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Direct crosstalk between adult
human retinas as suggested

by interocular transfer of
neurovascular coupling through
photic stimulation

Jodo Jordao?, Jodo Figueira®3, Miguel Morgado*, Pedro Guimaraes'?, Pedro Serranho®>,
Daniela Castro-Farias®, Delia Cabrera DeBuc’, Miguel Castelo-Branco'?, Michel Paques® &
Rui Bernardes2"*

Crosstalk mechanisms between retinas were never documented in humans despite being documented
for several other species, including non-human primates. Results of the first-in-human study that
documents the crosstalk between retinas by measuring the vascular response in one retina to the
photic stimulation of the contralateral eye in health and disease are reported herein. A stimulation
apparatus was developed and integrated into an adaptive-optics fundus camera to image 32 healthy
control (HC) subjects and 20 type 1 diabetes mellitus (DM) patients. Ipsilateral and contralateral
neurovascular coupling effects were documented, and criteria were established to consider an actual
response and find positive and negative responses. Ten (31.2%) and two (6.2%) subjects of the HC
group presented contralateral positive and negative responses, respectively, and three (15.0%) positive
and four (20.0%) negative responses were found for the DM group. Also, statistically significant
differences in the ipsilateral (p <0.001) and contralateral (p =0.027) responses were found for the HC
group, rejecting the null (non-response) hypothesis. This finding raises the need to revisit the current
knowledge of neurovascular coupling mechanisms and the association between its dysregulation

and neurological disorders. Further studies involving distinct populations and imaging centers are
necessary to validate the findings herein.

Keywords Neurovascular coupling, Circulation, Central nervous system, Retina, Functional imaging,
Flicker-induced hyperemia

The complexity of the human central nervous system (CNS) is undisputable and broadly recognized. Also, any
change in it has a potentially massive impact on people’s daily lives. Therefore, specific knowledge of the CNS
function and arrangement is paramount and attracts a substantial research focus. Unveiling new communication
channels across its different parts will bring additional insight into this fundamental system.

Neurovascular coupling (NVC)! is a well-established effect in which the CNS reacts to stimuli by increasing
the local blood flow to satisfy the elevated demand for oxygen due to the increased activity, a fundamental task
as the CNS lacks a fuel reservoir to suppress energy needs. Roy and Sherrington? initially noted this effect,
which has been further demonstrated in the brain and the retina across species*®. Despite its fundamental role
and the fact that its impairment has been associated with a variety of disorders, including glaucoma, macular
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degeneration, Alzheimer’s disease, cognitive dysfunction, and diabetes?, the complete NVC mechanism is still
not fully understood.

In this work, we aim to demonstrate the existence of a functional crosstalk mechanism between human
retinas in the adult and in vivo.

Demonstrating a vascular response in the retina to stimuli of the contralateral eye and the distinct responses
in health and disease support the crosstalk mechanism and add to current knowledge on the NVC mechanism.
Moreover, it paves the way for further discoveries and the use of NVC to detect, assess, and monitor vascular-
associated diseases.

However, the distant modulation of the vascular network, particularly concerning the communication
between retinas, implies a long communication channel yet to be documented.

While the extensive innervation of the vascular network® did not raise any questions on the NVC existence in
the brain, mechanisms of autoregulation control in the retina are still poorly understood’~1°. Also, the support
for local neural control came from the comparison with the brain!.

The demonstration of the NVC coupling did not come without discussion. In'?, the authors stated that all
techniques measure distinct parts of the complex nature of the blood flow and, therefore, reaction to metabolic
demands depends on the region observed. Moreover, the numerous mechanisms involved in vessel diameter
regulation represent a complex closed-loop biological control system.

The limits of innervation of the vascular network in the eye® are still based on the works of Ehinger and
Laties'>!%. The innervation of the central retinal artery (CRA) is dense along its course within the optic disc, but
vessels in the retina “almost completely lack extrinsic innervation”'®. On the other hand, the concept of intrinsic
innervation has been proposed repeatedly®.

