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Purpose: To illustrate a noninvasive method to analyze the retinal capillary lumen caliber
in patients with Type 1 diabetes.
Methods: Adaptive optics imaging of the retinal capillaries were acquired in two parafoveal
regions of interest in eyes with nonproliferative diabetic retinopathy and unaffected controls.
Measures of the retinal capillary lumen caliber were quantiﬁed using an algorithm written in
Matlab by an independent observer in a masked manner. Comparison of the adaptive optics
images with red-free and color wide fundus retinography images was also assessed.
Results: Eight eyes with nonproliferative diabetic retinopathy (eight patients, study
group), no macular edema, and preserved visual acuity and eight control eyes (eight healthy
volunteers; control group) were analyzed. The repeatability of capillary lumen caliber
measurements was 0.22 mm (3.5%) with the 95% conﬁdence interval between 0.12 and
0.31 mm in the study group. It was 0.30 mm (4.1%) with the 95% conﬁdence interval
between 0.16 and 0.43 mm in the control group. The average capillary lumen caliber was
signiﬁcantly narrower in eyes with nonproliferative diabetic retinopathy (6.27 ± 1.63 mm)
than in the control eyes (7.31 ± 1.59 mm, P = 0.002).
Conclusion: The authors demonstrated a noninvasive method to analyze, with micrometric scale of resolution, the lumen of retinal capillaries. The parafoveal capillaries were
narrower in patients with Type 1 diabetes and nonproliferative diabetic retinopathy than in
healthy subjects, showing the potential capability of adaptive optics imaging to detect
pathologic variations of the retinal microvascular structures in vaso-occlusive diseases.
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D

iabetic retinopathy (DR) is responsible for 12% of
new cases of blindness between the ages of 45 and
74 years in the developed world.1,2 According to the most
known pathophysiological model of DR, chronic hyperglycemia leads to blood ﬂow abnormalities and pathologic changes of the retinal microvascular structures. The
earliest alterations are represented by a thickening of the

capillary basement membrane, a loss of pericytes, an
increased number of acellular capillaries, increased
plasma viscosity, reduced capillary blood ﬂow velocity,
and decreased level of antithrombotic activity of the
vascular endothelium.3–12 All these changes contribute
to increased capillary permeability, through the inner
blood–retinal barrier breakdown, and to capillary occlusion.13,14 These phenomena lead to retinal hypoxia and
accordingly to retinal ischemia that are precursors of the
major complications of DR, such as the development of
retinal neovascularization and retinal detachment.
An increasing number of reports have been published showing that the changes of major retinal
vessels’ caliber can be used as markers of early
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vascular dysfunction associated with diabetes and
diabetes complications.11,13,15–18 The retinal arteriolar
and venular diameters have been found to be larger in
individuals with diabetes; nevertheless, the pattern of
associations seemed to vary in the population.18 The
larger venular caliber has been additionally associated
with retinopathy severity.18
An important retinal microstructure for the early
diagnosis of several retinal diseases, including diabetes,
is the capillary network. Retinal nonperfusion ﬁrst
appears at the level of the capillary. Pathologic variations
of capillaries in patients with diabetes are in general
evidenced as an enlargement of the foveal avascular zone
(FAZ) area, because of capillary loss, and a reduction of
the perifoveal capillary blood ﬂow velocity.12,19–21
Although ﬂuorescein angiography (FA) currently represents the most used technique in clinical settings to
resolve the microvasculature network, the retinal capillaries have also been visualized using a variety of noninvasive imaging approaches, including entoptic
viewing, retinal function imager, optical microangiography, and high-resolution imaging tools, such as adaptive optics (AO) scanning laser ophthalmoscopy, ﬂoodilluminated AO ophthalmoscopy, and AO optical
coherence tomography (OCT).22–36 Adaptive optics
technology, when implemented in an ophthalmoscope
or in an OCT, has allowed noninvasive visualization
and quantiﬁcation of retinal capillaries in healthy eyes
and eyes with retinal diseases.30–36
In this paper, we illustrated a noninvasive method to
analyze the retinal capillaries’ lumen caliber using
a ﬂood-illumination AO retinal camera. We evaluated
the repeatability of the method by measuring the parafoveal retinal capillaries in patients with Type 1 diabetes and nonproliferative diabetic retinopathy
(NPDR) and in age-matched healthy subjects.

