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PURPOSE. The purpose of this study was to assess density and morphology of cone
photoreceptors (PRs) and corresponding retinal sensitivity in ischemic compared to
nonischemic retinal capillary areas of diabetic eyes using adaptive optics optical coher-
ence tomography (AO-OCT) and microperimetry (MP).

METHODS. In this cross-sectional, observational study five eyes of four patients (2 eyes
with proliferative diabetic retinopathy (DR) and 3 eyes moderate nonproliferative DR)
were included. PR morphology and density was manually assessed in AO-OCT en face
images both at the axial position of the inner-segment outer segment (IS/OS) and cone
outer segment tips (COSTs). Retinal sensitivity was determined by fundus-controlled
microperimetry in corresponding areas (MP-3, Nidek).

RESULTS. In AO-OCT, areas affected by capillary nonperfusion showed severe alterations of
cone PRmorphology at IS/OS and COST compared to areas with intact capillary perfusion
(84% and 87% vs. 9% and 8% of area affected for IS/OS and COST, respectively). Mean
reduction of PR signal density in affected areas compared to those with intact superficial
capillary plexus (SCP) and deep capillary plexus (DCP) perfusion of similar eccentricity
was –38% at the level of IS/OS (P = 0.01) and –39% at the level of COST (P = 0.01).
Mean retinal sensitivity was 10.8 ± 5.4 in areas affected by DCP nonperfusion and 28.2
± 1.5 outside these areas (P < 0.001).

CONCLUSIONS. Cone PR morphology and signal density are severely altered in areas of
capillary nonperfusion. These structural changes are accompanied by a severe reduction
of retinal sensitivity, indicating the importance of preventing impaired capillary circula-
tion in patients with DR.

Keywords: adaptive optics optical coherence tomography (AO-OCT), microperimetry
(MP), diabetic macular ischemia (DMI), photoreceptors (PRs)

Diabetic retinopathy (DR) is characterized by pericyte
loss around retinal capillaries and small arterioles,

thickening of the basement membrane, fibrosis of the reti-
nal vessel wall, and endothelial cell death.1,2 These vascu-
lar alterations lead to capillary closure, the hallmark of
diabetic macular ischemia (DMI), which is clinically char-
acterized by an increased size of the foveal avascular zone
and the presence of capillary nonperfusion in the macular
region.2–4 DMI is associated with progression of DR, irre-
versible visual loss, and reduced visual acuity gain even after
treatment with intravitreal anti-VEGF agents.3,5–11 Fluores-
cein angiography has been the gold standard in diagnosing
and quantifying DMI.3,12 However, fluorescein angiography
does not allow for the evaluation of individual capillary
plexus with the deep capillary plexus (DCP) particularly
inaccessible due to the overlaying fluorescence from the

superficial capillary plexus (SCP). However, optical coher-
ence tomography angiography (OCTA) permits a depth-
resolved differentiation and visualization of different reti-
nal vascular layers noninvasively within seconds.13 There is
evidence from clinical trials that capillary nonperfusion at
the level of the DCP, as determined with OCTA, colocalizes
with alterations of the outer retina and in particular changes
in the photoreceptor (PR) layer as assessed with OCT.14,15

Because the introduction of fundus-guided microperimetry
(MP) functional testing of PR in specific retinal locations is
feasible.16,17 Only limited data are available on the relation-
ship between PR layer integrity and retinal function in areas
affected by DMI.15 Recently, adaptive optics (AOs) assisted
imaging has enabled in vivo evaluation of individual PR cells
by measuring and correcting for wavefront aberrations of
the eye in real-time.18–21 The combination of AO and OCT
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(AO-OCT) enables a volumetric three-dimensional assess-
ment of the outer retina allowing for a separate evaluation
of the PR inner segment/outer segment junction (IS/OS)
and the cone outer segment tips (COSTs).22,23 In this pilot
study, we combined AO-OCT, OCTA, and spectral domain
(SD)-OCT with MP measurements to assess the relationship
between retinal capillary perfusion, three-dimensional PR
integrity at the level of individual PR cells and retinal sensi-
tivity in patients with DMI.

METHODS

In this prospective study, patients were recruited from the
outpatient clinic for DR at the Department of Ophthalmology
at the Medical University of Vienna. The study was approved
by the institutional review board of the Medical University of
Vienna, adhered to the tenets of the Declaration of Helsinki,
and was conducted according to the Guidelines for Good
Clinical Practice.