Whether arterioles are the primary site of blood flow regulation remains to be determined in the brain.
During neurovascular coupling, the local dilation of arterioles in an activation area will not substantially increase
blood flow unless upstream vessels also dilate. How vasodilator and vasoconstrictor responses are conveyed
to upstream locations is unclear'”. The same question can be raised for the retina, and the answer may rely
on coupling and communication between cells within the vessel wall. Indeed, through gap junctions between
adjacent vascular smooth muscle cells, the brain’s intramural propagation of vascular signals produces remote
vasodilatation of upstream pial arterioles!'®1°.

The retinal crosstalk in the mammalian visual system is demonstrated in?. In this work, the authors illustrate
the presence of direct communication between the eyes of adult mammals (rats) able to change retinal activity
and leave the door open for this effect in other species.

While anatomical evidence for cortico-retinal and retino-retinal projections is substantial?®, there is a lack of
physiological evidence for the human species.

The standard view of the adult visual system stipulates that the axons of retinal ganglion cells (RGC) exit the
eye to form the optic nerve, with nasal fibers projecting along the contralateral optic tract and temporal fibers
along the ipsilateral optic tract to the lateral geniculate nucleus (LGN) and other brain areas. Nevertheless, a
diversity of connections exists during embryogenesis and early development but are pruned to form the mature
pathway?!-2,

Anatomical studies that have started with the work of Santiago Ramon y Cajal have shown that the optic
nerves of adult mammals, including humans?%%5, contain sparse populations of efferent fibers. These originate
from multiple locations, including the brain stem and hypothalamus®*-?° and the contralateral eye in young
mice®. As a matter of fact, “the existence of neurons extending from one retina to the other has been reported
during the perinatal development in different vertebrates™. Although initially believed to be artifacts or
misprojections, their presence was unequivocally demonstrated for a small subset of RGC in mice®.

The efferent fibers branch in the eye covers approximately a quarter of the retinal surface?®. Their branches
terminate in the inner and outer plexiform layers (IPL, OPL), inner nuclear layer (INL), and ganglion cell layer
(GCL) depending on fiber type?>>!-3. Hence, even few, there may be retinal efferent fibers in adult mammals
with potential impact on several mechanisms, control, and function.

While the efferent innervation of the retina has now been widely documented in rodents and other animals,
e.g., birds, rabbits, and cats?***-38, the existence and function of an efferent system in humans and non-human
primates remains to be definitively established. Yet, their presence (efferent innervation, not retina-retina fibers)
is strongly suggested based on non-tracing and tracer methods/immunohistochemistry for Chimpanzees,
Macaca mulatta, Saimiri sciureus, Macaca fascicularis, Macaca nemestrina, Papio anubis, and Cebuspaella®.

Concerning humans, all anatomical evidence was generated from autopsy cases or eyes removed during
surgery. Morphological studies of an enucleated eye, ten days after complete occlusion of the CRA, showed that
all ganglion cells and afferent neurites had degenerated. In contrast, all of the presumed efferent nerves with their
cell bodies in the brain were still present in the optic disc®.

In the present study, an adaptive-optics (AO) fundus camera (rtx1) from Imagine Eyes (Imagine Eyes, Orsay,
France) was used to scan the retinas of a group of healthy controls and a group of type 1 diabetes mellitus patients.
The camera was equipped with an in-house built apparatus to stimulate the non-imaged eye synchronously with
the acquisition of fundus images to document the contralateral response. The gathered data show the vascular
response in the imaged eye to the stimulus of the contralateral eye and a distinct response pattern of the diabetic
group from that of the healthy group, therefore supporting the presence of a functional crosstalk mechanism
between retinas never documented in the human species.

Methods
Neurovascular coupling is the alteration in local perfusion in response to changes in energy demands due
to neuronal activity. To quantify it, the variation in vessel lumen at the same vessel section, before and after
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stimulation, is measured and then expressed as a percentage (% var). This method disregards differences in
vessel calibers, facilitating comparisons across various subjects.

