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Abstract

Purpose—To evaluate the relationship between microperimetric (MP) sensitivity and retinal
thickness measured at co-registered retinal locations in individuals who have mild or no diabetic
retinopathy.

Methods—Fifty non-diabetic control subjects and 50 type-2 diabetic subjects participated (25
had no clinically apparent DR [NDR] and 25 had mild nonproliferative DR [MDR]). MP
sensitivity was measured at 36 retinal locations that were arranged in three concentric rings
centered on the fovea (radii of 3°, 6°, and 12°). Optical coherence tomography (OCT) images were
obtained and total retinal thickness (TRT), inner retinal thickness (IRT), and outer retinal thickness
(ORT) were quantified from the OCT images at locations that matched the MP measures. Linear
quantile mixed models (LQMMSs) and linear quantile models (LQMs) were used to compare MP
and thickness values for the three subject groups and to quantify structure-function relationships.

Results—The statistical models indicated significant TRT and IRT reductions in the NDR and
MDR groups, relative to the controls, that were most apparent in the 3° ring. By contrast, ORT was
not reduced significantly for either diabetic group. MP sensitivity was reduced significantly within
each ring and for both diabetic groups. Despite reductions in both thickness and sensitivity, the
structure-function associations were generally weak with borderline statistical significance. For
example, a TRT or IRT reduction of approximately 27 pm was predicted to result in approximately
1 dB of MP sensitivity loss for the MDR group (p = 0.03 and 0.05, respectively).

Conclusions—The results support previous findings of early retinal neurodegeneration in
diabetics who have NDR or MDR. Interestingly, the structural and functional deficits appear to be
only weakly associated, suggesting that mechanisms in addition to retinal thinning underlie the
functional defects in early stage DR.
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Introduction

Diabetic retinopathy (DR) is a progressive retinal complication caused by diabetes mellitus
(DM), and is the most common cause of blindness among working-age adults worldwide.®: 2
Although DR is diagnosed and staged according to abnormalities of the retinal vasculature,3
there is accumulating evidence that retinal neurodegeneration may precede the clinically
apparent vascular changes. For example, several studies using optical coherence tomography
(OCT) have reported thinning of the inner retinal layers of DM subjects who have mild or no
DR.#"14 The retinal ganglion cell (RGC) layer, in particular, is typically reported to be more
affected than other retinal layers in early-stage DR.%-11. 14 The area of retinal thinning is
often reported within the ETDRS pericentral ring, defined as a region with an inner diameter
of approximately 1 mm and an outer diameter of approximately 3 mm.%-11.13

Neurodegeneration in early-stage DR may also lead to functional abnormalities, including
psychophysical contrast sensitivity losses that have been assessed using letter contrast
sensitivity,1 16 visual field perimetry,17-1° and microperimetry.20-24 However, only a subset
of studies have examined the spatial correlation between abnormalities in retinal structure
and contrast sensitivity in early-stage DR.”: 20: 21,23, 24 Ag guch, the extent to which retinal
thinning observed by OCT is associated with functional loss has not been fully established.
Of the studies that have examined structure-function associations in early-stage DR, one
reported a significant correlation between RCG + inner plexiform layer (RGC+) thickness
and microperimetric (MP) sensitivity.2 However, the results of that study indicated that a
substantial amount of thinning resulted in only a modest sensitivity abnormality. An
important advantage of their approach2! was that structure and function were evaluated at
several locations throughout the retina. By contrast, most structure-function studies in DM
subjects have compared measures that involve averaging structural and/or perimetry
measurements across the retina, which minimizes the ability to evaluate local relationships.
7,20, 23,24 Taken together, previous work suggests that in the early stages of DR, individuals
who do not have diabetic macular edema (DME) can have thinning of the inner-retina and
sensitivity loss, but the extent of the structure-function association remains uncertain.