Patients

Inclusion criteria were eyes from patients with diabetes
(diabetes mellitus type 1 or 2) with moderate nonprolifera-
tive to proliferative DR and the presence of at least one area
of DCP nonperfusion, as assessed with OCTA. Any region
of interest (either inside the area of DCP nonperfusion, in
the border region between intact DCP perfusion and DCP
nonperfusion, or in areas with intact SCP and DCP perfusion
without directly adjacent DCP nonperfusion, had to be free
from fluid, pre- or intra-retinal material, or hemorrhages.

To allow for valid intra-individual comparison of PR
signal density values, AO-OCT images of at least one
ischemic and one corresponding area with intact capil-
lary perfusion with a difference of equal or less than 1
degree of foveal eccentricity had to be available of the same
patient. Thus, we could ensure that intra-individual compari-
son of PR density values, which are known to decrease with
increasing distance from the foveal center, were not influ-
enced by a varying extent of foveal eccentricity.24,25

Minimal pupillary diameter was required to be at least
5 mm with a regular pupil contour after instillation of
1.0% tropicamide (Mydriaticum Agepha, Vienna, Austria)
and 2.5% phenylephrine hydrochloride. The spherical equiv-
alent had to be below +/- 5 diopters and cylindrical
astigmatism below 2 diopters. General exclusion criteria
were the presence of any retinal disease (e.g. epireti-
nal membranes, age-related macular degeneration, macu-
lar holes, uveitis, etc.) other than DR in the study eye.
Cataract with more severe stages than nuclear opacification
3, nuclear color 3, cortical cataract 2, and posterior subcap-
sular cataract 0.5 according to the Lens Opacification Classi-
fication System III,26 or corneal scarring excluded patients
from study participation. Further, no intraocular surgery
except uncomplicated cataract surgery with a mono-focal
capsular bag supported acrylic lens without development of
posterior capsule opacification or anterior capsule contrac-
tion syndrome was allowed prior to study inclusion.

Visual Acuity Testing and Standard OCT/OCTA
Imaging

Visual acuity testing (ARK-1s; Nidek Co. Ltd., Gamagori,
Japan) and biometry including axial length and keratom-

etry (IOL Master 500; Carl Zeiss Meditec, Jena, Germany)
were performed before medical mydriasis. The presence of
ischemia of the SCP and DCP was evaluated using 20 degrees
× 20 degrees swept source OCTA scan, which corresponds
to a field of view of approximately 6 mm × 6 mm, centered
on the fovea (Plex Elite; Carl Zeiss Meditec, Germany).
SD-OCT (Spectralis HRA2 + OCT; Heidelberg Engineering,
Heidelberg, Germany) was performed using the following
settings: 20 degrees × 20 degrees, high resolution mode,
and automated real-time tracking with 15 to 20 averaged
scans. OCT and OCTA images were studied meticulously to
exclude the presence of pre- or intra-retinal material, such
as hard exudates, spot bleedings, or intraretinal cysts before
selecting the areas of interest, where AO-OCT and MP was
performed. MP (MP-3; Nidek Co. Ltd., Gamagori, Japan) was
performed in the study eye, using either the maculopathy
or drusen/pigment epithelium detachment grid provided by
the system’s software that was centered on the fovea. In
one patient (patient no. 2), the grid was positioned slightly
temporal from the foveal center because the ischemic area of
interest was outside the grid, when centered on the fovea. If
necessary, individual MP spots were added inside the areas
affected by DCP nonperfusion, in the perfused border region
just outside the ischemic area and inside perfused areas with
similar eccentricity to the fovea.

Adaptive Optics OCT Imaging

AO-OCT imaging was performed with a system developed at
the Center for Medical Physics and Biomedical Engineering
at the Medical University of Vienna which had been clini-
cally applied before.23,25,27–29 In brief, the system combines
an AO fundus camera and AO-OCT in a compact system
by utilizing a deformable mirror (Mirao52-e RC; Imagine
Eyes, Orsay, France) and a Shack Hartmann wavefront sensor
(Haso First; Imagine Optics, Orsay, France) for AO enhance-
ment.30,31 The OCT system is operated at 840 nm with an
A-scan rate of 200 kHz and an axial resolution in the retina
of approximately 5 μm. Each AO-OCT volume consists of
400 B-scans and covers a field of view of 2 degrees × 2
degrees. Acquisition time of one AO-OCT volume is less than
1 second. A live stream of the B-scan allows for optimization
of the image quality by manually adjusting the focus onto
the different photoreceptor layers. To localize the regions
of interest, retinal vessels from the OCTA images were used
as landmarks on the AO fundus camera live-image of the
system. When a region of interest was localized on the AO
fundus camera live image, several AO-OCT volumes of this
region were acquired.