Instrumentation

An rtx1 adaptive-optics fundus camera from Imagine Eyes was used to gather data in this work. The camera
system utilizes an en-face reflectance imaging method. It captures images in the near-infrared spectrum (850
nm) using a charge-coupled device (CCD) sensor with low noise and an exposure time of less than 10 ms. It
allows for the acquisition of 4 x 4 degree field-of-view (FOV) images of the ocular fundus (1.2 x 1.2 mm? FOV,
1500 x 1500 pixels image) with high resolution (2 microns, 250-line pairs per millimeter)***!. The rtx1 acquires
images with or without stimulating the imaged retina. It allows for different acquisition timings: temporarily
overlapping the stimulation, after the end of stimulation, or with a defined delay after stimulation.

The adaptive-optics control is fully automatic and corrects for blinking and saccades. The camera
can compensate for refractive errors ranging from —12 D to +6 D, making it suitable for most individuals.
Additionally, as an add-on for this study, the rtx1 outputs two 3.3 V digital trigger signals, one enabled during
fundus acquisition and the other triggering the flicker stimulation. The rtx1 light flicker stimulus is based on
an internal OLED micro-display panel configured to deliver yellow light with a peak wavelength of 570 nm.
Henceforth, the flicker of the rtx1 system will be referred to as the “internal flicker.”

To establish the presence of a crosstalk mechanism, the NVC effect was assessed in the imaged eye in response
to the stimulation of the contralateral one. Custom in-house developed hardware composed of a light source and
control system was fully integrated into the rtx1. It synchronizes with the acquisition through the rtx1-trigger
signals mentioned above. The apparatus and its parts can be seen in Fig. 1.

The prototype developed for stimulating the non-imaged retina will be referred to as the “external flicker.”
This prototype consists of two modules, one for inputting trigger signals and the other for controlling the light
flickers (Fig. 1). For details, see’?. The external stimulation was set up with two arrays of seven individually
addressable red, green, and blue light-emitting diodes (RGB LED), one for each eye, to allow studying the
contralateral effect in the left or right eyes.

The irradiance of the external device was measured using a calibrated SR900 spectrometer (Opsytec Dr.
Grobel, Ettlingen, Germany) to ensure it meets the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) guidelines concerning eye exposure limits in conditions of ophthalmic examination®.
Nevertheless, the LEDS’ maximum irradiance was limited in firmware to ensure that a possible communication
error would not override settings and exceed exposure limits. The RGB LEDs were configured to achieve a
perceived dark yellow color matching the rtx1 internal one.

The external device and the rtx1 are controlled using a custom-developed software application written in
C++. The control software integrates with the rtx1’s software (AOimage 3.4) and allows the user to specify the
settings for the rtx1 camera and the external flicker module (the same parameters’ values and trigger signals used
for both), namely the duration, flickering frequency and intensity parameters of the stimuli.

Study design and participants
All subjects were instructed not to drink coffee on the day of the examination, and all subjects fulfilled the
inclusion and exclusion criteria defined as:

- Inclusion criteria:

« aged 18 to 60, inclusive;

o Dbest corrected visual acuity equal to or over 69 letters (20/40 Snellen scale);

« refractive spherical equivalent between — 6 and +5 diopters;

o type I Diabetes Mellitus (for the patient group);

« level 10 of the ETDRS-DRSS scale (for the patient group);

« demographic matching with the patient group (for the healthy group).Exclusion criteria:
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Fig. 1. Left: apparatus installed on the rtx1 (Imagine Eyes). Right: Apparatus parts. The external light sources
are fixed to a pair of custom supports covered by foam pads to prevent flicker light from propagating to the
imaged retina during contralateral stimulation and provide comfort.
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« any ocular diseases that may interfere with the examination of the study eye;

« presence of a history of glaucoma;

« pupillary dilation below 5 mm in the study eye;

« ocular inflammation, conjunctivitis, or any history of uveitis in the study eye;

« signs or history of diabetic macular edema (for the patient group);

« signs or history of retinal vascular disease or neurodegenerative disease, including hypertensive retinopa-
thy in the study eye;

« only one functional eye;

« any previous intravitreous treatment;

« any previous laser treatment in the retina;

« any ocular surgery in the past 6 months before enrollment in the study;

« any signs of arterial obstructive disease;

« any history of thromboembolic events;

« history of central nervous system disorders, neurodevelopment disorders, psychiatric disorders, or audi-
tory or visual deficits;

« pregnant or breastfeeding women;

« history of alcohol or drug abuse.

