages, and/or lipoprotein exudates has led to the assumption that DR is primarily a micro
vascular disease. However neuronal degeneration and early retinal dysfunction have been 
observed in various animal models of diabetes and in humans with diabetes even before 
the onset of visible diabetic vasculopathy.725  With OCT, it became possible to image 
the human retina in vivo, and to measure the retinal thickness (RT) with high accuracy.1  
Several groups have shown that RT is decreased in diabetes patients with no or minimal 
DR, compared to normal controls.2631  As the retinal layers are affected differentially by 
diabetes it is desirable to quantify thickness of the separate  layers within the retina. Fully 
automated algorithms have been reported for the segmentation of retinal timedomain 
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(TDOCT) and spectraldomain OCT (SDOCT) scans, that are capable of detecting up to 
11 surface boundaries in the retina.3234  Chapter 3 demonstrates, with the use of auto
mated segmentation of TDOCT images, that thinning of the total retina in type 1 diabetic 
patients with minimal retinopathy compared with healthy controls is attributed to a selec
tive thinning of inner retinal layers.35  In patients with minimal DR, significant thinning 
was found in the pericentral area of the macula in de ganglion cell layer (GCL) plus inner 
plexiform layer (IPL) (5.42µm) and the inner nuclear layer (INL) (2.16µm). In the peripheral 
area, only the GCL plus IPL was thinner (2.14µm). In the studies, described in Chapter 4 
and 5 the thickness of individual retinal layers was measured with the use of automated 
segmentation of SDOCT images of the macula. The study described in Chapter 4 shows 
GCL thinning in the pericentral area and corresponding loss of retinal nerve fiber layer 
(RNFL) thickness in the peripheral macula in patients with type 1 diabetes with minimal 
DR compared with control subjects.36  The mean GCL in the pericentral area was 5.1 µm 
thinner, and in the peripheral macula the mean RNFL was 3.7µm thinner. The duration of 
DM was correlated significantly and inversely with GCL thickness, but in a multiple linear 
regression analysis including age, sex, HbA1c, diabetes duration and DR status, DR status 
was the most important explanatory variable. Chapter 5 demonstrates that also in type 2 
diabetes patients with minimal DR the inner retinal layers in the macula are thinner than 
in controls.37  In the pericentral area of the macula, the RNFL was 1.9µm thinner, the GCL 
was 5.2µm thinner, and the IPL was 4.5µm thinner in patient with minimal DR compared 
to controls. In the peripheral area of the macula the RNFL was 3.2µm thinner, and the IPL 
was 3.3µm thinner. A multivariable regression analysis including age, sex, HbA1c, diabetes 
duration, and DR status showed that DR status was the only significant explanatory vari
able. Chapter 6 evaluated the possible relationship between structural changes (SDOCT) 
and functional deficits (Rarebit visual field test) in patients with type 1 diabetes mellitus 
and no or minimal DR.38  Results demonstrated loss of macular visual function and corre
sponding thinning of the GCL in the pericentral area of the macula of diabetic patients. In 
multivariable logistic regression analysis, GCL thickness remained an independent predic
tor of decreased visual function. All the results in the studies described in Chapter 3, 4, 
5 and 6 support the concept that diabetes has an early neurodegenerative effect on the 
retina, which occurs even though the vascular component of DR is minimal. 

Chapter 7 indicates that changes in the thickness of several retinal layers occur with 
increasing age.39  More specifically, the thickness of the peripapillary RNFL, pericentral 
GCL, peripheral IPL, and foveal outer segment layer decreased significantly with increas
ing age. Foveal retinal pigment epithelium thickness increased significantly with increas
ing age. Other layers showed no significant differences with age. This again was measured 
with the use of automated segmentation of SDOCT images. These findings should be 
taken into consideration while interpreting retinal layer and RNFL thickness data in studies 
evaluating the effect of disease on the retinal thickness. 



129

Summary & samenvatting

0

3

4

5

6

7

8

9

10

Chapter 8 contains a prospective longitudinal study that shows for the first time that the 
thinning of the inner neuroretinal layers in the macula in human diabetes is progressive 
over time and exceeds the expected effects of normal aging.40  The pericentral macular 
GCL plus IPL thins approximately 0.29µm per year, and the RNFL thickness 0.25µm per 
year. Patients with longer duration of diabetes prior to inclusion had thinner RNFL and 
thinner GCL layers in the pericentral area. The thinner layers observed with each year of 
longer diabetes duration were in agreement with the decrease per year during the obser
vation period. Neither the presence of vasculopathy at inclusion was associated with the 
progressive thinning or thickening of the RNFL and GCL, nor progression of DR during the 
observation period. The results show that the severity of this diabetic retinal neurodenen
eration  is associated with the duration of diabetes, but seems to occur independently of  
the presence or progression of visible retinal vasculopathy. This finding indicates that dia
betic neuropathy and diabetic retinopathy in the retina may not be interrelated. 