AO-OCT Image Analysis

First, axial motion artifacts caused by involuntary head
movements of the patients were removed by axially align-
ing single AO-OCT B-scans next to each other using a
cross correlation method in Matlab 2017b (MathWorks, Inc.,
Natick, MA, USA).30,31 En face images were extracted from
the registered AO-OCT at the axial position of IS/OS as well
as COST using the Z-Project function. Two to six consecutive
slices in the z-axis, each with a size of one pixel, were used
to create the AO-OCT en face images of PR IS/OS and COST.

Within the same region of interest, the number of PR
signals was counted manually in the en face IS/OS and COST
images in up to 2 areas with intact SCP and DCP perfusion
and 2 areas with DCP nonperfusion, each measuring 80 ×
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FIGURE 1. Example of manual counting of photoreceptor (PR) signals on en face AO-OCT images of a 58-year-old male patient with diabetes
type II and moderate DR (patient 1). PR signals were manually counted in areas of 80 × 80 pixels (A, B; yellow box). Severe distortion
and patchy loss of PR signals is seen in the area affected by SCP and DCP nonperfusion A. In contrast, PRs are densely packed and
regularly arranged in an area of similar foveal eccentricity in the same eye where SCP and DCP perfusion was intact B. Weak PR signals
are predominantly seen in the area affected by SCP and DCP nonperfusion A. These weak signals were also considered for PR density
calculations A (red dots encircled in yellow). Very weak signals, clearly below the size of any PR signal found in areas with intact perfusion
A (encircled in orange) were not considered for counting, since they either represent noise that derives from the underlying retinal pigment
epithelium or severely damaged PRs. The representatively selected areas encircled in red serve to further illustrate PR signal counting A and
B. Each small red dot inside the red circles represents one PR signal. The total number of PR signals inside each representatively counted
area is written above the respective circle. The lower column (C, D) shows the same information as the upper column A and B without the
red dots inside the red circles for better visibility of PR signals in these areas.

80 pixels, which corresponds to a size of approximately 150
× 150 μm in an eye with 23.5 mm axial length. Figure 1
shows an example of the PR signal counting and different
PR signal strengths. PR signal density at the level of IS/OS
and COST per mm2 was then calculated by considering the
axial eye length of each patient.

PR morphology was assessed both at the axial position
of IS/OS as well as COST according to a grading scheme
previously demonstrated by our group.23 In brief, regular
arrangement of PR morphology was present when densely
packed, bright white round dots representing PRs could
be observed, whereas irregular morphology was defined as
attenuation or loss of these PR signals.We then measured the
percentage of the area with PR irregularities. PR morphology
was defined as unremarkable if an area showed PR abnor-
malities in less than 10% of the total area, mild, moderate,
and severe if 10% to 33.33%, 33.34% to 66.66%, and more
than 66.67% were affected, respectively. The morphologi-

cal grading of PRs was assessed by two masked graders
experienced in AO-OCT image analysis (authors F.D. and
L.W.).

Normal distribution of PR signal density values was
assessed using the Shapiro-Wilk test. With a P value of
0.40 (IS/OS) and 0.43 (COST), respectively, the data can be
considered as approximately normally distributed. There-
fore, a paired t-test, using one mean value per patient
was used for statistical comparison of differences in PR
signal density in areas affected by SCP and DCP nonperfu-
sion and areas with intact capillary perfusion at the level
of SCP and DCP of similar eccentricity within the same
eye. For the statistical analysis of differences in retinal
sensitivity between areas with and without DCP nonperfu-
sion a mixed model with retinal sensitivity as dependent
variable was calculated. Patients were taken as a random
factor to consider for repeated measurements. The inde-
pendent variable was the perfusion status of each area
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(perfused/ischemic). The degrees of freedom were calcu-
lated using the Kenward-Roger approximation. One patient
had measurements on both eyes. For this patient, only one
eye was included.