Materials and Methods
The study was approved by a local Ethical Committee
and adhered to the tenets of the Declaration of Helsinki.
After detailed explanation of the procedure, written
informed consent was obtained from all patients. The
inclusion criteria included patients with diagnosis of
Type 1 diabetes mellitus .9 years earlier and mild signs
of NPDR according to the Early Treatment Diabetic
Retinopathy Study severity scale (deﬁned as the presence
of at least 1 microaneurysm and/or mild hemorrhages
and/or hard exudates and/or cotton wool spots),37,38 20/
20 best-corrected visual acuity, and no previous diagnosis of macular edema. Exclusion criteria included the
coexistence of any other systemic disease (e.g., hypertension) or any other ocular disease, including ocular

media opacities, and previous ocular surgery. Healthy
subjects, with no history of systemic or eye diseases,
were recruited as control group.
All subjects received a complete eye examination,
including a non-contact ocular biometry using the IOL
Master (Carl Zeiss Meditec, Inc, Jena, Germany),
retinal imaging using a Heidelberg Retina SLO/SD
OCT (Spectralis; Heidelberg Engineering GmbH,
Heidelberg, Germany), and color fundus retinography
(TRC-50 DX; Topcon Instr. Corp, Tokyo, Japan). A
ﬂood-illumination AO retinal camera prototype (rtx1;
Imagine Eyes, Orsay, France) was used to evaluate the
retinal capillaries. The AO retinal camera has been
described more completely elsewhere.39,40
Adaptive Optics Imaging
The AO imaging sessions were conducted after the
pupil was dilated with 1 drop of 1% tropicamide.
During AO imaging, ﬁxation was maintained by
having the patient ﬁxate the internal target of the
instrument moved by the investigator at ﬁxed retinal
locations, considering that the ﬁxation coordinates, x =
0°, y = 0°, correspond to the foveal ﬁxation reference
point. A series of overlapping images of the microvasculature around the foveal ﬁxation reference point
were acquired in each eye to generate images of the
capillaries surrounding the FAZ. The acquired images
were combined to create an AO montage. The montage was compared with the subject’s SLO fundus
image and color fundus photograph previously examined by a retinal specialist (M.P.) to assess the grade of
DR. The SLO and color fundus photographs showing
the major retinal vessels were used for comparison
with AO images to identify the locations of arterioles
and venules in regions of interest (ROI; Figure 1). The
retinal capillaries were evaluated in 2 ROI centered at
1) x = 1.5° temporal/y = 1.8° superior eccentricity and
at 2) x = 1.0° nasal/y = 1.8° inferior eccentricity. The
ROI were selected to represent the zones at which the
average density and lumen diameter of the parafoveal
retinal capillaries were previously shown to be greater
than other zones closer to the border of the FAZ.31,32,41
A sequence of 40 frames, illuminating a 4° ﬁeld
size, was acquired in 1 eye of each subject (binary
randomization). The deformable mirror of the rtx1
was used to select the appropriate plane of focus.
The focal plane was adjusted to acquire images of
the capillaries of the inner nuclear layer to maximize
the sharpness of vascular images. Each imaging session consisted of focusing through the retina at 10 mm
steps from the photoreceptor layer to the nerve ﬁber
layer using the rtx1 software interface. In correspondence of both ROI, the capillary network of the inner
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eye parameterized by the biometry measurements from
each eye obtained with the IOL Master, according to the
nonlinear formula of Drasdo and Fowler and using the
Gullstrand eye as a model.40,42–44
Capillary Identiﬁcation

Fig. 1. A series of AO overlapping images were acquired in each eye
and used to create a montage to compare the retinal microstructures with
those taken by wide-ﬁeld fundus photographs. The retinal capillaries
were investigated in 2 ROI centered at 1.8° superior to 1.5° temporal
and 1.8° inferior to 1.0° nasal (gray squares) from the foveal ﬁxation
reference point (asterisk).