An important consideration in previous structure-function studies in early-stage DR is that
the two types of measurements were performed with separate instruments, requiring the
spatial locations of the measurements to be aligned in post-acquisition analyses. Factors
such as fixation location and instability may introduce errors when attempting to spatially
match the structure and function measurements. One approach to overcome this limitation is
to perform the measurements with a single instrument through the same optics. As described
elsewhere, 25 this can be achieved with a combined OCT/scanning laser ophthalmoscope/
microperimeter (Optos, Inc., Marlborough, MA) that permits retinal thickness and MP
measurements to be performed through the same optics. The MP stimulus is presented in
Maxwellian view, which helps to minimize the effects of pupil size differences among
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subjects. Additionally, this instrument tracks and accounts for eye position during the
measurements. These features are expected to improve the spatial structure-function
correspondence and may provide new insight into the relationship between retinal thickness
and MP sensitivity in diabetes.

In the present study, this instrument was used to 1) evaluate potential MP sensitivity and
retinal thickness abnormalities in individuals who have mild or no diabetic retinopathy; 2)
quantify the relationship between MP sensitivity and retinal thickness measured at co-
registered retinal locations in these individuals. We sought to determine if the expected
thinning of the inner-retina is correlated with MP sensitivity loss. In contrast to some
previous studies,®9-21 outer-retina thickness was also measured and compared with MP
sensitivity measurements in subjects who have mild or no DR. Thus, we sought to provide a
comprehensive analysis of structure-function abnormalities in early-stage DR.

Fifty subjects diagnosed with type-2 DM were recruited from the Retina and General Eye
Clinics of the University of Illinois at Chicago, Department of Ophthalmology and Visual
Sciences. Medical histories were obtained from their records and each subject was examined
by a retina specialist. The examination paid particular attention to the optic nerve, retina, and
its vasculature. The stage of NPDR was graded clinically according to the Early Treatment
of Diabetic Retinopathy Study (ETDRS) scale3 and the subjects were classified as diabetic
with no apparent DR (NDR; N = 25) or diabetic with mild NPDR (MDR; N = 25). Subjects
classified as MDR had retinal vascular abnormalities including microaneurysms, hard
exudates, cotton-wool spots, and/or mild retinal hemorrhage (equivalent to ETDRS3 level 35
or less). No subject had systemic disease known to affect the retina (other than diabetes) or
other ocular disease. Subjects who had sickle cell disease, retinal vascular occlusions, age-
related macular degeneration, glaucoma, or high myopia (more than 6 diopters) were not
recruited. The lens of each subject was graded by slit lamp examination using a clinical scale
that ranged from clear to 4+. Subjects with more than mild (2+) nuclear sclerotic, posterior
subcapsular, or cortical lens opacities were excluded. Two MDR subjects had a history of
anti-VEGF injection, but neither subject had clinically significant macular edema at the time
of enrollment in the present study. All subjects had ETDRS central subfield (1 mm)
thickness within the instrument-defined normal range (less than 271 um). Subject
characteristics including age, sex, estimated disease duration, HbAlc percentage, ETDRS
central subfield thickness, and mean MP sensitivity are provided in Table 1.

Fifty visually-normal, non-diabetic control subjects also participated. The exclusion criteria
discussed above were applied to the control subjects. A one-way analysis of variance
indicated no significant difference in mean age among the control and DM groups (F = 0.50,
p = 0.61). The studies conformed to the tenants of the Declaration of Helsinki, institutional
review board approval was obtained at the University of Illinois at Chicago, and the
experiments were undertaken with the understanding and written consent of each subject.
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Apparatus, stimuli, procedure, and analysis

OCT and MP were performed with an Optos OCT/SLO/microperimeter (Optos, Inc.,
Marlborough, MA) that we have used previously and described elsewhere.?% 26 Figure 1
shows an example OCT image (A), an expanded view of the OCT image that highlights the
layers analyzed (B) and an SLO image with the location of the MP measurements indicated
(C). For the MP measurements, the stimulus spot size was equivalent to the Goldmann I11
(0.43°) and the duration was 200 ms. Stimuli were presented against a uniform field with a
mean luminance of 10 cd/m2. A 4-2-1 staircase procedure was used to define threshold. As
indicated by the green dots in Fig. 1C, stimuli were presented at 36 macular locations within
3 concentric rings that had radii of 3°, 6 °, and 12 °. Each ring included 12 test spots that
were positioned according to the clock hours. These locations were selected to sample the
parafoveal area that has been reported to be abnormally thin in previous studies of early-
stage NPDR,%-11. 13 a5 well as the perifoveal retina. We note that the 3 o’clock location
along the horizontal meridian often falls near the optic nerve head, which can complicate
measurements at this location. However, the stimulus did not fall on the optic nerve head for
any subject in the present study.