RESULTS

Patients’ Demographics

Patient 1 was a 58-year-old with type II diabetes mellitus,
patient 2 was a 34-year-old with type I diabetes mellitus,
patient 3 was a 38-year-old with type I diabetes mellitus, and
patient 4 was a 60-year-old with type II diabetes mellitus
at the time of image acquisition. Recent HbA1c values of
these patients ranged from 7.1% to 7.6%. No other systemic
diseases were known in the two patients with diabetes melli-
tus type I. Well controlled hypertension was present in the
other two patients with type II diabetes mellitus. Ophthalmic
examination revealed moderate DR in the right eye of patient
1 (Fig. 2), moderate DR in the left and right eyes of patient
2 (Fig. 3), quiescent proliferative DR in the right eye of
patient 3 (Supplementary Fig. S1), and proliferative DR in the
right eye of patient 4 (Supplementary Fig. S2). Best-corrected
visual acuity was 20/32 in patient 1, 25/20 in patient 2, 20/20
in patient 3, and 20/40 in patient 4. Patient 1 received 9
intravitreal anti-VEGF within 18 months prior to study inclu-
sion and patient 4 received the last of 5 injections 22 months
prior to the study visit, both due to diabetic macular edema.
OCT scans routinely acquired at the patient’s visits at the
outpatient clinic showed that the edema never extended
into any of the areas imaged with AO-OCT. Patient 2 did
not receive any ocular treatment in either eye prior to study
inclusion. Patient 3 had pan-retinal photocoagulation 2 years
prior to the inclusion in this study due to active proliferative
DR. For a summary of the patients’ demographic character-
istics, see Table 1.

Quantitative Evaluation of PR Signals at the Level
of IS/OS and COST

PR signals were manually counted in 5 eyes of 4 patients
with diabetes: 13 areas with nonperfused DCP, among them
3 areas where SCP perfusion was intact, and 23 areas with
intact SCP and DCP perfusion. A maximum of two areas with
intact DCP perfusion and DCP nonperfusion was counted
per region of interest. In all 13 areas located within the 8
regions of interest affected by DCP nonperfusion, AO-OCT
en face images showed a reduction in PR signal density both
at the axial position of IS/OS and COST, when compared
with areas of similar foveal eccentricity with intact SCP and
DCP perfusion in the same eye (Table 2). Mean foveal eccen-
tricity of all regions of interest with DCP nonperfusion and
with intact SCP and DCP perfusion was 5.10 degrees (±2.2)
and 5.11 degrees (±2) respectively.

Mean PR signal density in areas affected by DCP nonper-
fusion was 5653 ± 2105/mm2 at IS/OS and 5654 ±
2252/mm2 at COST compared to 9359 ± 3380/mm2 at IS/OS
and 9089 ± 3504/mm2 at COST in areas with intact SCP
and DCP perfusion of similar foveal eccentricity. The mean
reduction of PR signal density in areas affected by DCP
nonperfusion compared with areas with intact SCP and DCP
perfusion of similar foveal eccentricity was –38% at IS/OS
and –39% at COST (both P = 0.01). Table 2 lists mean PR
signal density values for each region of interest and the
corresponding perfusion status.

Qualitative Evaluation of PR Signal Morphology
at the Level of IS/OS and COST

PR morphology was severely altered in all eight ischemic
regions of interest both at IS/OS and COST. In contrast, PR
morphology in the 13 areas with intact capillary perfusion
was unaffected in 9 and 10 areas and mildly affected in 4
and 3 areas at IS/OS and COST, respectively. No area showed
moderate morphological alterations.

The mean percentage of area affected by either atten-
uation or loss of PR signals was 84% and 87% for IS/OS
and COST in the ischemic areas and 9% and 8% for IS/OS
and COST in the areas with intact capillary perfusion. We
found that agreement between the two graders was very
good. Mean difference between grader 1 and 2 was 5.3%
(±4.8) for IS/OS and 5.2% (±5.0%) for COST. Discrepancies
between the 2 graders were present in only 3 out of 42 grad-
ings (21 × IS/OS and 21 × COST). The 3 discrepancies were
found in 2 regions of interest with intact capillary perfusion,
where one grader assessed PR morphology as unaffected
and the other as mildly affected with a mean difference of
10.8% between these gradings.

