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Abstract

Diabetic retinal neuropathy is a disorder that can appear before clinical signs of diabetic retinopathy; the evidence of neuronal damage has been reported in histologic
and experimental studies in subjects with diabetic retinopathy. Signs of early dysfunction can be identified using functional tests such as retinal sensitivity, contrast
sensitivity, color vision and electroretinogram, all of which show changes in diabetic subjects without retinopathy compared with non-diabetic subjects. Optical
coherence tomography has identified a thinning of the ganglion cell layer in diabetic subjects without retinopathy, which has been considered a surrogate of early
neuronal damage, and has been proposed to develop before retinal vascular damage. Optical coherence tomography angiography is now able to identify vascular
density and perfusion, which also appear before retinopathy in diabetic subjects. Diabetic retinal neuropathy could again be linked to vascular impairment, and the
evaluation of the retinal neurovascular unit will require simultaneous measurement of parafoveal density and functional tests to identify the early interactions of

microvascular and neuronal retinal damage.

Introduction

Diabetic retinopathy (DR) is a chronic and specific complication
of diabetes, which represents the leading cause of blindness in
productive age worldwide [1,2]. Classically, it is considered a
microvascular disease, although retinal damage has a component
of neural dysfunction, which can occur from stages prior to the
appearance of clinical vascular changes in the retina and has been
called retinal diabetic neuropathy (RDN) [3].

Changes in the neural tissue of the retina affect both neurons and
glia and can be identified by measuring their function with tests such
as electroretinogram, color vision (CV), contrast sensitivity (CS), and
retinal sensitivity (RS) [4]. Although DR eventually causes visual loss
due to neural damage [5], visual acuity (VA) is usually good even in the
first stages of DR [6], except when there is macular edema; in patients
with diabetes without retinopathy who have no other diseases, VA is
usually normal [7].

Early microvascular changes

In contrast with neural tissue, the retinal capillaries do not have
a function that can be measured directly and detecting the damage
to these structures requires an anatomical change [8]. Histologically,
the first change found in the retinal capillaries is basement membrane
thickening [9], which cannot be measured in vivo; subsequently,
pericyte loss appears [10]. When the amount of these supporting cells of
the retinal capillary network, which are part of the inner hemato-retinal
barrier [11], decreases considerably, the weakened capillaries bulge to
form a microaneurysm [12], the first ophthalmoscopic manifestation
of DR.

The presence of microaneurysms indicates a structural damage
to the capillary network [9], and its detection also depends on the
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magnification with which the retina is evaluated. The resolution
power of the direct ophthalmoscope is 60 microns (um), below
which smaller microaneurysms cannot be detected. This explains
why clinically undetected lesions can be identified in high resolution
digital photographs, or using retinal fluorescein, in which the leakage
of contrast medium from some small microaneurysms allows to find
them. An amount of pericyte loss that is not enough to allow the
formation of a microaneurysm cannot be detected in vivo, and this
vascular damage may exist without clinical or fluorescein angiography
signs [10]. Another structural change that is reported histologically
is the existence of “acellular” capillaries [13,14], which cannot either
be detected by fluorescein angiography, or modify the diameter of
the foveal avascular zone, the standard for identifying damage to the
capillary network in the macula by this study.

Fluorescein angiography can also reveal areas in which the contrast
medium does not appear, which correspond to regions of capillary
closure [15], but they appear after the clinical signs of retinopathy.
Besides the mentioned findings, the traditional evaluation did not
have other elements to measure the anatomical changes in the capillary
plexuses of the retina before diabetic retinopathy appeared.
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Early neural changes

Neural damage is a characteristic of diabetic retinopathy [16]
and is found both in experimental models and post-mortem studies.
The dysfunction of the retinal neurons can be measured before
anatomical changes [17]. Thus, in subjects with diabetes who do
not have retinopathy it has been reported that RS, the ability to
distinguish a stimulus on a previously illuminated background, was
lower than in non-diabetic subjects; although this reduction was not
statistical, it shifted the points of maximum sensitivity outwards to lie
in a paracentral area, which attenuated the perception of light stimuli
up to 35% [18]. The decrease in CS is also related to the presence of
RDN, the duration of diabetes and age [19], even without visual acuity
impairment. Gella et al. [20] found a positive correlation between CS
and glycated hemoglobin, which they attributed to vascular changes
caused by hypoxia in the retina, and to the relationship that it has with
cells of the neural axis [21]. Additionally, color vision tests show that a
blue-yellow dysfunction exists in subjects with diabetes without DR,
ranging from 21.5% [22] to 74.6% [23], even when VA is 20/40.

All these changes indicate an alteration in the neural function of the
retina, which precedes the microvascular changes detectable clinically
and by fluorescein angiography. It has been proposed that they may
reflect a neurodegeneration, due to the association with the late changes
of the retinal neurons that occur when diabetic retinopathy already
exists; [24] however, a definite anatomical change in neural tissue in
vivo has not been reported, before clinical microvascular changes of
retinopathy appear.