nuclear layer was imaged 210 mm to 230 mm anteriorly to the photoreceptor layer.
After the acquisition, frames exhibiting large motion
artifacts because of eye movement or blinking were
manually removed before processing (in general, three to
ﬁve frames per sequence). Then, a proprietary program,
provided by the manufacturer, has been used to correct
for distortions within frames of the raw image sequence
and to correlate and average the frames to produce a ﬁnal
image with enhanced signal-to-noise ratio compared with
the single exposure frame.40 The ﬁnal image was saved
as an 8-bit gray-level intensity image. No further postprocessing methods were applied to the image. Each
ﬁnal image was converted to micrometers using model

To unambiguously deﬁne the retinal capillaries,
topologic description of vascular trees by the Horton–
Strahler and generation nomenclatures (i.e., large arteriole, small arteriole, and capillary) was performed, as
previously described.45 Vessel orders were deﬁned according to the convergence of smaller branches. Levels
of branching were deﬁned as generations in the vascular
tree. The order was increased if 2 segments of equal
order join at a bifurcation, as shown in Figure 2.
Capillary Lumen Measurement
The contrast of the retinal vessel’s image depends
on the interaction of light and the blood vessel. The
light that comes back to the imaging camera is a combination of the light scattered from the vessel wall, the
back scattered light from the blood ﬂowing inside the
vessel lumen, and the back scattered light from other
retinal structures, including photoreceptors and nerve
ﬁber bundles. Using an AO ﬂood-illumination retinal
camera, the lumen of a blood vessel appears as a streak
of variable diameter and morphology, depending on
the vessel order; however, it always shows the same
pattern, consisting of a central high-intensity channel
and two peripheral darker channels (probably because
of the curved vessel wall). This pattern was observed
both in single frame and average frames result, thus

Fig. 2. A. Adaptive optics image
showing the capillary network of
a superotemporal parafoveal ROI
(scale bar, 50 mm). B. Highmagniﬁcation area from panel A
(white square; scale bar, 25 mm)
showing details of the microvascular tree. The Horton–Strahler
topologic description of vascular
trees starts at the capillary level
and proceeds centripetally. The
order is increased if two segments
of equal order join at a bifurcation: two capillaries (1) join
together to form a ﬁrst-order
arteriole (2) and two ﬁrst-order
arterioles join together to form
a second-order arteriole (3).
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excluding the possibility that it could be because of the
averaging of the frames to reduce noise.
Various methods have been developed to estimate
the retinal blood vessel diameter from the intensity
pattern. In general, the blood vessel intensity proﬁle
was ﬁtted with a Gaussian function, and the vessel
width was estimated as the width between two preset
thresholds on the Gaussian curve.36,46,47 When computed in this manner, the vessel lumen diameter can
be greatly underestimated in an en face ophthalmoscopy
image because the vessel width does not account for the
dark regions in the peripheral lumen, assuming that
these represent the vessel wall.48,49
In this work, the cross-section lumen caliber, Ds, was
extracted using a semiautomated procedure, including
manual selection of the capillaries in each ROI and automated quantiﬁcation via an algorithm written in Matlab
(software version 7.0; The MathWorks, Inc., Natick,
MA). For each extracted intensity proﬁles, the algorithm
deﬁned as Ds the distance between the two intensity
minima peaks, that correspond to the lumen periphery
(i.e., the two peripheral dark channels), interposed
between the maximum intensity peak corresponding
to the lumen center. To minimize errors because of
oblique extraction of intensity proﬁle and/or no perpendicular incident light camera illumination, the
measurements were conﬁned only to those capillaries
in which the difference between the intensity levels of
the 2 darkest peaks was less than a threshold (,10
gray value; i.e., ,5% of the intensity level of the
image). An independent observer (G.L.), who was
masked to the eye’s group, selected the capillaries in

each ROI. No preference was given other than that the
capillary had to be visually distinguishable from the
background reﬂectance and clearly focused. For each
ROI, three to seven capillaries were analyzed, and for
each identiﬁed capillary, three adjacent cross-sectional
proﬁles were selected. The measurements were automatically stored in a text array and used for statistics,
as shown in Figure 3.
Repeatability and Measurement Error
The repeatability of capillary measurements was
calculated based on the within-subject standard deviation (sw), that is, the common standard deviation of
repeated measurements. To get the common withinsubject standard deviation, we averaged the variances,
that is, the squares of the standard deviations, of the
repeated measures for each subject. The within-subject
standard deviation was chosen as an index of measurement error, as discussed by Bland and Altmann.50,51
The repeatability was deﬁned as 2:77sw and reported
both in terms of the measurement unit (micrometers)
as well as a percentage of the mean. The 95% conﬁdence interval
forﬃ repeatability was calculated as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2:77sw = 2nðm−1Þ, where n is the number of subjects
and m is the number of observations for each subject.
Statistical Analysis
Statistical analysis was performed using the SPSS
software (version 17.0; SPSS, Inc., Chicago, IL). Data
were expressed as mean ± standard deviation. The
analysis of variance was performed for the statistical