Correlation of PR Signal and Retinal Sensitivity
Values

In AO-OCT en face images of PR signals at the level of
IS/OS and COST were attenuated or completely lost in areas
with DCP nonperfusion (see Figs. 2G, 2H, right from the
white dotted line see Figs. 3D, 3E, lower half) and regularly
arranged in areas with intact SCP and DCP perfusion either
directly adjacent to areas affected by DCP non-perfusion (see
Figs. 2G, 2H, left half see Figs. 3D, 3E, upper half) or in areas
of similar foveal eccentricity without adjacent DCP nonper-
fusion (see Figs. 2J, 2K and Figs. 3G, 3H). Analogously to
the AO-OCT enface images, AO-OCT B-scans also revealed
hypo-reflectivity or loss of PR signals at IS/OS and COST in
areas with DCP nonperfusion (see Fig. 2, F2, F4, I2, I4, right
half, see Fig. 3, F2 left third, F4). Regular IS/OS and COST
arrangement were seen in areas with intact SCP and DCP
perfusion (see Fig. 2, L2, L4, see Fig. 3, I2, I4).

In areas with DCP nonperfusion, where AO-OCT revealed
PR distortion and a reduction in PR signal density, retinal
sensitivity was severely reduced in patient 1 (7 dB) and
patient 3 (4 dB) and completely lost in patient 4 (0 dB; see
Fig. 2C, Supplementary Fig. S1C, red boxes, Supplementary
Fig. S2C, yellow box). Patient 2 presented with the smallest
area of DCP nonperfusion measuring 330 μm × 290 μm (see
Figs. 3A–C, yellow boxes). MP was unaffected (27 and 30 dB)
in and around this area (see Fig. 3C, yellow box). A reduc-
tion in PR signal density both at level of IS/OS and COST was
found in this region (see Figs. 3D, 3E, lower half), compared
with directly adjacent areas with intact SCP and DCP perfu-
sion (see Fig. 3, upper half). In areas with intact SCP and
DCP perfusion, including areas directly adjacent to regions
with DCP nonperfusion, 12 MP spots located in these regions
of interest showed unaffected retinal sensitivity ranging from
29 to 32 dB, whereas only 2 MP spots revealed mildly
affected retinal sensitivity (22 dB and 25 dB; see Fig. 2C,
yellow box, Supplementary Fig. S2C; yellow box). Alto-
gether, within the area covered by the central 6 × 6 mm SS-
OCTA scan, mean retinal sensitivity in the areas with intact
SCP and DCP perfusion was 28.2 ± 1.5 dB compared to 10.8
± 5.4 dB in areas with DCP nonperfusion (mixed model:
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FIGURE 2. Multimodal imaging of the right eye of a 58-year-old patient with diabetes type II and moderate DR (patient 1). OCTA shows
impaired flow (dark areas) both at the superficial capillary plexus (SCP) (A) and deep capillary plexus (DCP) (B) superiorly to the fovea in
the area within the white dotted line A and B. In the AO-OCT en face images severe PR signal attenuation at the level of ISOS and COST
is seen in the ischemic areas (D, E; G, H, right from the white dotted line). In areas with intact SCP and DCP perfusion A to C (left half
of the yellow box and green box) PRs are visualized as densely packed bright white dots G and H (left from the white dotted line; J, K)
Analogously, the AO-OCT B-scans show hyporeflectivity or total loss of the individual PR signals both at the axial position of ISOS and COST
in the ischemic areas (F2, F4; I2, I4, right half). In areas with intact perfusion the PR layer can visualized as two hyper-reflective and clearly
separable bands, the upper corresponding to the ISOS, the lower to the COST, with the retinal pigment epithelium visible underneath (I1,
I3, left half; L1, L3). In the ischemic area, retinal sensitivity was severely reduced C (red box; 7 dB), compared to the perfused region just
temporal from the ischemic area C (yellow box; 27 dB) as well as the perfused area without adjacent ischemia C (green box; 32 dB).
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FIGURE 3. Multimodal imaging of a 34-year-old male patient with diabetes type I and moderate DR (patient 2). Optical coherence tomography
angiography (OCTA) shows a small area of superficial capillary plexus (SCP) and deep capillary plexus (DCP) nonperfusion located in the
temporal macula (A, B; upper white dotted circle). AO-OCT enface volumes revealed PR signal attenuation both at the axial position of IS/OS
and COST in the area affected by DCP non-perfusion (D, E, lower half). In contrast, PR signals were bright a regularly aligned at the axial
position of the IS/OS and COST in an area with intact SCP and DCP perfusion, just outside the area of DCP non-perfusion D and E (upper
half) as well as in another spot with intact SCP and DCP perfusion A and C (green box and G, H). Analogously, the AO-OCT B-scans show
hyporeflectivity or loss of PR signals in the area affected by DCP nonperfusion both at the level of IS/OS and COST (F4) compared to areas
with intact SCP and DCP perfusion (F2, I2, I4). SD-OCT shows an intact PR layer in the area with intact DCP perfusion (F1, blue box). The
PR layer seems to be intact, but is not as homogenous in the area affected by DCP nonperfusion (F3, violet box) compared to the area with
intact DCP perfusion (F1, blue box). MP showed unaffected retinal sensitivity in the small area of DCP nonperfusion (27 to 30 dB) C (yellow
box). In another spot with intact SCP and DCP perfusion, retinal sensitivity ranged from 29 dB to 31 dB C (green box). MP revealed severely
reduced retinal sensitivity (7 dB) in an area with SCP and DCP nonperfusion A and C (within the lower white dotted circle). However, this
spot was out of range for AO-OCT image acquisition. The tip of the orange arrow points at a small movement artefact D and E.