The dataset used in this cross-sectional study was collected between October 2023 and July 2024 and consists of
32 healthy control subjects (19 females and 13 males, 17 left/15 right eyes, age range: 19-55 years, median 28.5
years, m(sd): 32.7(10.5) years), and 20 type 1 diabetic patients with no signs of diabetic retinopathy (10 females
and 10 males, 10 left/10 right eyes, age range: 20-57 years, median 32.0 years, m(sd): 35.0(12.3) years, HbA, .
range: 5.8-7.9%, median 6.8%, m(sd): 6.9(0.5)%). All subjects presented a best-corrected visual acuity (BCVA) of
0.00 (logMAR), an intraocular pressure (IOP) of the imaged eye ranging from 10 to 23 mmHg (m(sd): 15.8(3.6)
mmHg) and an IOP of the contralateral eye ranging from 10 to 23 mmHg (m(sd): 15.8(3.6) mmHg). Healthy
control subjects presented spherical equivalent refractive errors ranging from —4.75 to 2.50 diopters (D) (m(sd):
-0.75(1.77) D) for the image eye and —4.75 to 4.38 D (m(sd): —0.82(1.82) D) for the contralateral eye. Diabetic
patients presented spherical equivalent refractive errors ranging from —6.00 to 1.25 D (m(sd): —0.89(1.54) D)
for the image eye and —6.00 to 1.25 D (m(sd): —0.96(1.64) D) for the contralateral eye. Blood pressure (BP)
ranged from 90 to 139 mmHg (m(sd): 116.0(11.3) mmHg) and from 59 to 93 mmHg (m(sd): 73.0(8.1) mmHg),
respectively for the systolic and diastolic BP, and was measured for all but the initial 12 healthy controls (HC01
to HC12).

All participants provided written informed consent for the study, which was conducted in accordance with
the Declaration of Helsinki and its subsequent revisions. Additionally, ethical approval (CE-039/2023) was
obtained from the ethics committee of the Faculty of Medicine of the University of Coimbra.

All patients are regularly followed at the ophthalmology department following the standard protocol for
type I diabetic patients and underwent a complete ophthalmic examination at the ophthalmology department
of the Coimbra University Hospital before enrollment in the study, which included a slit lamp exam, widefield
fundus photography, OCT (Optical Coherence Tomography)(macular and optic disc protocols), OCT-A (OCT
- Angiography), and best corrected visual acuity. Besides these data, all patients were checked for the inclusion
and exclusion criteria and collection of demographics and anthropometric data, heart blood pressure and
metabolic status, hormonal status, relevant family history, medication, and life habits prior to the enrollment
in the study.

Only one eye per subject was considered (imaged), selected per group alternatively between the right and left
eye at the study enrollment. The experimental procedure begins with measuring the intraocular pressure and
applying tropicamide-based mydriatic eye drops to promote mydriasis and cycloplegia.

Two acquisition modes were used: the baseline mode, in which image acquisitions were performed without
being preceded by any stimulation, and the stimulation mode, in which image acquisitions immediately follow
a stimulation of 20 s of flicker light at 15 Hz (square wave shape and maximum contrast — same contrast for the
internal and external stimulators). For both modes, image acquisition lasted 2 s.

After the full dilation, following the application of mydriatic eye drops and keeping subjects in the imaging
room in dark conditions, the selected subject’s eye was imaged three times without stimulation (Basal I) and
immediately imaged three times following the contralateral stimulation (Contra) using the external stimulator.
A waiting time of 5 min before the next sequence was set to allow the neurovascular coupling to return to
a stable state. After that, three acquisitions were performed without any stimulation (Basal 2) immediately
followed by three acquisitions following the ipsilateral stimulation (Ipsi) using the rtx1 internal flicker (Fig. 2).
All acquisitions were performed at an artery as close as possible to the subject’s fovea, and all acquisitions of the
same subject were performed at the same location where the selected artery presents a well-defined lumen and
walls. The imaging room was kept in dark conditions for the entire duration of the subject’s study.

