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Influence of diabetes mellitus (DM) and diabetic retin-
opathy (DR) on parafoveal retinal thicknesses and their
ratios was evaluated. Six retinal layer boundaries were
segmented from spectral-domain optical coherence to-
mography images using open-source software. Five
study groups: (1) healthy control (HC) subjects, and
subjects with (2) controlled DM, (3) uncontrolled DM,
(4) controlled DR and (5) uncontrolled DR, were iden-
tified. The one-way analyses of variance (ANOVA) be-
tween adjacent study groups (i. e. 1 with 2, 2 with 3, etc)
indicated differences in retinal thicknesses and ratios.
Overall retinal thickness, ganglion cell layer (GCL)
thickness, inner plexiform layer (IPL) thickness, and
their combination (GCL+ IPL), appeared to be sig-
nificantly less in the uncontrolled DM group when com-
pared to controlled DM and controlled DR groups. Al-
though the combination of nerve fiber layer (NFL) and
GCL, and IPL thicknesses were not different, their ra-

tio, (NFL +GCL)/IPL, was found to be significantly
higher in the controlled DM group compared to the HC
group. Comparisons of the controlled DR group with
the controlled DM group, and with the uncontrolled DR
group, do not show any differences in the layer thick-
nesses, though several significant ratios were obtained.
Ratiometric analysis may provide more sensitive param-
eters for detecting changes in DR.
Picture: A representative segmented OCT image of the
human retina is shown.
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1. Introduction

Diabetes is a significant disease that has resulted in
visual limitations and blindness worldwide [1]. The oc-
ular manifestation of diabetic disease is called diabetic
retinopathy (DR), which is the leading cause of vision
loss in adults aged 20–74 years [2]. Profound vision
loss can result from DR due to retinal detachment,
macular edema or macular ischemia, and vitreous
hemorrhage from neovascularization (new blood ves-
sel growth) [2]. Early detection of anatomical changes
from DR and initiation of treatment prior to the de-
velopment of permanent damage are key to pre-
vention of vision loss in affected individuals. DR de-
velops from chronic high blood sugar levels, which can
present in uncontrolled Diabetes Type 1 after 5 years
or at any time following the diagnosis of Diabetes
Type 2 [3]. In DR, breakdown of the inner blood-reti-
nal barrier with leakage of plasma from small blood
vessels is responsible for the swelling of the central
retina and the development of diabetic macular edema
(DME). In diabetic patients, hemoglobin A1c
(HbA1c) is widely used as an index of glycemic con-
trol. This can serve as a measure of risk for the devel-
opment of diabetic complications [4]. Treatments are
available for patients with DR and DME, and early
detection and intervention for such eye diseases leads
to better vision outcomes.

Detection of DR and DME has been revolu-
tionized by the use of optical coherence tomography
(OCT) in ophthalmology clinics. OCT is a noninvasive
imaging modality extensively used for clinical imaging
of the retina [5,6]. Recent advances in research-based
systems have made ultrahigh resolution OCT available
with 2.5–3.0 micron axial image resolution at ~ 100,000
axial scans per second [7]. Several image processing
based techniques were developed to segment retinal
OCT images [8–12], which provide useful information
about different internal layers of retina in diagnosing
diseases including glaucoma, multiple sclerosis and
DR.

The changes from DR include early changes in the
retinal thickness which can appear before larger-scale
morphological damage develops [13]. Several groups
have reported that overall retinal (OR) thickness is
decreased in diabetic patients with no or minimal DR
compared with healthy controls (HC) [9,14–16]. This
may reflect the neurodegenerative changes in the dia-
betic retina [9]. The ganglion cell layer (GCL) thick-
ness and the combined thicknesses of the GCL and in-
ner plexiform layer (IPL) remained significantly
thinner in patients with Diabetes Type 1 with no or
minimal DR, compared to the healthy control (HC)
group, which could be explained by a loss of intra-
retinal neural tissue in the earliest stage of DR [14,17].
In addition, a decrease in the inner retinal thickness in

the macula in Type1 diabetics with no or minimal DR
compared to HC has also been reported. This differ-
ence may represent initial ganglion cell (GC) loss in
the pericentral areas and retinal nerve fiber layer
(RNFL) thinning in the peripheral macula [18]. OCT
can predict the early stages of DR by measuring the
increase in macular thickness [19].