estimate 95% confidence interval [CI]; 18.4, 95% CI = 16.6;
20.1, P < 0.0001).

For a detailed description of patients 1 and 2,
see Figures 2 and 3. Details of patients 3 and 4 are
presented in the Supplement Material (see Supplementary
Figs. S1, S2).

DISCUSSION

In our study, we analyzed PR signal densities in areas with
and without DCP nonperfusion using an AO-OCT proto-
type and correlated these findings with corresponding reti-
nal sensitivity measurements as assessed by microperimetry.
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TABLE 1. Summary of the Demographic Parameters of the Study Patients

Ocular No. of Anti- Systemic
Patient No. Age DM Type DM Duration HbA1c in % DR Stage BCVA Pretreatment VEGF Injections Disease

1 58 II 2 y 7.5 Moderate 20/32 Anti-VEGF 9 Hypertension
2 34 I 22 y 7.3 Moderate 25/20 Non – Non
3 38 I 34 y 7.1 Quiescent

proliferative
20/20 PRP – Non

4 60 II 7 y 7.6 Active
proliferative

20/40 Anti-VEGF 5 Hypertension

DM = diabetes mellitus, DR = diabetic retinopathy, BCVA = best-corrected visual acuity, No. = number.

TABLE 2. Photoreceptor (PR) Signal Density Values for all Spots of all Patients

Horizontal Vertical Perfusion PR Signal PR Signal
Patient Spot no. Foveal ECC. Foveal ECC. Status Density IS/OS/mm2 Density ETPR/mm2

1 (OD) 1 0.6 degrees n +3.0 SCP− // DCP− 7652 7565
2 1.6 degrees n +3.0 SCP+ // DCP−SCP+ // DCP+ 593611,377 669211,144
3 1.6 degrees t −3.0 SCP+ // DCP+ 12,191 11,842
4 1.6 degrees t +3.0 SCP− // DCP−SCP+ // DCP+ 446610,373 362210,547

2 (OD) 1 8.0 degrees n +0.5 SCP− // DCP−SCP+ // DCP+ 33145274 31075313
2 8.5 degrees n +0.5 SCP− // DCP− 2811 2682
3 8.5 degreesn −1.8 SCP+ // DCP+ 4758 4797

2 (OS) 1 8 degrees t +0.5 SCP+ // DCP+ 4987 4797
2 8.5 degrees t −1.8 SCP+ // DCP+ 5302 5289

3 (OD) 1 1.8 degrees n +4.2 SCP− // DCP− 5515 6428
2 0 degrees −6.5 SCP+ // DCP+ 9423 9139
3 3.1 degrees t +4.7 SCP+ // DCP−SCP+ // DCP+ 690110,935 668111,660

4 (OD) 1 2.1 degrees n +3.3 SCP− // DCP−SCP+ // DCP+ 904812,853 868913,441
2 3.3 degrees t +2.1 SCP+ // DCP+ 13,098 12,772
3 3.6 degrees n −2.9 SCP+ // DCP+ 13,131 12,984
4 3.6 degrees n −5.6 SCP+ // DCP+ 11,890 14,176

No. = number, ecc. = eccentricity, IS/OS = inner-segment outer-segment, COST = cone outer segment tips, n = nasal, t = temporal,
SCP = superficial capillary plexus, DCP = deep capillary plexus.