Six high-resolution (444 x 1268 pixels; scan width of 29.7°) radial SD-OCT b-scans were
obtained along the clock hours (spatially matched to the MP measurement locations). Each
b-scan that was used for analysis was comprised of an average of approximately 30
individual b-scans scans. To extract the thickness of individual retinal regions, the images
were segmented using a standard semi-automated approach?’: 28 that was performed in
MATLAB using custom-written software. Three anatomical markers were defined, as shown
in Fig. 1B: 1) the border between RNFL and retinal ganglion cell layer (RNFL/RGC; red
line), 2) the border between the inner nuclear layer and the outer plexiform layer (INL/OPL;
blue line), 3) RPE/Bruch’s membrane (RPE/BM; black line). The total retinal thickness
(TRT) was defined as the distance between the RNFL/RGC (red line) and the RPE/BM
(black line). Note that this definition excludes the RNFL, as this structure is highly
asymmetric (thicker in the nasal retina), which complicates associations with retinal
function. The inner retinal thickness (IRT) was defined as the distance between the
RNFL/RGC (red line) and the INL/OPL (blue line), whereas the outer retinal thickness
(ORT) was defined as the distance between the INL/OPL (blue line) and the RPE/BM (black
line). The thickness values were averaged over a diameter of 0.43 deg (equivalent to the size
of the Goldmann I11; 19 A-scans).

Data were analyzed using linear quantile mixed models (LQMMs) 2%-31 and linear quantile
models (LQMs),32: 33 given the non-normal distributions of the thickness and MP data. For
each model, subject group (NDR, MDR versus control) was included as the main predictor.
As discussed further in the sections below, LQMMs were first developed to evaluate
differences in retinal thickness and sensitivity among the three subject groups at the 36
retinal locations (three rings, twelve locations per ring; Fig.1C). The LQMMSs were initially
fit to all locations within each ring simultaneously to examine the overall effect of group
(control, NDR, MDR) on the thickness and sensitivity measures within each ring
(eccentricity). For the LQMMs, three subject groups and 12 retinal locations were included
as fixed effects, and a random intercept was added at the subject level to account for subject
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dependence (i.e. multiple measures performed for each subject). Next, LQMs that only
included subject group as the main predictor were developed to examine differences in
thickness and sensitivity among the groups point-by-point (12 locations) within each ring,
and then within retinal quadrants (superior, inferior, nasal, temporal). All LQMMs and
LQMs were adjusted for subject age as a possible confounding variable.

The relationships between retinal thickness and MP sensitivity were evaluated by computing
Spearman rank order correlation coefficients for each quadrant within each ring separately,
following previous work.34 35 The association between thickness and sensitivity within the
diabetic groups was also evaluated by fitting LQMM s to the structure and function data to
predict the amount of MP sensitivity loss for each micron loss of retinal thickness. Other
than thickness, this model included eccentricity (ring) and quadrant as fixed effects, and a
subject-level random intercept. An alpha-value of 0.05 or less was considered statistically
significant and the p-values provided in the Tables below were not corrected for multiple
comparisons, as the study was considered exploratory in nature. Statistical analyses were
conducted using R (version 3.4.1; R Core Team, Vienna, Austria) and Sigmaplot (version
12; Systat Software, San Jose, CA, USA).

Figure 2 shows the mean thickness profiles for the three subject groups obtained from
horizontal scans passing through the fovea. Thickness is plotted as a function of retinal
eccentricity, with negative values indicating measurements from the temporal retina and
positive values indicating measurements from the nasal retina. The total retinal thickness
(top panel) was similar for the three subject groups along much of the horizontal meridian.
However, there was a narrow region centered at 5° nasal and temporal to the foveal center
that differed in thickness among the groups. In this parafoveal area, the total retinal
thickness of both diabetic groups was thinned relative to that of the control group. Of note,
the abnormal thinning was more apparent in the nasal retina as compared to the temporal
retina. Furthermore, similar TRT reductions that were most apparent 5° nasal and temporal
to the foveal center were also observed in the other five scan angles (e.g. vertical, diagonals;
data not shown). The middle panel shows that a highly similar pattern was obtained for the
IRT measurements: thinning in the diabetic subject groups was apparent in the parafoveal
region 5° nasal and temporal to the foveal center. Here too, the IRT of the nasal retina was
more affected than that of the temporal retina. The lower panel shows the thickness profiles
for the outer retina. There were no apparent differences among the three subject groups in
ORT. Indeed, the ORT profiles were nearly identical for the three groups.