Data analysis
All acquired images were exported for further processing. A grader manually segmented a vessel portion using
custom-made software allowing to zoom in and out, image panning, and mouse pointing at rtx1 images to
define the vessel lumen. All 12 images (three images per acquisition type: Basal 1, Contra, Basal 2, and Ipsi) were
individually segmented by the same grader. Image examples and respective segmentation can be seen in Fig. 3.
One independent grader assessed all segmentations, and another assessed segmentation by sampling the dataset.
A binary mask was defined based on the lumen segmentation, and the vessel centerline was determined from
the mask. The same vessel segment limits were used across all images per eye. Per image, the lumen width was
defined as the ratio of the area to the length of the segment (length of the centerline), obtaining an estimate of
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Fig. 2. Sequence and time duration (not-to-scale) of eye fundus acquisition protocol. Each acquisition takes
2's, preceded or not by a photic stimulation of 20 s. A five-minute interval takes place between the top and
bottom sequences.

its average in pixels. The lumen width for each acquisition type was defined as the maximum of the respective
three consecutive scans. Each subject has, therefore, four measures of the vessel lumen at the same location.
The respective NVC response is defined as the percentage of the relative variation between the lumen values
for the baseline and the ones following the stimulation, therefore allowing the comparison of the responses
for the different subjects/eyes. The contralateral and the ipsilateral responses were computed as %var
1()Ox(l"vcontra - 1‘Nba\sall)/lvvbasall and %Varipsi = 1OOX(I‘Nipsi
lumen width.

A non-parametric Wilcoxon test for pairwise samples was performed to test whether significant contralateral
and ipsilateral responses were found in the healthy group. Also, for both groups, a set of criteria was established
to define an individual relevant contralateral response:

C1: only cases where the lumen’s width following a contralateral stimulation was either both over basall and
basal2 lumens (positive response) or under basall and basal2 lumens (negative response);

C2: the minimum variation to any of the basall or basal2 should be over 10% of the maximum variation to
any of these;

C3: the contralateral response should exceed 50% of the minimum ipsilateral response for the entire group;

C4: the contralateral response should be over 1% or exceed 50% of the respective ipsilateral response.

contra,

- Wy, 0)/IW, .1 Tespectively, where Iw stands for

Results
Raw data can be seen in Table 1; Figs. 4 and 5.

For the healthy control group, a statistically significant difference was found between the contralateral and
ipsilateral NVC and the previous basal state, respectively, p= 0.027 and p < 0.001 (Wilcoxon test), rejecting the
null hypothesis of no response in both cases.

Of the 32 healthy controls, 24 (75.0%) presented a contralateral positive response (please note the marginal
positive response of the HC09 subject). Twenty subjects (62.5%) verified criteria C1 to C3 (Fig. 6). Twelve healthy
controls (37.5%) verified criteria C1 to C4, ten subjects (83.3%) presented positive contralateral responses, and
two individuals (16.7%) presented negative contralateral responses (Fig. 7).

For the diabetic group, 13 individuals (65.0%) presented a negative contralateral response (Fig. 5). Twelve
subjects (60.0%) verified criteria C1 to C3 (Fig. 8). Seven subjects (35.0%) verified criteria C1 to C4, three with
a positive and four with a negative contralateral response (Fig. 9).

These results support the NVC reflex in response to the stimulation of the contralateral eye, with 12/32
(37.5%) healthy controls and 7/20 (35.0%) type 1 diabetes mellitus patients fulfilling the established criteria,
implying a response followed by a return to the baseline condition.

Discussion
For the first time, we have imaged the human retina with an adaptive-optics fundus camera equipped with an
external stimulation apparatus to allow the photic stimulation of the contralateral eye.

The same eye of each subject was imaged first without being stimulated (basal measurement) and after the
stimulation of the contralateral eye. After a period of 5 min, the same eye was imaged again, without being
stimulated (new basal) and after its ipsilateral stimulation. The same vessel portion was analyzed by segmenting
the vessel's lumen. The average lumen width for each of the four scenarios was computed, and the response
to the stimulus was determined as the percentage of variation in the lumen width in relation to the respective
basal value to account for temporal variations in the basal lumen. We have shown that there is a response to the
contralateral stimulation by demonstrating that the computed variation in lumen obeys several criteria (for the
healthy and patient groups) and has a statistically significant difference from the null hypothesis (no response)
for the healthy control group.