We found that PR morphology was severely altered in all
eight ischemic regions of interest and unremarkable in the
vast majority with intact capillary perfusion and mildly
affected in a few of them. Further, our results demonstrate
a significant reduction of PR signal density both at the axial
position of IS/OS and COST by almost 40% in areas affected
by DCP nonperfusion compared with areas with intact SCP
and DCP perfusion. Further, AO-OCT revealed alterations in
the different PR layers both at the axial position of IS/OS
and COST, characterized by attenuation or loss of PR reflec-
tivity. In contrast, in areas with intact SCP and DCP, perfusion
PRs appeared as bright white, densely packed, and predom-
inantly hyper-reflective dots.

Studies using an AO fundus camera or AO scanning
laser ophthalmoscope imaging to investigate differences in
PR densities between patients with different stages of DR
yielded contradictory results concerning the influence of
increasing DR severity on PR signal density.32–35 In these
studies, the presence of DMI was not evaluated. However,
the results of our study and previously published work show
that the presence of DMI colocalizes with alterations in the
PR layer.14,36,37 As the extent of DMI rises with increasing
DR severity, differences in PR signal densities found between
different stages of DR may be attributable to the presence
of DMI rather than DR.8 Thus, future studies investigating
PR signal densities in diabetic eyes should aim to combine
AO-assisted imaging with OCTA to address this question.

Interestingly, despite the advanced stages of DR in our
patient cohort (3 eyes with moderate DR and 2 eyes with
proliferative DR) retinal function outside the areas affected
by DCP nonperfusion was almost unaffected. In contrast,
retinal sensitivity in areas affected by DCP nonperfusion was
severely reduced. A recently published study on the effect of
DCP nonperfusion on PR layer integrity and the correspond-
ing retinal function using OCTA and microperimetry yielded
similar results.15 Hence, it could be hypothesized that DR
in the absence of DMI might indeed not have such a dele-
terious effect on PRs and subsequently on retinal function.
This would explain why PR signal density and morphology
in areas with intact capillary perfusion in the diabetic eyes
analyzed in the current study were comparable to a larger
sample of healthy subjects recently examined with the same
AO-OCT prototype.25

In our study, microperimetry was performed within
approximately 5 degrees around the center of the fovea
using standardized grids. We found that retinal sensitiv-
ity was indeed almost unaffected in areas with intact DCP
perfusion throughout the whole area examined (see Figs.
2A–C, 3A–C, Supplementary Figs. S1A–C, Supplementary
S2A–C – outside the white dotted circle). Most retinal sensi-
tivity values we obtained were therefore not biased by
specific selection of spots. Additional spots were manually
placed almost exclusively in and around the ischemic areas.
Thus, we were able to gain dense information in the border
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regions between ischemic and perfused retina, which also
showed that they were unaffected to mildly reduced reti-
nal sensitivity in these areas. What is more, due to the strict
inclusion criteria that were needed for the acquisition of the
AO-OCT images, our microperimetry data is free from bias
attributable to media opacities. They are of course limited
by the small number of eyes included in this study, yet this
interesting finding could encourage future studies to inves-
tigate retinal sensitivity more closely in DR, especially in the
border region between intact and impaired capillary perfu-
sion of the retina as well as in areas with sparse capillary
perfusion.