In Chapter 9 the relationship between vascular diabetic retinopathy and diabetic retinal 
neuropathy is discussed. In the retina, glia and neurons closely interact with the retinal 
vasculature to maintain the homeostasis necessary for normal neuroretinal function but 
the exact relationship, if there is any at all, between vascular diabetic retinopathy and dia
betic retinal neuropathy is still unknown.7, 15, 41  However, recently it was shown in different 
longitudinal studies that progressive retinal neurodegeneration in early DR seems to be 
unrelated to vascular changes.25, 40  This could indicate that both processes are indepen
dent of each other. Furthermore functional and structural measurements of retinal neu
rodegeneration in DM patients are excellent candidates to serve as biomarkers for early 
retinal damage, and could be used in future trials exploring interventions to prevent the 
late vascular, visual acuity threatening complications of diabetic  retinopathy. As the retina 
is an extension of the brain and the high embryonic and cellular similarity of neuroretinal 
tissue and neocortical tissue, it is reasonable to expect to find similar pathologic changes 
in both. Easily imaged and quantified retinal biomarkers could possibly be used as bio
markers for early brain damage due to diabetes. Moreover, these biomarkers will possible 
allow improved and early identification of persons with diabetes at increased risk for com
plications not only in the retina, and the brain, but possibly also in other organs. 
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Samenvatting

In hoofdstuk 1, de introductie, wordt een korte inleiding gegeven op de onderwerpen die 
in dit proefschrift aan bod komen.  

Optical coherence tomography (OCT) is van grote waarde voor  het diagnosticeren van 
diabetisch macula oedeem (DME) in het kader van diabetische retinopathie (DR).1  DME is 
de meest voorkomende oorzaak van visusverlies, gerelateerd aan diabetes mellitus (DM).2  
DME wordt gekarakteriseerd door verdikking van de retina, harde exsudaten, en capillaire 
microaneurysmata.3  Visusverlies door DME kan voorkomen of afgeremd worden door 
farmacologische, laser of chirurgische behandelingen, hetgeen het vroegtijdig en accu
raat diagnosticeren van DME extra belangrijk maakt. In hoofdstuk 2 wordt aangetoond 
dat het moment en de mate van behandelen variëren al naar gelang de diagnose DME is 
gesteld door middel van klinische observatie met behulp van funduscopie of door middel 
van OCT.4  De gestelde diagnoses door klinische observatie respectievelijk OCT bleken  in 
slechts 67% van de casus overeen te komen. Slechts 33% van de gebieden met gediag
nosticeerde DME bleken gelijk/identiek gelokaliseerd te zijn. Deze verschillen tussen de 
twee diagnostische benaderingen bleken tijdens de studie tevens te leiden tot verschillen 
in de toegepaste laser behandelingen. De studie beschreven in hoofdstuk 2 toont ook 
grote verschillen in laserbehandeling tussen verschillende retina specialisten die iden
tieke informatie hadden gekregen betreffende de lokalisatie van DME en de eventueel te 
behandelen laesies. De studie laat zien dat het aantal lasercoagulaten tussen de verschil
lende retina specialisten zelfs met een factor zes tot elf kan variëren, hetgeen impliceert 
dat de resultaten van de laserbehandeling aanzienlijk uiteen kunnen lopen. De afgelopen 
5 jaar is het gebruik van intravitreale injecties met antivascular endothelial growth factor  
(antiVEGF) voor onder andere de behandeling van DME geïntroduceerd in de oogheel
kundepraktijk.  Verschillende gerandomiseerde klinische studies hebben aangetoond 
dat de behandeling van DME met antiVEGF effectiever is dan de behandeling met laser
coagulatie alleen.5, 6  Door deze ontwikkelingen is de indicatie voor laserbehandeling bij 
DME aangepast en wordt deze minder frequent toegepast. Een accurate definitie van DME 
gediagnosticeerd met behulp van OCT blijft echter hoogst wenselijk, omdat OCT tegen
woordig de belangrijkste parameters oplevert om te bepalen of DME wel of niet met anti
VEFG (her) behandeld dient te worden. 