Thinning of the three layers shown in Fig. 2 was examined quantitatively at the same spatial
locations at which MP measurements were obtained (illustrated in Fig. 1). Differences in
retinal thickness among the three subject groups (control, NDR, MDR) at the 36 retinal
locations (three rings, twelve locations per ring) were examined using LQMMs, as described
above. For the LQMM that was fit to all locations within each ring simultaneously, there was
a reduction in TRT for the MDR group for the 3° ring (median reduction of 10.44 ym, p =
0.014), but not the 6° ring (median reduction of 4.82 um, p = 0.248) or 12° ring (median
increase of 0.52 um, p = 0.873). In comparison, there were no significant TRT reductions for
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the NDR group within any ring (all p > 0.110). There was a significant reduction in IRT for
the MDR group for the 3° ring (median reduction of 8.05 um, p =0.010), but not the 6° ring
(median reduction of 3.96 pum, p = 0.173) or 12° ring (median increase of 1.2 um, p =
0.520). There were no significant IRT reductions for the NDR group within any ring (all p >
0.185). There were also no significant ORT reductions for either DM group within any ring
(all p > 0.249). Thus, the largest abnormalities were found in the 3° ring for the MDR
subject group.

To define the specific locations within the 3° ring that were abnormally thin, LQMs were fit
to each of the 12 locations separately. The results of this analysis are presented in Table 2,
which shows the median amount of thinning (um) for each location, relative to the control
group and the corresponding p-value (highlighted cells indicate p < 0.05). Overall, for the
MDR subject group, thinning of the TRT and IRT were most apparent in the superior, nasal,
and inferior quadrants (clock hours: 1 — 7, 11, 12), with relative preservation of the temporal
retina (clock hours of 8, 9, 10). For the NDR group, the median TRT and IRT were reduced
at each of the 12 locations within the 3° ring, but none reached statistical significance.
Likewise, there was no significant ORT reduction at any location for either DR group;
consequently, ORT data are not shown in Table 2. Of note, similar analyses were performed
for the 6° and 12° rings, but with few exceptions TRT, IRT, and ORT were normal for both
DM groups, as expected from the models fit to all locations simultaneously (discussed
above). The exceptions included significant thinning in the 6° ring that was restricted to the
3 o’clock location (nasal retina). Specifically, there was a 9.41 um loss of TRT for the NDR
group (p = 0.048), a 8.05 um loss of IRT for the NDR group (p = 0.022), and a 8.63 pm loss
of IRT for the MDR group (p = 0.015).

To summarize the location-by-location results: 1) for the inner-most ring (3°) the TRT and
IRT had several locations of significant thinning that were generally observed in the
superior, inferior, and nasal retina for the MDR group. 2) TRT and IRT were better
preserved in the temporal retina. 3) ORT did not differ significantly at any location for either
diabetic group. 4) There was generally no significant thinning in the 6° and 12° rings for
either group in any layer.