How the information propagates from one eye to the other is still unknown. However, a mechanism similar
to the one in the brain, where through gap junctions between adjacent vascular smooth muscle cells the brains
intramural propagation of vascular signals produces remote vasodilatation of upstream pialarterioles'®1%,
associated with the dense innervation of the CRA and the local propagation of vasodilatory signals, suggest this
as a potential mechanism for the contralateral NVC effect in the retina.
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Fig. 3. Two healthy control (top) and two diabetic patients (bottom) examples. From top to bottom: cases
HCO03, HC08, DM02 and DM04. Left: color fundus photography with the rtx1 shown overlapped in grayscale.
Middle/Right: full-size rtx1 images (4 x4 degree field-of-view, 1500 x 1500 pixels) after the contralateral/
ipsilateral stimulation. Analyzed vessel segment in blue. Additional example cases can be seen in the
Supplementary figures.

In addition to demonstrating the crosstalk between adult human retinas, we have shown that the mechanism
is present both in health and disease (type 1 diabetes). Our results also suggest a different response pattern in
the patient group.

The main strengths of this study were the use of detailed ophthalmic imaging and the demonstration of the
statistically significant difference for the contralateral stimulation in the adult healthy population, in vivo and
non-invasively, through the direct evaluations of the change in the vessels’ lumen.