Further, segmentation of 5 intra-retinal layers of
spectral domain (SD) OCT images may be a useful
tool to diagnose and monitor early intra-retinal
changes in DR such as a decrease in RNFL thickness
and an increase INL/OPL thickness in diabetics with-
out DR or with initial DR, although the outer retina
may not be affected in the early stages of diabetes
mellitus (DM) [20]. Thinning of the NFL to IPL in
obese mice [21], and ganglion cell-inner plexiform lay-
er (GCIPL) in resolved DME eyes compared to no
DME eyes [22], have also been reported as predictive
markers for diabetic changes. In a recent study, a diag-
nostic test for referable DR based on central foveal
thickness from OCT images was proposed to confirm
or rule out the disease [23]. Moreover, significant re-
ductions were also observed in the GC-IPL and
RNFL thickness values in patient groups with both
no-DR and mild non-proliferative DR (type-2 DM)
compared with HC [24]. Potential changes in sub-reti-
nal layers may provide sufficient indication for effec-
tive early disease screening. However, it is also re-
ported that OR thickness is not necessarily an early
indicator for DM [25].

Although OCT has been used for such retinal
thickness analysis, subtle changes in multiple layers
is not always perceptible from the analysis. The goal
of this study was to investigate subtle changes in ret-
inal layer thicknesses and their ratios from circum-
ferential scans in the parafoveal area. In an earlier
report, we presented a ratiometric analysis of layer
thicknesses and ratios in the retinas of diabetic and
HC subjects that revealed a statistically different set
of thickness ratio values for diabetic patients includ-
ing (ILM–IPL)/(INL-IPL), where ILM was the in-
ner limiting membrane and INL was the inner nu-
clear layer [26]. The analysis was performed on B-
scans through the fovea after manually segmenting 6
layer boundaries, and points corresponding to fo-
veal, parafoveal and perifoveal regions were chosen
for the analysis [26]. In the current study, we used
circumferential scans through the parafoveal zone
that were centered over the fovea to obtain a more
dense sampling within this area for analysis than sin-
gle spatial points chosen from B-scan images. Addi-
tionally, the circular scans were more reliably seg-
mented as compared to other macular scans.
Further, this method normalizes inter-subject var-
iance of overall retinal thickness and subject demo-
graphics, and mitigates error due to scan tilt in the
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image, thus providing access to a larger palette of
analysis metrics.

2. Material and methods

2.1 Human subjects

The protocol for this study was reviewed and ap-
proved by the Institutional Review Boards at Carle
Foundation Hospital and the University of Illinois at
Urbana-Champaign. The research adhered to HI-
PAA standards and all participants signed an in-
formed consent prior to participating in the study.
Potential subjects were identified by a Carle Foun-
dation Hospital (Urbana, IL) board-certified oph-
thalmologist based on history of diabetes and nor-
mal OCT evaluations prior to study entry. Baseline
evaluation included a detailed medical history re-
garding general health status, duration of diabetes,
glucose level, blood levels of HbA1c, a history with
or without diagnosed early-stage DR, or the appear-
ance of micro-aneurysms.

This cross-sectional study was performed with en-
rollment of 64 subjects, consisting of 52 subjects with
diabetes and 12 age-matched healthy control (HC)
subjects. While there remains ongoing discussions on
the numerical levels of HbA1c in controlled versus un-
controlled diabetes, in this study, the subjects with dia-
betes (including DR) having HbA1c<7 were consid-
ered controlled whereas subjects having HbA1c> =7
were considered uncontrolled, based on the American
Diabetic Association definition for controlled. All
these subjects were classified into five groups: 1: HC
(18 eyes from 12 subjects), 2: controlled DM, no DR
(41 eyes from 22 subjects), 3: uncontrolled DM, no
DR (24 eyes from 14 subjects), 4: controlled DM, with
DR (10 eyes from 6 subjects), 5: uncontrolled DM,