To simplify the extensive data set and examine quadrant-related thinning, the 12 locations
were grouped as follows: 11, 12, 1 o’clock were averaged to provide a superior retina value;
2, 3, 4 o’clock were averaged to provide a nasal retina value; 5, 6, 7 0’clock were averaged
to provide an inferior retina value; 8, 9, 10 o’clock were averaged to provide a temporal
retina value. The thickness value for each subject within each quadrant for the 3° ring is
shown in Fig. 3. Data for the 3° ring are shown, as this is the area that was most affected in
the location-by-location analysis described above. The first column provides TRT
measurements, the second column provides IRT measurements, and the third column
provides ORT measurements. The superior, inferior, nasal, and temporal retina locations are
shown in rows 1 to 4, respectively. Fig. 3 shows that the median TRT and IRT tended to be
reduced in the two diabetic groups, relative to the control group, but there were no apparent
differences among the groups in ORT. Furthermore, the TRT and IRT decreases were
similar, indicating the TRT reduction can largely be attributed to thinning of the inner-retina.
The quadrant data shown in Fig. 3 were analyzed quantitatively using LQMs and the results
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are shown in Table 3 (significant differences are marked in Fig. 3 by asterisks). There was a
decrease in TRT for both the NDR and MDR subjects compared to the controls for all
quadrants. A similar pattern was observed for IRT: thickness was reduced significantly for
both subject groups in all quadrants, with two exceptions: IRT was normal for the NDR
group in the inferior and nasal quadrants. As shown in Table 3, there was also TRT and IRT
thinning for both groups in the 6° ring that was generally restricted to the nasal quadrant. No
thinning was observed within the 12° ring (data not shown).

The MP sensitivity data obtained at locations that spatially correspond to the thickness
measurements were also analyzed using LQMMs. A LQMM was first fit to all locations
within each ring simultaneously to examine the overall effect of group (control, NDR, mild
NPDR). There was a significant reduction in MP sensitivity for the MDR group for the 3°
ring (median reduction of 1.05 dB, p <0.001), 6° ring (median reduction of 1.11 dB, p =
0.003), and 12° ring (median decrease of 1.13 dB, p = 0.001). Similarly, there was a
significant reduction in MP sensitivity for the NDR group for the 3° ring (median reduction
of 0.64 dB, p = 0.009), 6° ring (median decrease of 0.72 dB, p = 0.004), and 12° ring
(median reduction of 1.22 dB, p < 0.001). Thus, small MP sensitivity reductions were
generally found throughout all three rings for both DM groups.

Fig. 4 shows the MP sensitivity values obtained within each quadrant for the three rings (3°
first column, 6° second column, 12° third column). In general, MP sensitivity tended to be
reduced in both DM groups, relative to the control group, for each quadrant within each ring.
These data were also analyzed by fitting LQMSs to the data within each quadrant for each
ring. Statistically significant reductions in MP sensitivity derived from the LQMs are
indicated by asterisks in Fig. 4.

Figs 3 and 4 show significant differences in median retinal thickness and MP sensitivity,
respectively, among the three subject groups. However, the ranges of normal thickness and
MP sensitivity were relatively large and there was considerable overlap between the control
and diabetic groups. Nevertheless, location-by-location analysis of the IRT values within the
3° ring indicated that IRT was abnormally reduced in a total of 59 individual locations,
summed over all subjects and locations within the 3° ring (“abnormally reduced” is defined
as a value that falls below that of any control subject for the specific location examined). Of
these 59 abnormally thin locations, only 9 locations (15%) also had abnormally reduced MP
sensitivity. In comparison, there were 24 locations that had abnormally reduced MP
sensitivity within the 3° ring, of which 9 locations (38%) also had abnormally reduced IRT.
Thus, locations with abnormally low MP sensitivity were often thin (approximately 38% of
the locations), whereas inner-retina locations that were abnormally thin were a poor
predictor of MP sensitivity loss (approximately 15% of the locations).

Fig. 5 shows the relationship between retinal thickness (TRT, left column; IRT, middle
column; ORT, right column) and MP sensitivity for each quadrant within the 3° ring. Here,
retinal thickness in linear units (um) is plotted as a function of log MP sensitivity (dB),
consistent with previous work.34 35 Overall, trends for associations between the thickness
and MP sensitivity measurements were observed for the MDR group. Indeed, it is apparent
from the figures that there were generally positive correlations between TRT and MP
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sensitivity, as well as between IRT and MP sensitivity. The strongest correlation observed
was between TRT and MP sensitivity in the inferior quadrant (Spearman’s p = 0.41, p =
0.042); this was the only correlation with a p-value less than 0.05 (note that this would not
achieve statistical significance if corrected for multiple comparisons).