Nevertheless, there are some limitations to our study. First, this cross-sectional study has a limited sample size.
Second, the study sample might not adequately represent other populations where different response patterns
can exist. Additionally, a different set of operating parameters, e.g., stimulation period, a time gap between
the stimulation and acquisition, or the acquisition while still stimulating, different stimulation intensities, may
show an increased contralateral response. However, for the sake of demonstration of a working mechanism in
the adult human retina, the system configuration used proved to be adequate, and the novel findings shed new
light on the NVC mechanism, a significant breakthrough because existing NVC models do not consider the
demonstrated effect and may need to be revisited.
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IOP [mmHg] Lumen width (pixels)
Age BP HbA, . | Spherical Equivalent | Imaged | Imaged | Contralateral
ID Type |Sex | (years) | (mmHg) | (%) Error (D) Eye Eye Eye Basal1 | Contra | Basal 2 | Ipsi
HCo01 | HC F 39 NA NA 0(0) (N 15 16 119.8 119.1 119.0 120.1
HC02 | HC F 33 NA NA —1.25(-1.50) OD 11 11 49.4 49.9 50.3 51.0
HC03 | HC F 27 NA NA —-1.25(-1.25) (6N 21 21 86.9 84.5 86.7 92.9
HC04 | HC M 22 NA NA 0(0) OD 20 20 104.4 105.0 106.3 109.3
HCO05 | HC M 26 NA NA —4.75(-4.75) oS 22 22 78.7 79.9 77.2 80.2
HCo06 | HC F 33 NA NA —4.25(-4.50) OD 15 16 89.0 89.9 89.1 91.5
HCo07 | HC F 30 NA NA 0.25(0.25) (N 10 13 105.6 108.2 104.9 108.8
HCo08 | HC F 24 NA NA 2.00(-0.75) OD 15 15 80.9 85.6 84.7 88.1
HC09 | HC F 35 NA NA —2.63(-2.50) oS 15 13 51.8 51.9 52.4 55.1
HC10 | HC F 25 NA NA —2.25(-2.25) OD 19 19 84.0 85.2 84.6 86.0
HC11 | HC F 23 NA NA —0.50(-1.13) oS 18 15 93.8 93.3 90.1 98.8
HC12 | HC M 35 NA NA 1.50(0.25) OD 20 20 70.9 73.7 71.7 75.8
HC13 | HC F 19 122/59 NA —-1.38(-0.88) (6N 18 18 75.7 76.4 75.2 78.4
HC14 | HC M 24 123/80 NA —-0.25(-0.75) OD 16 16 96.6 97.4 95.7 98.3
HC15 | HC F 24 110/80 NA -0.63(-0.50) oS 20 20 94.1 95.2 93.6 94.9
HCl16 | HC M 24 128/65 NA 0(0) OD 18 20 96.9 96.0 99.1 99.4
HC17 | HC F 24 116/73 NA —0.88(-1.38) OD 23 23 76.0 76.2 76.6 77.9
HC18 | HC M 52 120/88 NA 0(0) (6N 20 20 72.4 73.3 71.4 77.0
HC19 | HC F 24 116/73 NA -3.38(-2.50) OD 20 20 75.3 74.2 74.3 78.0
HC20 | HC F 52 103/68 NA 2.50(2.25) OD 10 10 82.8 83.4 82.8 84.4
HC21 | HC F 54 130/79 NA 0.75(0.88) oS 14 13 71.9 74.2 75.4 78.2
HC22 | HC M 25 98/63 NA 0.25(0.50) OD 15 15 53.7 54.2 55.1 56.9
HC23 | HC M 41 121/73 NA —2.63(-3-63) (0N 10 11 102.8 104.3 95.6 104.5
HC24 | HC M 21 124/80 NA 0(0) OD 12 12 83.6 83.5 84.6 90.0
HC25 | HC F 44 126/73 NA -2.50(-1.50) oS 12 12 63.0 63.6 64.4 64.0
HC26 | HC F 45 102/65 NA —-0.63(-1.00) OD 11 10 104.0 104.1 103.2 104.0
HC27 | HC F 39 108/68 NA 0(0) oS 15 15 82.2 82.4 81.2 82.9
HC28 | HC F 24 114/62 NA 1.38(4.38) (6N 13 13 102.5 101.6 102.0 105.7
HC29 | HC M 40 110/73 NA —4.25(-4.00) (0N 11 11 64.5 65.1 65.1 66.1
HC30 | HC M 55 110/70 NA —0.13(-0.25) oS 12 12 82.6 82.9 82.4 83.3
HC31 | HC M 24 120/88 NA 0(0) oS 12 13 88.8 86.1 85.6 91.8
HC32 | HC M 38 102/63 NA 0.88(0.25) OD 10 10 89.7 90.2 88.4 89.6
DMO1 | TIDM | FMI | 45 90/66 6.7 0(0) oD 17 17 66.3 66.1 66.0 66.1
DMo02 | TIDM | M 24 120/75 6.4 —2.25(-2.75) oS 16 16 84.7 87.4 86.3 88.3
DMO03 | TIDM | M 51 116/76 5.8 —-2.25(-2.25) OD 14 14 120.5 122.6 122.7 122.9
DM04 | TIDM | M 42 120/60 5.8 —2.38(-2.50) (N 16 16 80.1 76.7 79.6 81.6
DMO5 | TIDM | M 57 118/74 6.6 1.25(1.25) OD 14 14 78.7 78.4 79.0 81.9
DMO06 | TIDM | M 57 127/79 7.4 -1.13(-1.38) (6N 16 14 72.0 70.7 70.5 72.5
DMO07 | TIDM | M 22 122/74 6.7 0(0) OD 18 18 90.8 90.7 92.0 91.6
DMO08 | TIDM | F 42 123/93 6.8 0(0) oS 12 12 72.0 72.3 70.1 76.0
DM09 | TIDM | F 28 96/71 6.9 0(0) OD 15 14 85.7 85.0 83.8 85.7
DM10 | TIDM | F 22 112/67 7.4 —0.88(-0.38) (0N 20 20 82.7 82.3 83.3 85.2
DMI11 | TIDM | F 21 105/86 6.7 0(0) OD 20 20 111.7 110.7 112.3 112.5
DM12 | TIDM | F 47 121/73 7.9 0(0) OD 19 19 77.7 78.0 78.1 79.6
DM13 | TIDM | M 25 117/68 6.8 —6.00(—6.00) (0N 20 20 55.7 56.9 56.1 56.5
DM14 | TIDM | M 25 132/63 7.6 0(0) OD 21 21 82.9 82.4 82.7 82.5
DM15 | TIDM | M 27 139/72 6.8 -0.50(-0.63) (6N 16 16 103.4 102.8 103.9 106.7
Continued
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DM16