with DR (17 eyes from 10 subjects). Of the 10 subjects
in Group (Gr) 5, 6 eyes had very subtle changes of
cystoid macular edema (CME). We further collected
images from three DME eyes with clearly visible evi-
dence of CME and used them as a set of positive con-
trol images in our study. SD-OCT imaging and analy-
sis of both eyes was performed for most of the subjects
(for 15 subjects, because of our exclusion criteria, only
1 eye was scanned), where the circumferential scan
was centered over the fovea and repeated three times
by trained technicians. It is to be noted that the num-
ber of eyes is not double the number of subjects. We
excluded 15 eyes from the study that exhibited in-
adequate OCT signal strength on baseline scan (em-
pirically < ~85 dB), as well as those circle scans that
were not centered on the fovea, and excluded subjects
that had other ophthalmologic or neurologic disorders
including glaucoma, multiple sclerosis, hypertensive
retinopathy, a refractive error greater than 6 diopters,
previous ocular surgery, including refractive surgery, or
retinal laser treatment. We also discarded most of the
OCT images (except for three which were grouped
separately) which had evidence of significant DME,
since the focus of this study was early detection, and
because the segmentation algorithm would likely be
erroneous in the case of overt DME due to dis-
continuous/low contrast layer boundaries. We consid-
ered macular edema to be significant based on the
clearly visible evidence of CME in any of the OCT im-
ages.

Participant recruitment occurred between Sep-
tember 2013 and February 2015. Adults of both gen-
ders were recruited as subjects. Subjects were not
excluded based on race or ethnicity, and no vulner-
able subjects were recruited for this study. Table 1
shows the subject demographics, comparison of ages,
and group characteristics, along with blood sugar
and HbA1c levels.

Table 1 Subject demographics and group characteristics.

Healthy
Control

Controlled DM,
no DR

Uncontrolled
DM, no DR

Controlled DM,
with DR

Uncontrolled DM,
with DR

Subjects/Eyes 12/18 22/41 14/24 6/10 10/17
Age (S.D.), in
years

67.6 (9.5) 67.4 (12.9) 76.6 (10.0) 65.8 (12.2) 62.4 (10.7)

Age comparison,
p-value

n.a. 0.95 <0.01 0.68 0.14

Male/Female 6/6 8/14 7/7 2/4 6/4
HbA1c (S.D.) level n.a. 6.5 (0.3) 7.6 (0.5) 6.4 (0.4) 9.0 (1.9)
Fasting glucose
level (S.D.)

n.a. 116 (24) 156 (37) 142 (57) 196 (119)

S.D. = Standard Deviation
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2.2 Retinal imaging and segmentation

A Food and Drug Administration (FDA) approved
commercially available SD-OCT imaging system
(Spectralis HRA-OCT, Heidelberg Engineering,
Heidelberg, Germany) was used to obtain circum-
ferential scans around the fovea in less than 2 mi-
nutes. The scanning was performed by trained Carle
ophthalmic technicians. Each image was acquired
with 6 mm/pixel lateral and 3.5 mm/pixel axial digital
resolution, respectively. The OCT scanning protocol
consisted of a 3.9 mm (1536 A-scans) diameter circle
scan around the fovea. After converting the images
from the proprietary E2E format to Tiff using the
commercial viewing software (Heidelberg Eye Ex-
plorer, version 1.7.1.0), the OCT images were flat-
tened by manually fitting a line to the Bruch’s mem-
brane (BM). This was done for the ease of
visualization and to make all the OCT images sim-
ilar to be used for segmentation. Around 20 points
were selected on the BM to be used for ex-
trapolation using MATLABTM linear extrapolation
function. Figure 1 shows representative circum-
ferential OCT images and corresponding en face
fundus images around the fovea, respectively for a)-
b) Gr 1; c)-d) Gr 2; e)-f) Gr 3; g)-h) Gr 4; and i)-j)
Gr 5. The green arrows show the scan direction, and
the circumferential scans were centered over the fo-
vea.

Six (6) retinal layer lines along: i) internal limit-
ing membrane (ILM), ii) nerve fiber layer (NFL),
iii) inner plexiform layer (IPL), iv) outer plexiform
layer (OPL), v) inner segment ellipsoid (ISe) and
vi) BM were automatically segmented using freely
available open source code (Optical Coherence To-
mography Segmentation and Evaluation GUI
(OCTSEG), Pattern Recognition Lab, Friedrich-
Alexander University, Erlangen-Nuremberg, Ger-
many) developed based on research work on OCT
[27]. We rarely corrected the segmented images
manually, but did so when there was an obvious
discontinuity in the automatic segmentation or ex-
istence of cystoid macular edema (CME). Fig-
ure 2(a) shows the flowchart of the presented
method, and Fig. 2(b) shows representative seg-
mented retinal layers in the OCT image. The red,
light green, orange, dark green, yellow, and blue
lines represent the ILM, NFL, IPL, OPL, ISe and
BM, respectively. Figure 3 shows segmented retinal
layer boundaries of the OCT images for a) Gr 1; b)
Gr 2; c) Gr 3; d) Gr 4; and e) Gr 5, respectively,
shown in Figure 1. The OCTSEG software gen-
erates a metadata file containing the retinal layer
thicknesses at each A-scan location, which was then
read and processed in MATLABTM to prepare the
tables for analysis of variance (ANOVA).