Optical coherence tomography

A diagnostic tool that modified the approach to retinal diseases is
optical coherence tomography (OCT). This study uses the principle
of low coherence interferometry to generate images of the retina [25],
which allows obtaining anatomical sections with a similar quality of
optical microscopy, without fixation artifacts. Current devices of
spectral domain have a 3 um resolution [26] and allow to distinguish
and measure the layers of the retina; consequently, the layers where
neurons exist can be measured selectively, and these measurements
could aid in estimating whether there is diabetes-related neural tissue
loss, before clinical retinopathy occurs.

Spectral domain OCT devices measures the nerve fiber layer, and
some have been used to measure the ganglion cell layer (GCL) and the
inner plexiform layer simultaneously [27]. The most recent software
allows the selective measurement of GCL, which features damage in
histological studies of patients with DR; [28, 29] with the current OCT
resolution, this layer is the object of studies that seek to determine
whether a reduction of its thickness could work as a surrogate variable
of structural neuronal damage.

It has been identified that the GCL thickness decreases in subjects
with diabetes without retinopathy [30], with respect to subjects without
diabetes; the foveal avascular zone (FAZ) has been used as a control
variable, because it was assumed that that its normal features could
exclude preclinical microvascular damage. That anatomical change, by
itself, would support the functional data of RDN and suggest that the
neural damage appears before there is vascular damage.

Optic coherence tomography angiography (OCTA)

An additional instrument provided by the most recent OCT devices
is angiography. It has the advantage over fluorescein angiography
that its higher resolution allows to identify the capillaries [31,32] and
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thus quantify vascular density in the superficial and deep plexuses of
the retina [33]. Although it does not allow the detection of capillary
leakage, which is relevant for subjects with retinopathy, this feature may
not be necessary to evaluate early damage to the capillary network in
subjects without retinopathy.

It has been identified that the parafoveal vessel density decreases
in subjects with diabetes without retinopathy, with respect to subjects
without diabetes [34,35]. This change appears without altering the
size of the FAZ [36] and it represents the earliest of diabetes induced
microvascular damage, which can be measured with current diagnostic
tests.

Ganglion cell layer thickness and vascular density

Identifying the reduction of parafoveal vascular density could
change the concept of neural damage prior to the appearance of vascular
damage, in the subject with diabetes without retinopathy. Although
vascular density is also an anatomical variable, its reduction could cause
early neuronal dysfunction, even when there is no structural damage to
the ganglion cells.

The evaluation of the macula seems an appropriate model for
evaluating GCL thickness, because this region contains 40% of those
neurons [37] and a decrease would be easier to identify there [38].
However, a reduction in the thickness of this layer should be selective
to represent structural damage: this change could be accompanied by a
reduction in the thickness of the entire macula, or be caused by another
diseases, such as glaucoma [39-42].

The retinal thickness decreases in subjects with diabetes without
retinopathy, which could be the result of a reduced capillary density.
About 20% of the weight of the retina belongs to vascular tissue, and the
reduction of capillaries before the onset of clinical retinopathy could
explain a reduction in retinal thickness; this reduction in thickness may
not be evident when retinopathy appears, if the decreased capillary
density led to hypoxia, and activated cytokines such as vascular
endothelial growth factor, which enlarge the retinal thickness by
increasing vascular permeability.

The increase in capillary permeability does not necessarily lead to
macular edema: this condition occurs when the amount of fluid that
leaks from the capillaries exceeds the ability of the retinal pigment
epithelium to remove it [43]. Once retinopathy begins, a subtle capillary
leakage could compensate the reduction in retinal thickness that occurs
before clinical changes appear and return the retinal thickness to a
normal value.

An indirect data of hypoxia could be capillary perfusion, which can
also be measured by coherence tomography angiography; its correlation
with parafoveal capillary density should theoretically be high, but it still
requires to be determined.

Similarly, the GCL thickness could decrease when parafoveal vessel
density does; the thickness of this layer could vary according to the
health of vascular tissue, as a result of its contiguity of the nerve fiber
layer, along which the superficial capillary plexus runs. Consequently,
attributing a reduction of the GCL thickness to neuronal loss of neurons
would require determining whether it is unrelated to the reduction of
total retinal thickness.

Bearing this in mind, the reduction of parafoveal vessel density
would be an anatomical vascular change that could occur before of
retinal neuron dysfunction; the reduction of perfusion could explain
alterations in retinal sensitivity, color vision, contrast sensitivity and
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increased latency in the electroretinogram because of hypoxia, even
without neuronal body loss.

A study that compared subjects without diabetes and subjects
with diabetes with no retinopathy, which did not include subjects with
glaucoma, identified a reduction of parafoveal vessel density in the
second group, without changes of GCL thickness. It is still necessary
to determine the level of macular perfusion that induces a thinning of
the retina, and the level at which changes in neural function occur [44].
Vujosevic et al. [45] found as well that the difference of inner retinal
layer thickness was not statistically different between non-diabetic and
type 1 diabetic subjects, although capillary loss was more common in
the second group.

Conclusion

Diabetic retinal neuropathy is a change that can occur before
clinical changes of diabetic retinopathy appear, and it might be caused
by poor perfusion, resulting from a decreased parafoveal capillary
density. The evaluation of the patient with diabetes without retinopathy
should combine neuronal function tests and the information of
optical coherence tomography angiography, in order to determine the
sequence of early damage in the neurovascular unit of the retina and
define strategies to manage it and link it with diabetes-induced injuries
in other organs.
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