T1DM

136/86 7.6

0(0)

16

92.5

92.3

91.3

92.6

DM17

T1DM

98/76 6.7

—2.50(-3.50) (6]

15

60.1

60.4

59.4

61.3

DM18

T1DM

131/80 6.8

0(0)

14

82.9

83.8

83.3

83.8

DM19

T1DM

113/68 7.3

~1.25(-1.00) 0

21

108.6

107.8

107.2

106.0

DM20

T1DM

M
F
F 42
F
F

103/69 7.2

0(0)

10

101.5

99.2

100.1

101.1

Table 1. Raw data and subject characterization. HC - healthy controls; TIDM - type 1 diabetes mellitus;
M/F - male/female; FIM! — Menopause; OD/OS - right/left eye; BP - blood pressure; Spherical equivalent

error (diopters) for the imaged (non-imaged) eye; IOP - intraocular pressure; Basal 1/2 - acquisitions without
stimulation; Contra/Ipsi - acquisition after contralateral/ipsilateral stimulation; NA - not available.
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contralateral stimulation), “Basal 2” (blue), and “Ipsi” (red - ipsilateral stimulation).

Conclusion

Mo ¥ W
R

Demonstrating these effects in a larger population and across different imaging centers is paramount, as well
as assessing the pattern of response for several disorders, particularly those known to be associated with vascular
changes, including Alzheimer’s disease, cognitive dysfunction, and diabetes.
This study’s findings are still far from an immediate application in clinical practice, and further studies
involving several distinct populations are necessary. However, the prospects for new biomarkers of disease onset,
progression, or staging seem to be waiting to be discovered.

We present evidence on the crosstalk between adult human retinas through the modulation of vessels’ width in
response to the photic stimulation of the contralateral eye. Our results also suggest that this crosstalk mechanism
may be modified in type 1 diabetes mellitus patients and may be a biomarker of initial changes not identified by
current methods.
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Neurovascular response
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Fig. 5. Neurovascular response data for the health control (top) and the diabetic patient (bottom) groups.
Response to the photic stimuli is shown as a percentage of lumen width variation from the basal lumen width.
Left: contralateral stimulation response. Right: ipsilateral stimulation response.
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Fig. 6. Healthy control cases (20/32 (62.5%)) for whom the response to the contralateral stimulation recovered
totally or partially to the basal lumen value and for whom the response (absolute value) is over half the
minimum of the ipsilateral response for the entire set.
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Neurovascular response: criteria 1, 2, 3, and 4

Contralateral Stimulation Ipsilateral Stimulation
T T T T T T T T T T

T T T 10

9 9

8 8

7 7

6 6 —

5 5
- o
34 — 54
Mm 3 A @ 3
A A
= 2 — = 2 a—
2 S
= ~|:|» 1 H
5 g
> 0 > 0 —
= =

0 -1

-2 -2

-3 -3

4 4

NI LI S LIPS SN\ AN BN PN S c St} B P 0 ® A AL D A6 D D 9d
e O R S N e g e R SR S R e R S R S S SN NS

Fig. 7. Healthy control cases (12/32 (37.5%)) for whom the response to the contralateral stimulation recovered
totally or partially to the basal lumen value and for which the response (absolute value) is over half the
minimum of the ipsilateral response for the entire set, and for whom the contralateral response is over 1% or
over half of the ipsilateral response for the same subject.
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Fig. 8. Type I diabetic patient cases (12/20 (60.0%)) for whom the response to the contralateral stimulation

recovered totally or partially to the basal lumen value and for whom the response (absolute value) is over half
the minimum of the ipsilateral response for the entire set.
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Fig. 9. Type 1 diabetic patient cases (7/20 (35.0%)) for whom the response to the contralateral stimulation
recovered totally or partially to the basal lumen value and for which the response (absolute value) is over half
the minimum of the ipsilateral response for the entire set, and for whom the contralateral response is over 1%
or over half of the ipsilateral response for the same subject.
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Data availability
The data supporting the conclusions of this article will be made available by the corresponding author upon
formal and reasonable request.
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