De hoofdstukken 3, 4, 5, 6 en 8 betreffen studies naar de dikte van de retina bij patiën
ten met diabetes zonder DME en geen of slechts minimale diabetische retinopathie (DR). 
DM leidt tot aantasting van de integriteit van de retina. De klinisch zichtbare ontwikke
ling van DR met microaneurysma, capillaire non perfusie, bloedingen, harde exsudaten en 
DME heeft geleid tot de aanname dat DR hoofdzakelijk een microvasculaire aandoening 
is. Verschillende studies hebben echter met behulp van onderzoek op diermodellen en 
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patiënten met diabetes aangetoond  dat DR een neurodegeneratieve component heeft 
die zelfs vooraf lijkt te gaan aan de zichtbare tekenen van vasculopathie.725  In verschil
lende diabetische diermodellen is onder andere aangetoond dat de binnenste retinala
gen van de dieren met DM dunner zijn dan bij de controle groep. Met OCT is het mogelijk 
om de menselijke retina in vivo tot in detail te bestuderen  en om de retinadikte accu
raat te meten.1  Verschillende onderzoeksgroepen hebben aangetoond dat de retina is 
verdund bij mensen met diabetes zonder of met minimale DR vergeleken met een con
trolegroep.2631 Deze verdunning wijst op een neurodegeneratief proces optredend bij 
diabetes. Aangezien de verschillende lagen waaruit de retina is opgebouwd anders zou
den kunnen reageren op diabetes is meting van de dikte van de afzonderlijke lagen van 
belang . Het is mogelijk om met behulp van een algoritme de scans van zowel de time 
domain (TDOCT) als de spectraldomain OCT (SDOCT) geautomatiseerd te segmente
ren.32,33,34  De intraretinale lagen die op deze manier geïdentificeerd kunnen worden zijn:  
zenuwvezellaag (RNFL), ganglion cel laag (GCL), binnenste plexiform laag (IPL), binnenste 
nucleaire laag (INL), buitenste plexiform laag (OPL), buitenste nucleaire laag (ONL)+ bin
nenste segment van de  fotoreceptors (IS), buitenste segment van de fotoreceptors (OS) 
en het retina pigment epitheel (RPE). 

Hoofdstuk 3 demonstreert met behulp van de segmentatie van TDOCT scans dat de 
verdunning van de retina in type 1 diabeten met minimale DR wordt veroorzaakt door 
verdunning van de binnenste retinale lagen.35  Bij patiënten met minimale DR, is een 
verdunning gevonden in de GCL plus IPL (5.4 µm) en in de INL (2.16µm) in de pericen
trale ring van de macula. In de perifere ring van de macula is alleen de GCL verdund 
(2.14µm). In de hoofdstukken 4 en 5 worden  resultaten gepresenteerd van studies 
waarbij de dikte van de individuele retina lagen is gemeten met behulp van gesegmen
teerde SDOCT scans van de macula. De studie die beschreven wordt in Hoofdstuk 4  
laat verdunning van de GCL in de pericentrale ring van de macula en de corresponde
rende verdunning van de RNFL in de perifere ring zien bij patiënten met type 1 diabe
tes en minimale DR ten opzichte van dezelfde retinalagen in de controlegroep.36  De 
gemiddelde GCL in de pericentrale ring was 5.1 µm dunner en in de perifere ring was 
de gemiddelde RNFL 3.7 µm dunner. De duur van de diabetes was significant en omge
keerd gecorreleerd met GCL dikte, maar in een multipele lineaire regressie analyse 
waarin leeftijd, geslacht, HbA1c, diabetes duur en DR status waren geïncludeerd bleek 
DR status de enige significant verklarende variabele. Hoofdstuk 5 demonstreert dat 
ook bij patiënten met  type 2 diabetes met minimale DR de binnenste retina lagen in de 
macula dunner zijn dan in de controlegroep.37  In de pericentrale ring van de macula was 
de RNFL 1.9µm dunner, de GCL 5.2µm, en de IPL 4.5µm. In de perifere ring van de macula 
was de RNFL 3.2µm dunner, en de IPL 3.3µm. Een multipele lineaire regressie analyse 
met leeftijd, geslacht, HbA1c, diabetes duur en DR status liet opnieuw zien dat DR status 
de enige significante verklarende variabele was. Hoofdstuk 6 evalueert de mogelijke 
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relatie tussen de structurele  veranderingen, de verdunning van de binnenste retinala
gen, en functionele veranderingen, zoals in deze studie een afwijkende Rarebit perime
trie, bij patiënten met type 1 diabetes zonder of met minimale DR.38  De resultaten laten 
een verminderde visuele functie en een corresponderende verdunning van de GCL in 
de pericentrale ring van de macula zien. In een multipele logistische regressie analyse 
bleek de GCL dikte een significant voorspellende factor te zijn voor de verminderde 
visuele functie. De resultaten van de studies beschreven in de hoofdstukken 3, 4, 5 en 
6 onderbouwen allen de hypothese dat diabetes een neurodegeneratief effect heeft op 
de retina, zelfs wanneer de vasculaire component van DR nog slechts minimaal is. 