As an additional approach to evaluate structure-function associations, LQMMs were used to
predict the amount of sensitivity loss (dB) for each micron loss of TRT and IRT. In contrast
to the simple correlations discussed above and shown in Fig. 5, the LQMMs included data
from all four quadrants and all three rings. The LQMM s indicated that there was a
borderline-significant association between TRT and MP sensitivity for the MDR group (p =
0.03), such that a 27 um TRT reduction is predicted to produce a median sensitivity loss of 1
dB, after adjusting for location. Similarly, the LQMMs indicated a borderline-significant
association between IRT and MP sensitivity for the MDR group (p = 0.05), such that a 28
pum IRT reduction is predicted to produce a median sensitivity loss of 1 dB, after adjusting
for location. By contrast, TRT and IRT reductions were not significantly associated with MP
sensitivity losses for the NDR group, and ORT was not significantly associated with MP
sensitivity for either group.

Discussion

This study evaluated abnormalities in MP sensitivity and retinal thickness, as well as the
association between these measures, in individuals who have NDR or MDR. In contrast to
previous studies, inner retina, outer retina, and total retina thicknesses were measured and
correlated with MP sensitivity performed at corresponding retinal locations. Overall, the
results showed that MP sensitivity was significantly reduced in the NDR and MDR groups
compared to the controls at nearly all retinal locations evaluated. In comparison, TRT and
IRT reductions in the DM groups were generally restricted to the inner-most ring that was
examined (3° eccentricity); ORT did not differ from control in any ring for either DM group.
Although the group differences were statistically significant, relatively few diabetic subjects
fell outside of the control range. For example, 24% of the NDR and 28% of the MDR
subjects had an IRT value that was below the control range in at least one quadrant in the 3°
ring. MP values within the 3° ring were below the control range in at least one quadrant in
24% of the MDR subjects, whereas all NDR subjects had MP values within the control
range for the 3° ring. Interestingly, despite the group differences in structure (TRT and IRT)
and function, the structure-function associations were relatively weak for the MDR group
and non-significant for the NDR group.

The finding that IRT reductions were largely restricted to a parafoveal ring (3° radius,
centered on the fovea) is consistent with previous work.%-11. 13 Specifically, these previous
studies have shown thinning of the ganglion cell layer in the “pericentral area” imaged by
OCT in diabetic subjects who have NDR or MDR. The pericentral area was defined as a ring
with an inner radius of 0.5 mm (approximately 1.6°) and an outer radius of 1.5 mm
(approximately 5.0°), centered on the fovea. This region closely approximates the region of
thinning shown in Fig. 2. These studies®1! also showed that ORT is generally normal,
which was confirmed in our subject sample. The explanation for why TRT and IRT
reductions are most apparent in a parafoveal ring in our data is presently uncertain. However,
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we note that this region of the inner retina, particularly in the nasal region, has the greatest
thickness (Fig. 2) and retinal ganglion cell density3%: 37 and may therefore have high oxygen
demands. However, this is speculative and further work is needed to understand why this
region of the inner retina may be more vulnerable to thinning.

We also found MP sensitivity was reduced in the NDR and MDR subjects, but the
abnormality was relatively uniform throughout the area measured. Other studies have also
reported MP sensitivity loss in early-stage DR. For example, Nittala et al.22 reported
significantly reduced MP sensitivity using the Nidek MP-1 microperimeter in diabetic
subjects who had mild or no retinopathy, as well as in DM subjects who had more advanced
disease. Gella et al.20 and Verma et al.23: 24 also used the Nidek MP-1 to examine MP
sensitivity in diabetic subjects. Both studies reported MP sensitivity reductions in diabetics
who had no clinically-apparent DR. Taken together, there is now a substantial amount of
evidence that MP sensitivity can be affected in early-stage DR, which suggests that this may
be a useful approach to measure early functional changes in these individuals.

Despite MP loss and thinning in the same retinal region (3° ring) the structure-function
relationships observed in the present study were generally weak. As shown in Fig. 5, there
were trends toward relationships between TRT and MP sensitivity and between IRT and MP
sensitivity. The LQMMs that defined the relationship between TRT and MP sensitivity, as
well as that between IRT and MP sensitivity, indicated that these relationships were
statistically significant for the MDR group. Although statistically significant, 27 to 28 um of
thinning was predicted to result in a relatively modest MP sensitivity loss (1 dB). No such
relationship was observed between TRT and MP sensitivity for the NDR group. These
findings are generally consistent with Montesarno et al.21 who reported a weak, but
statistically significant, relationship between MP sensitivity and inner-retina thickness in
subjects who had NDR. Their results indicated that a substantial loss of RGC+ thickness was
associated with only a small change in MP sensitivity. Specifically, a 40 um loss of RGC+
(approximately half of the layer) was predicted to produce a 1 dB MP sensitivity loss. Taken
together, the results of the present study and of Montesarno et al.2! suggest that sensitivity
losses in DR cannot be fully explained by inner-retina thinning, and presumably cell death.