Based on the segmentation results, 15 different
retinal layer thickness combinations (ILM-NFL,
ILM–IPL, ILM – OPL, ILM–ISe, ILM – BM, NFL
– IPL, NFL – OPL, NFL – ISe, NFL – BM, IPL –
OPL, IPL – ISe, IPL – BM, OPL – ISe, OPL –
BM, and ISe - BM) from the 6 retinal layer boun-
daries were possible. In a similar way, there were
105 possible retinal layer ratios from the 15 differ-
ent thicknesses. It is noteworthy to mention that
we first renamed all the OCT images with random
numbers and then segmented them blindly to
avoid any kind of bias. After segmentation, we re-
grouped the segmented images based on the key
for randomization. All segmentations were per-
formed by the same person to avoid variability.

2.3 Statistical analysis

All statistical analyses were performed using SPSS
(Version 22.0, IBM, Chicago, IL) and MAT-
LABTM. Values are presented in the text as mean
(standard deviation), unless otherwise noted. A
set of ANOVA was run to perform comparisons
between HC and DM subjects, and between the
DM and DR groups for each of the thicknesses
and ratios. Statistical significance was set at p<
0.05.

3. Results

3.1 Comparison of retinal layer thicknesses

We compared all the retinal thicknesses (global
average) first among the adjacent study groups.
Some of these are presented in Table 2, which
shows the mean values of thicknesses along with
the standard deviations (SD) in parentheses, and
the F and p values from the one-way ANOVA. For
Gr 2, ANOVA was performed with respect to the
Gr 1 (i); for Gr 3, ANOVA was performed with re-
spect to Gr 2 (ii); for Gr 4, ANOVA was performed
with respect to Gr 3 (iii), and for Gr 5, ANOVA
was performed with respect to Gr 4 (iv). We also
compared the combined DM (controlled and un-
controlled) and DR (controlled and uncontrolled)
groups. The thickness between ISe–BM (RPE) ap-
pears to be different in the comparison (i), whereas
the comparisons (ii) and (iii) reveal several differ-
ent thicknesses, including GCL (NFL-IPL), IPL
(IPL – OPL), GCL + IPL (NFL-OPL) and overall
thickness (OR, ILM–ISe), as shown in Table 2. Fur-
ther, we could not find any difference from com-
parison (iv) i. e. between Gr 4 and Gr 5. On the
other hand, the comparison of thicknesses between
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all DM and all DR groups show 6 different thick-
nesses including RNFL (ILM-NFL), GCL, GCL +
IPL and OR, as can be seen from Table 2. Figure 4
shows the box plots for different thicknesses among
the study groups. The cyan boxes represent the sig-
nificant thicknesses.

3.2 Comparison of retinal ratios

Different ratios were generated from the retinal
thicknesses (global average) and compared among
the study groups. We again performed ANOVA for
these among the various groups. Table 3 shows some
of the ratios with mean and SD in parentheses, in