Regarding the AO-assisted visualization of PRs, Nesper
et al. evaluated the en face cone packing arrangement in
patients with diabetes with deep capillary plexus nonper-
fusion using AO scanning laser ophthalmoscope.37 The
authors found an abnormal arrangement of cones in nonper-
fused areas in eight diabetic eyes compared with areas
with intact perfusion in three diabetic eyes of patients with
type I and II diabetes. Increasing irregularities of the PR
mosaic correlated significantly with reduced vessel densi-
ties in the DCP, as assessed with OCTA.37 However, neither
a quantification of PR signal density nor retinal sensitivity
testing was performed in this study. Thus, our study adds
important information regarding depth resolved quantifi-
cation or PR densities both at the axial position of IS/OS
and COST combined with functional testing in areas with
and without DCP nonperfusion. In a number of diabetic
animal models, PR loss was also reported.38–41 It is unclear
if the PR loss we observed in our study eyes is either due
to retinal capillary nonperfusion, a response secondary to
alterations in the choriocapillaris, the choroid or the reti-
nal pigment epithelium, or caused by neurodegenerative
processes directly involving the PRs as the underlying mech-
anisms are still not fully elucidated. It is known, that apart
from the choroidal circulation, the DCP also contributes 10%
to 15% to photoreceptor oxygenation, which further high-
lights the importance of the DCP for photoreceptor function-
ing and survival.42 Impaired oxygen delivery to PRs in the
presence of a diabetic choroidal or choriocapillaris vascu-
lopathy, as demonstrated in post mortem eyes of patients
with diabetes, might increase PR vulnerability, hence lead-
ing to loss of PRs and retinal function.15,43–46 Regarding the
role of the choriocapillaris for PR survival, previous clini-
cal studies employing OCTA have demonstrated a colocal-
ization between photoreceptor loss and impaired chorio-
capillaris perfusion in patients with geographic atrophy or
Stargardt disease.47,48 In diabetic eyes, a general association
but not colocalization among an increased extent of chorio-
capillaris flow deficits, decreased retinal function, and alter-
ations in the PR layer has been demonstrated in the macu-
lar region compared to healthy controls.49,50 However, due
to the limitations of currently commercially available OCTA
devices a detailed analysis of the choriocapillaris is not yet
possible. Because the extent of choriocapillaris flow deficits
in healthy individuals reaches up to 40%, a differentiation
between physiological flow deficits and those attributable
to DR or DMI remains subject to interpretation.49 In the
future, technological improvements of OCTA imaging will
give additional insights into the role of the choriocapillaris
for the sequence of pathological changes that ultimately
lead to PR damage and loss of retinal function in patients
with DMI.

PR damage in the course of DMI may also be triggered by
retinal Müller cells (MCs), the primary glial cells in the retina,

which play a crucial role in maintaining PR metabolism and
survival.51,52 Under physiologic conditions, MCs provide PRs
with lactate that serves as an additional source of energy
and might contribute to their survival and functioning espe-
cially in the presence of compromised capillary perfusion
of the retina and choroid as seen in the course of DR.53

Furthermore, in a transgenic mouse model with inhibited
MCs, reduced flash responses in electroretinography, reflect-
ing impaired function of cones, rods, and MCs, were found.
Additionally, histological staining revealed patchy loss of
photoreceptor outer segments in these mice, whereas a regu-
lar staining pattern was found in wild type mice. Further, it
was shown that areas of capillary dropout colocalized with
loss of photoreceptor outer segments after MC inhibition.
These findings highlight the close connection between MC
dysfunction, the retinal microcirculation, and photoreceptor
survival.51

Strengths of this study include the combination of inno-
vative imaging and functional test approaches using an AO-
OCT prototype for the three-dimensional visualization of
single PRs, OCTA for evaluation of retinal ischemia, as well
as fundus-guided microperimetry to assess retinal sensitiv-
ity. Limitations include the restriction of analysis to five
eyes of four patients with diabetes. However, multimodal
imaging and especially the combination of AO-OCT and
microperimetry is challenging. The limitations of both tech-
nologies lie in the difficulty to acquire information at the
very spot of interest, especially when investigating changes
on such a small scale as required for this study. Additionally,
conditions, such as the presence of diabetic macular edema,
hard exudates, hemorrhages, or epi-retinal membranes in
the regions of interest, strongly limited the number of
patients eligible for this study. Another limitation is the
potential presence of other causes of reduced retinal sensi-
tivity due to diabetic neurodegeneration inaccessible with
the methodology used in our study.

In conclusion, the data from our study add valuable infor-
mation to the important relationship between retinal struc-
ture and function in DMI by linking retinal capillary dropout
at the level of the DCP to PR impairment and reduced reti-
nal sensitivity. Multimodal imaging studies combining AO-
assisted visualization of PRs, depth resolved OCTA-guided
detection of capillary changes with fundus-guided functional
retinal testing will help to better understand the temporal
course of DMI in DR. Parameters assessed by advanced reti-
nal imaging and sensitivity test technologies might serve as
biomarkers to monitor treatment success in future therapeu-
tic studies that aim to prevent the progression of micro-
capillary and neurodegenerative changes and associated
visual loss in early DR.
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