Fig. 3. Average lumen caliber of a retinal capillary as measured in this study. A. The AO retinal image shows location of three capillary points (black
lines) that were selected for lumen diameter measurements. Scale bar, 20 mm. B. The three measurements were registered, averaged, and plotted as
shown. Error bars in the plot represent ± 1 SD. The semiautomated method of capillary caliber measurements showed a high repeatability. Ds represents
the average cross-section capillary diameter.
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analysis of the capillary lumen caliber. The achieved
power of the statistical analysis (b) into detecting signiﬁcance of the differences in the values between
NPDR and control eyes was calculated. Statistical signiﬁcance was set at P , 0.05.

Results
Eight patients with NPDR (4 men and 4 women;
Table 1) were included in the study group and 8 subjects (3 men and 5 women) in the control group. The
mean age of the study group was 39.50 ± 5.96 years
(range, 33–52 years old), and the mean duration of
diabetes was 14.88 ± 4.05 years (range, 10–21 years).
The mean A1c form of glycohemoglobin (HbA1c)
level was 7.50 ± 0.73%. All patients had 20/20 or
better best-corrected visual acuity and did not complain any vision loss or metamorphopsia since the
onset of diabetes. They had no history or signs of
previous macular edema, lens opaciﬁcation, or previous ocular surgery. No difference in age was measured
in comparison with the control group (38.29 ± 8.44
years; range, 27–50 years old; one-way analysis of
variance, P . 0.05). The average axial length of the
tested eye was 23.99 ± 1.27 mm and 24.02 ± 1.06 mm
in the study and control groups, respectively. The
average spherical equivalent refraction was −1.38 ±
1.77 diopter and −1.36 ± 1.06 diopter, respectively.
The average linear distance of the superotemporal
ROI’s center from the foveal ﬁxation was 671 and
646 mm in NPDR and control eyes, respectively; the
average distance of the inferonasal ROI’s center from
the foveal ﬁxation was 589 and 568 mm, respectively.
The within-subject standard deviation (sw) was 0.08 and
0.11 mm in the study and control groups, respectively.
The repeatability of capillary lumen caliber measurements was 0.22 mm (3.5%) with the 95% conﬁdence
interval between 0.12 and 0.31 mm in the study group.
Table 1. Characteristics of the Patients with Type 1
Diabetes and NPDR
Age
Patient (Years) Gender
AFL01
BCI02
CNT03
DMS04
ETF05
FMR06
GRM07
HVP08

36
38
36
33
44
52
38
39

F
F
M
M
M
M
F
F

Duration of HbAc1
Diabetes
Level
BCVA
(Years)
(%)
(logMAR)
17
21
11
16
11
10
19
14