A recent study that examined letter CS, MP sensitivity, and ORT within the central macula
(x3° from the fovea) in NDR and MDR subjects showed statistically significant correlations
for MDR subjects between ORT and letter CS, as well as between ORT and MP sensitivity.
38 Structure-function correlations were observed in that study, despite the generally normal
ORT of the MDR subjects. Like the present study, and that of Montesarno et al.2, the
correlations were relatively weak, but statistically significant. The present study examined
MP sensitivity and ORT at more peripheral locations (x3° to +12° from the fovea) and found
no significant association between MP sensitivity and ORT. Taken together, the results of the
present study and that of prior work indicate that structure-function relationships in early-
stage DR likely depend on both the retinal layer and retinal region analyzed.

Structure-function comparisons, like those reported by Montesarno et al.,?! and in the
present study, have received relatively little attention in the diabetic literature. In contrast,
structure-function relationships have been widely studied in glaucoma (reviewed in3% 49).
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Although there has been substantial progress in understanding structure-function
relationships in glaucoma, discordance that is thought to arise from several factors has also
been reported in that patient population. Factors that limit structure-function agreement in
glaucoma may also be relevant in DM. For example, normal healthy eyes can vary in RGC
thickness by a factor of two.#! Thus, a subject who begins life with a relatively high density
of RGCs could lose half of his/her RGC layer and remain within the lower limit of normal.
Another consideration, as discussed in a recent review,3 is that structural (e.g. OCT) and
functional (e.g. MP) measurement variability can differ substantially: abnormalities are
expected to be detected by the measure with the least variability first. A final limitation is
that the soma of inner-retina neurons are displaced near the central macula. Models have
been developed to account for the location of RGC soma relative to the corresponding
receptive field.3” 42 However, it is difficult to extend these models to account for the
displacement of the inner-retina, given that the inner-retina consists of several sub-structures
each of which may have different displacements. Despite these challenges, the accumulating
evidence that indicates inner-retina thinning and MP sensitivity loss in DM warrants
additional study. The need for additional study of inner-retina thickness is further
emphasized in a recent longitudinal study that found that DM subjects lose RGC thickness at
a rate of approximately 0.29 um per year, on average, which is similar to that observed in
glaucoma.8

In summary, subjects who have mild or no diabetic retinopathy can have thinning of the
inner-retina and MP sensitivity loss. However, the relationship between these measures is
generally weak. This suggests that mechanisms in addition to retinal thinning contribute to
functional deficits in early-stage DR.
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IRT

Figure 1:

TRT

Example OCT image from a visually-normal control subject (A). The red, blue, and black
lines mark the borders of structures that were used to define TRT, IRT, and ORT, as
described in the text. The green circles indicate the locations at which MP sensitivity
measurements were performed. Panel B shows an expanded view of the OCT image, with
the three retinal regions analyzed marked. Panel C is a SLO image that shows the location of
the 36 MP sensitivity measurements organized into three concentric rings that have radii of

3°,6°, 12°.
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Figure 2:
Mean thickness as a function of retinal location along the horizontal meridian. Locations

that have negative values correspond to the temporal retina, whereas positive values
correspond to the nasal retina. TRT, IRT, and ORT are shown in the top, middle, and bottom
panels, respectively. The mean control profile is shown in black, NDR profile in green, and
MDR profile in red.
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column), and ORT (third column). Each row shows data from a different retinal quadrant
(superior in the first row, inferior in the second row, nasal in the third row, temporal in the
fourth row). The horizontal lines in each panel represent the group medians and asterisks

mark the DM groups that differ significantly from the control.
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(green), and MDR (red) subject. Data are shown for the 3° eccentricity (first column), 6°
eccentricity (second column), and 12° eccentricity (third column). All other conventions are

as in Fig. 3.
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Figure5:

Thickness averaged within each quadrant is plotted as a function of MP sensitivity averaged
within the corresponding quadrant for each NDR (green) and MDR (red) subject. Data are

shown for TRT (first column), IRT (second column), and ORT (third column). Each row

shows data from a different retinal quadrant (superior in the first row, inferior in the second
row, nasal in the third row, temporal in the fourth row).
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Subject characteristics

Table 1:

Control (N=50) | NDR (N =25) | Mild NPDR (N = 25)
Age (yr) 534+11.1 52.3+8.0 55.2+10.3
Sex 24M 26F 7™M 18F 9M 16F
Disease duration (yr) 74+6.0 16.0+9.1
HbALc (%) 83+18 81+15
ETDRS central subfield (um) 215+23 206 + 34 213+ 28
MP mean score (dB) 152+1.1 14.3+09 13.8+1.7

yr is years; M is male and F is female; HbAlc is glycated hemoglobin; ETDRS is early treatment of diabetic retinopathy study; MP is

microperimetry
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Table 2:

Location-by-location thickness analysis for the 3° eccentricity

Quadrant | Location (clock hour) | Layer NDR MDR
TRT | -5.48,p=0.320 | -11.80, p=0.011
11
IRT -5.29,p=0.286 | -8.85, p=0.020
TRT | -7.49,p=0.133 | -13.93, p =0.004
Superior 12
IRT -6.74,p=0.113 | -15.62, p < 0.001
TRT | -7.60,p=0.129 | -14.91, p = 0.007
1
IRT -6.01,p=0.164 | -9.68, p=0.003
TRT | -7.55,p=0.159 | -12.89, p=0.013
2
IRT -3.67,p=0.420 | -9.15, p=0.029
TRT | -6.17,p=0.228 | -13.65, p=0.018
Nasal 3
IRT -3.58, p=0.367 | -10.09, p = 0.043
TRT | -5.58,p=0.280 | -11.80, p = 0.020
4
IRT -0.59,p=0.885 | -5.65,p=0.121
TRT | -4.59,p=0.318 | -10.55, p=0.030
5
IRT -2.75,p=0.530 | -8.60, p=0.059
TRT | -6.51,p=0.190 | -7.64,p=0.083
Inferior 6
IRT -3.20,p=0.523 | -4.64,p=0.247
TRT -7.82,p=0.111 -8.93, p =0.019
7
IRT -5.02,p=0.249 | -4.87,p=0.074
TRT | -8.07,p=0.174 | -6.30, p=0.100
8
IRT -6.32,p=0.203 | -6.58, p=0.030
TRT -8.64, p =0.156 -4.21,p=0.269
Temporal 9
IRT -6.80,p=0.158 | -2.91,p=0.318
TRT | -8.64,p=0.138 | -9.51, p=0.092
10
IRT -7.78,p=0.159 | -10.46, p = 0.039
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Retinal quadrant thickness analysis

Table 3:

Ring | Location | Layer NDR MDR

TRT | —6.86, p=0.010 | —13.54, p<0.001
Superior

IRT -6.02, p=0.026 | -11.38, p <0.001

TRT | —6.31,p=0.023 | -9.04, p<0.001

Inferior
IRT -3.66, p=0.215 | -6.04, p=0.010
3
TRT | —6.43,p=0.028 | -12.78, p < 0.001
Nasal

IRT -2.61,p=0.312 | —-8.29, p<0.001

TRT | -8.45p=0.008 | -6.68, p=0.006
Temporal

IRT -6.97, p=0.037 | -6.64, p=0.004

TRT | -0.21,p=0.926 | -157,p=0.539
Superior

IRT -0.47,p=0.791 | -1.57,p=0.533

TRT -4.09, p=0.051 -4.11,p =0.081

Inferior
IRT -3.81,p=0.039 | -3.72,p=0.082
6
TRT | -8.39,p=0.001 | -9.58, p=0.002
Nasal

IRT -6.07, p=0.001 | -7.32, p=0.001

TRT | -4.07,p=0.077 | -3.90, p=0.070
Temporal

IRT -3.47,p=0.118 | -3.87,p=0.059
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