Figure 1 Representative circumferential OCT images and corresponding en-face fundus images centered on the fovea, re-
spectively for a-b) healthy control; c-d) controlled DM, no DR; e-f) uncontrolled DM, no DR; g-h) controlled DM, with
DR; and i-j) uncontrolled DM, with DR groups. The green circles with arrow show the scan direction and were centered
on the fovea with diameter of 3.9 mm.
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different groups, and the p and F values from one-
way ANOVA. Again, for Gr 2, ANOVA was per-
formed with respect to the Gr 1 (v); for Gr 3, AN-
OVA was performed with respect to Gr 2 (vi); for
Gr 4, ANOVA was performed with respect to Gr 3
(vii), and for Gr 5, ANOVA was performed with re-
spect to Gr 4 (viii). Eighteen (18) ratios were found
to be different from the comparison (v) i. e. between
Gr 1 and Gr 2; however, only the ratio ILM-OPL/
IPL-OPL is shown in Table 3. Overall, 67 and 42 ra-
tios were found to be different from the compar-
isons (vi) and (vii), respectively, and some of them
are listed in Table 3, including OR/GCL and OR/
(GCL + IPL). Comparison (viii), however, revealed
only 6 different ratios and the ratio ILM-OPL/
ONFL-OPL is listed in Table 3. Further, the com-
parison of the ratios between all DM and all DR
groups show 60 different ratios including OR/OPL,
(GCL + IPL)/OPL and (RNFL+GCL)/IPL, as
shown in Table 3. Figure 5 shows the box plots for

different ratios among the study groups. The cyan
boxes represent the significant thicknesses. Figure 6
shows a representative OCT image after segmenta-
tion showing some significant layer thicknesses and
ratios.

4. Discussion

Several interesting results were obtained from the
ratiometric analysis. We found GCL thinning in Gr 3
compared to Gr 2 along with thinning of GCL +
IPL, IPL alone, and overall thickness. Further, the
ratio OR/GCL + IPL showed statistical significance
in the comparisons between Gr 2 and Gr 3; and,
Gr 3 and Gr 4, indicating that there is a thicker over-
all retina compared to the inner retina in Gr 3.

The fact that thicknesses change significantly be-
tween Gr 2 and Gr 3 suggests that these thicknesses
may be a retinal indicator of poor glycemic control,
and the significant change between Gr 2 and Gr 3
may be an early indicator for the progression from
non-DR to DR. The fact that the control groups
show no significant difference only further supports
these findings as important. The comparison be-
tween Gr 1 (HC) and Gr 2 shows only that the RPE
thickness is different, although there are 18 different
ratios including those not involving the RPE thick-
ness. On the other hand, there is no significant dif-
ference in any of the thicknesses in Gr 5 compared
to Gr 4. However, we found 7 ratios that were differ-
ent. Similarly, when the two control groups were
compared (i. e. Gr 2 and Gr 4), we found 31 sig-
nificantly different ratios, although there was no sig-
nificant difference in any of the thicknesses alone
(not shown in the table). Therefore, we can poten-
tially use these ratios as markers for early detection
of DM and DR, as well as DR severity.

Ratiometric analysis of sub-retinal layer thick-
nesses may prove to be a more robust indicator than
traditional thickness analysis. It is reported that reti-
nal thickness measurements in normal-appearing
eyes vary by patient age, sex, ethnicity, and re-
fractive error [28]. Our ratiometric analyses normal-
ize the inter-subject variance of overall retinal thick-
ness and demographics, mitigates error due to scan
tilt in the image, and provides access to a larger pa-
lette of analysis metrics [26]. The premise behind
the circle scan around the fovea rather than around
the optic nerve head (ONH) was to mitigate the ef-
fects of the vasculature on the analysis. Vessel diam-
eter variations makes scans around the ONH more
complicated.

Furthermore, we wanted to look at the effects of
diabetes, with or without DR, on the macula and not
around the optic nerve head. The choice of a circle

Figure 2 a) Flowchart of the presented method, b) repre-
sentative segmented retinal layers in the OCT image. The
red, light green, orange, dark green, yellow and blue lines
represent the internal limiting membrane (ILM), nerve fi-
ber layer (NFL), inner plexiform layer (IPL), outer plexi-
form layer (OPL), inner segment ellipsoid (ISe) and
Bruch’s membrane (BM), respectively.
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scan rather than a 3D volume scan is due to better
spatial sampling around the radius of interest. To
obtain similar data from a volume cube, the scan-
ning and sampling would need to be very dense (for
example, about 700 B-scans, each consisting of
1536 A-scans within a 3.9 mm length centered
around the fovea to extract an equivalent circle scan
of 1536 pixels). Further, a circle scan around the fo-
vea was a more efficient (faster, less motion artifact,
less subject discomfort) than an equally dense sam-
pled volume of the macula. Based on results from
our initial study [26], we were only interested in lo-
cations about a given diameter (3.9 mm) from the
fovea.