De uitkomsten in hoofdstuk 7 demonstreren dat leeftijd een grote invloed heeft op de 
veranderingen in de verschillende retinalagen. De diktes van de peripapillaire RNFL, peri
centrale GCL, perifere IPL en foveale OS verdunnen significant met de jaren.39  De foveale 
RPE echter wordt juist dikker met de jaren. Op de overige retinalagen had leeftijd geen 
significante invloed. Ook bij deze studie werd gebruik gemaakt van de geautomatiseerde 
segmentatie van SDOCT scans. De bevindingen van deze studie moeten in acht geno
men worden bij het interpreteren van de diktes van de verschillende retinalagen wanneer 
men de invloed hierop van een ziekte zoals diabetes wil onderzoeken. 

Hoofdstuk 8 beschrijft een prospectieve longitudinale studie waarin aangetoond werd 
dat de verdunning van de binnenste retinalagen in de macula bij mensen met diabetes 
type 1 progressief is in de tijd en dat die progressie de leeftijdsafhankelijke verdunning 
overschrijdt.40  De pericentrale GCL plus IPL verdunt met 0.29µm per jaar, en de RNFL met 
0.25µm per jaar. Patiënten met langduriger diabetes bij inclusie hadden een dunnere 
RNFL bij inclusie en een dunnere GCL plus IPL in de pericentrale ring. De verminderde 
laagdikte die gemeten werd bij inclusie al naar gelang de duur van de diabetes  kwam 
overeen met de verdunning per jaar gedurende de prospectieve studie. De aanwezigheid 
of progressie van DR tijdens de studie waren niet van invloed op de progressieve verdun
ning. Deze resultaten laten zien dat diabetische retinale neurodegeneratie is geassocieerd 
met de duur van de diabetes en onafhankelijk lijkt te zijn van de aanwezigheid of pro
gressie van zichtbare retinale vasculopathie. Deze bevindingen vormen een aanwijzing 
dat diabetische neuropathie en diabetische retinopathie in de retina niet direct aan elkaar 
gerelateerd zijn. 

In Hoofdstuk 9 wordt de relatie tussen vasculaire diabetische retinopathie en diabeti
sche retinale neuropathie  nader besproken. Het is bekend dat de glia en neuronen in de 
retina nauw samenwerken met het vaatstelsel in de retina om de homeostasis te bewerk
stelligen die noodzakelijk is voor het functioneren van de retina.25, 41  Echter  de exacte 
relatie tussen de vasculaire diabetische retinopathie en diabetische retinale neuropathie 
is onduidelijk. Recentelijk is in twee verschillende longitudinale studies aangetoond dat 
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progressieve neurodegeneratie in vroege DR niet is gerelateerd aan vasculaire retinale 
veranderingen.18, 40  Deze resultaten zouden een aanwijzing kunnen zijn dat beide pro
cessen onafhankelijk van elkaar verlopen.Tevens wordt in hoofdstuk 9 besproken dat 
de functionele en structurele metingen van retinale neurodegeneratie in patiënten 
met diabetes wellicht bruikbaar zijn als biomarkers voor vroege retinale schade. Deze 
neurodegeneratieve biomarkers kunnen worden gebruikt in toekomstige studies naar 
potentiele behandelingen om visus bedreigende complicaties van DR te voorkomen. Het 
is aannemelijk dat pathologische veranderingen in het brein en de retina zich identiek 
manifesteren omdat de retina een verlenging is van het brein en neuroretinaal en neo
corticaal weefsel een grote cellulaire en embryonale gelijkenis vertonen. De relatief een
voudig  meetbare retinale biomarkers kunnen daarom wellicht ook als biomarkers voor 
hersenschade door diabetes gebruikt worden. Deze biomarkers maken de identificatie 
van diabeten met een verhoogd risico voor complicaties in de retina, het brein en wel
licht ook andere organen mogelijk. 
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