The results from the ratiometric analysis are
encouraging for future efforts to diagnose or
screen for diabetes at an early stage, before symp-
toms or gross retinal abnormalities occur. Previous
studies have investigated layer thicknesses in the

retina to draw conclusions about the presence of
DR, however, an analysis of the ratios of these
layer thicknesses is a more robust measure. Our
initial study showed that the parafoveal region
provides the highest number of significant ratios
[26], and thus the circle scan provided a better
spatial sampling around the region of interest in
the current study.

Most of the subjects in this study did not have
many CME changes. It is possible that there were
some eyes with a large degree of macular distortion
from DME that fall outside of the scan location,
which would lead to a false negative result. This can
be due to a number of factors, but mostly due to the
fact that the circle scan only acquires data from one
small portion of the macula and is not representa-
tive of the entire macula. We specifically selected
patients that did not visually have a large degree of
macular distortion from DME. If CME was present

Figure 3 Segmented retinal layers of the OCT images for a) healthy control; b) controlled DM, no DR; c) uncontrolled
DM, no DR; d) controlled DM, with DR; and e) uncontrolled DM, with DR groups, respectively, shown in Fig. 1. The red,
light green, orange, dark green, yellow and blue lines correspond to those specified in the Figure 2 caption.
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at a severe stage, it is likely that the segmentation
algorithm would have failed due to too many dis-
continuous regions in the circle scan. We therefore
segmented 3 eyes with severe DME using the soft-
ware and corrected images manually at the locations
of discontinuity due to cystoid. We called this the
positive control group and compared the group with
the HC group. There was clear evidence of cystoid
thickening in the ONL at the beginning and end of
the line scans for these 3 eyes. The comparison
showed 6 obvious and significant thicknesses and
28 obvious and significant ratios. However, some of
the non-significant ratios in this comparison ap-
peared significant in other comparisons. We ac-
cepted this result since not all the comparisons were
done with respect to the HC, and there may be
changes in the thicknesses that lead to significant ra-
tio changes in those comparisons.

The main point for the positive control testing is
to show that our segmentation algorithm works as
expected when we visually see a change in the reti-

nal OCT image, suggesting that it may be predictive
too, even when we do not visually see a change. It
can be noted that the comparison of the positive
control group with the next most advanced group
(Gr 5 i. e. uncontrolled DM, with DR) reveals that
many thicknesses and ratios in the positive control
group are statistically different from Gr 5 (not
shown in the table), and thus implies that there are
statistical differences with all the other groups too.

From the analysis, we found that there was not a
particular ratio or a set of ratios that were con-
sistently and significantly different in all the compar-
isons. As we performed the comparison among the
successive groups, many ratios were found to be sig-
nificant, but these same ratios were not consistently
significant across all group comparisons. While com-
paring the Gr 2 with Gr 1, we found that the ratio
(RNFL+GCL)/IPL was significantly higher in the
former group, although none of the thicknesses in-
volved in the ratio were significant. Thus, this ratio
could potentially be an indicator for early diabetic

Table 2 Thicknesses with mean and standard deviation (SD) values in different groups, and the p and F values
from one-way ANOVA. For Gr 2, ANOVA was performed with respect to Gr 1; for Gr 3, ANOVA was per-
formed with respect to Gr 2; for Gr 4, ANOVA was performed with respect to Gr 3; and for Gr 5, ANOVA
was performed with respect to Gr 4. The p values for the significant thicknesses (p<0.05) are presented in
bold text.

Thicknesses
(in mm)

Gr 1
(n=18)

Gr 2 (n=41) Gr 3 (n=24) Gr 4 (n=10) Gr 5 (n=17) Between
all DM
and DR

Mean
(SD)

Mean
(SD)

p F Mean
(SD)

p F Mean
(SD)

p F Mean
(SD)

p F p F

RNFL
(ILM-NFL)

31.8
(3.3)

33.1
(3.7)

0.21 1.62 34.2
(5.5)

0.33 0.97 33.9
(4.8)

0.87 0.03 37.4
(5.22)

0.13 2.52 0.02 5.63

GCL
(NFL-IPL)

74.3
(11.4)

77.1
(9.4)

0.33 0.98 65.5
(8.2)

<0.01 25 79.9
(9.1)

<0.01 20.38 76.8
(9.09)

0.51 0.45 0.03 4.89

IPL
(IPL – OPL)

63.0
(4.92)

62.5
(5.3)

0.72 0.13 59.2
(5.3)

0.02 5.87 64.9
(8.5)

0.02 5.8 63.1
(6.37)

0.34 0.95 0.08 3.24

OPL
(OPL – ISe)

78.3
(8)

77.7
(8.4)

0.81 0.06 75.1
(11.6)

0.31 1.06 72.5
(9.5)

0.53 0.41 79.0
(14.97)

0.56 0.35 0.95 0.00

RPE
(ISe – BM)

65.4
(2.1)

63.4
(2.9)

0.01 6.95 63.0
(3.6)

0.66 0.2 64.2
(5.1)

0.47 0.54 61.4
(3.64)

0.28 1.21 0.29 1.13

GCL + IPL
(RNFL-OPL)

137.3
(15.9)

139.6
(13.1)

0.57 0.33 124.7
(12.6)

<0.01 20 144.8
(14.5)

<0.01 16.5 139.9
(12.2)

0.33 0.33 0.02 5.43

Overall Retina
(ILM–ISe)

247.7
(22.2)

250.4
(20.4)

0.61 0.26 234.1
(22.0)

<0.01 9 251.2
(16.3)

0.04 4.74 256.3
(22.4)

0.93 0.01 0.05 4.04
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effects on the retina prior to the development of
clinical retinopathy, which would correlate with pub-
lished literature of early inner layer retina changes
within diabetic patients. When comparing Gr 4 with
Gr 3, the ratio OR/OPL was found to be sig-
nificantly higher in the former group, which reflects

changes in the outer retinal structures. While the
OR thickness was significantly different, the OPL
thickness did not change much between the groups.
Therefore, the overall effect on the ratio is in-
dicative of these changes, as can be seen from the p-
values (for the ratio, the p-value is 0.02, whereas for

Figure 4 Box plots for different thicknesses among the study groups. The cyan boxes represent the significant thicknesses.

Figure 5 Box plots for different ratios among the study groups. The cyan boxes represent the significant ratios.
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the OR and OPL thicknesses, the p-values are 0.04
and 0.53, respectively). The same ratio is again sig-
nificant when comparing all DM and DR eyes. The
same is true is for the ratio (GCL+ IPL)/OPL.
Therefore, such ratios are may be more sensitive in
detecting early DR.

Recently, we introduced ratiometric analysis to
compare multiple sclerosis (MS) patients with HC
subjects [29]. In that study, the ratiometric analysis
revealed differences in several retinal layer thick-
ness ratios in the cohort of MS subjects without a
history of optic neuritis (ON) compared to HC sub-
jects, and there was no difference in standard retinal
nerve fiber layer thickness (RNFLT). The difference
in such ratios between HC subjects and those with
mild MS-disability, without a difference in RNFLT,
further suggested the possibility of using layer ratio-
metric analysis for detecting these early retinal
changes in MS. Ratiometric analysis appeared to be
useful and potentially more sensitive for detecting
disease changes in MS as well.

In this previous study, we used peripapillary
OCT scans (a 3.9-mm-diameter circumferential scan
centered on the optic nerve head), instead of the cir-
cumferential OCT scan around the fovea in the pre-
set study. While our present ratiometric study was
guided by the previous success of ratiometric analy-
sis, our present work is novel in its application to
different retinal layers and the subtle changes asso-
ciated with early diabetic retinopathy. Just as the
OCT hardware technology has made significant con-
tributions to many types of retinal diseases, we be-
lieve that this ratiometric approach, and other novel
software-based analysis algorithms, will likely have
an equally significant impact on multiple retinal dis-
eases in the future.

5. Conclusion

In this paper, we have investigated different retinal
thicknesses and their ratios for diabetic human sub-
jects with or without DR, based on measurements
from a macular circumferential OCT scan centered
around the fovea. The ANOVA indicated differ-
ences in thicknesses and ratios in some of the com-
parisons between the adjacent study groups. Some
of the ratios were significantly different between
groups when the standard thickness measurements
were not significantly different, and thus the ratios
can be considered as more sensitive parameters for
early detection of DM and DR, and even for detect-
ing the severity in DR.
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Supporting Information

Additional supporting information on the thick-
nesses and ratios may be found in the online version
of this article at the publisher’s website.
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