6
7.2
8
8.2
7.2
8
7.4
8

0.0
0.0
−0.2
0.0
−0.1
−0.1
−0.1
0.0

BCVA, best-corrected visual acuity; F, female; M, male.
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It was 0.30 mm (4.1%) with the 95% conﬁdence interval
between 0.16 and 0.43 mm in the control group.
The retinal capillaries appeared as faint vessel
segments intersecting each other and forming a network among arterioles and venules both in NPDR and
in control eyes. Capillaries were not resolved by SLO or
color fundus retinography in any eye. The average
lumen of retinal capillaries was signiﬁcantly narrower in
NPDR eyes (6.27 ± 1.63 mm) than in controls (7.31 ±
1.59 mm, P = 0.002, b = 86%). On average, the retinal
capillary lumen was 15% narrower in NPDR eyes than
in control eyes (Figure 4).
Black dots were seen along the capillaries’ course in
both NPDR and control eyes. The range of width of
these objects was between 5.80 and 19.30 mm; no
further analysis was done to discriminate whether
these features may represent perforant branching elements and/or focal capillary dilations (i.e., saccular
microaneurysms) because it was beyond the aim of
the present work. Occasionally, in NPDR eyes, in correspondence of the venous end of retinal capillaries,
there were also objects that might be presumptive fusiform microaneurysms (Figure 5); such objects were
not detected in AO images of control eyes neither were
identiﬁed in SLO or color fundus photographs. Other
features, corresponding to microhemorrhages, were
seen in NPDR eyes. The hemorrhages appeared as
dark spots of different shape and dimension that were
clearly focused at the inner retina. In correspondence
of the hemorrhage itself, a dark spot with defocused
margins was projected on the photoreceptor layer precluding the ability to resolve the cone photoreceptors
(masking effect). All the identiﬁed hemorrhages were
greater than 20 mm and were also resolved by SLO
and color fundus retinography (Figure 5).
Discussion
It is well known that the changes of the retinal
vasculature caliber, shape, and permeability carry important information regarding the state of the microcirculation in the eye.6,9,10,14,16–18,52,53 Noninvasive detection
of pathologic vasculature changes in DR is typically
performed by dilated fundus examination, color fundus
photography, and SLO. Abnormalities of the smaller
vessels and capillaries are currently evaluated in clinical
settings via FA.41,54 In mild NPDR, FA can reveal
microaneurysms and nonperfusion areas as, for example,
enlarged FAZ and enlarged perifoveal intercapillary
areas.20,21 These microvascular abnormalities have been
shown to be clinically signiﬁcantly correlated with the
progression of retinopathy and visual loss.13,18,21,55 Fluorescein angiography, however, requires intravenous
injection of a ﬂuorescent dye agent that can lead to
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Fig.
4. High-magniﬁcation
AO images of the microvasculature network in a ROI of
three controls (upper row) and
three NPDR cases (lower row).
The average lumen diameter of
the capillaries shown (arrowheads) is 7.08 ± 1.22 mm in
controls and 6.31 ± 1.42 mm in
NPDR eyes, respectively.
Scale bars are 50 mm.

unintended systemic complications. Given the potential
for rare major side effects, routine use of FA in evaluating DR is not usually performed, principally reserving
this investigation for the assessment and management of

diabetic macular edema and retinal periphery. Moreover,
FA is inappropriate to screen DR.
Adaptive optics retinal imaging provides the
researcher with a noninvasive tool capable to obtain

Fig. 5. A. Wide-ﬁeld SLO
image in a 33-year-old male
patient with Type 1 diabetes
and NPDR. The high-magniﬁcation image of a parafoveal
region (black square) shows
a microhemorrhage (white circle). B. Color fundus photograph of the same eye and
high-magniﬁcation view of the
same region. C. Adaptive
optics images of the same
region showing the vessel layer
(upper) and the photoreceptor
layer (lower), respectively. An
improved resolution of the
small retinal vessels and capillary network can be achieved
via AO imaging in comparison
with wide-ﬁeld fundus imaging. The retinal capillaries form
a network between larger arterioles and venules. The frequent punctuate objects seen
along the course of capillaries
(arrowheads) may correspond
to vertical or steeply oblique
capillary branches that dive to
vessels located in shallow and/
or deep inner layers, as seen in
laboratory studies10,41,52 or using an AO OCT.36 They may also be focal dilation of the capillary wall. The dot hemorrhage (white circle; diameters, 15 ·
32 mm) can be easily distinguished from other features by identifying its shape and margins both at the nerve-vessel and photoreceptor retinal layers.
The arrow highlights a presumptive fusiform microaneurysm (22 · 38 mm) located at the venous end of a retinal capillary.
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high-resolution images of the microvasculature. In this
study, we evaluated the repeatability of a method to
analyze the lumen caliber of retinal capillaries in
patients with diabetes. Using an AO ﬂood-illumination
retinal camera, the lumen of a blood vessel shows
a typical pattern, consisting of a central high-intensity
channel and two peripheral darker channels. The
reason for the difference in intensity between the
central and peripheral vessel lumen could be because
of 1) biologic factors, including the curved vessel wall,
the different shear rate of erythrocytes near the wall
with those ﬂowing in the central lumen, the contribution of highly scattering regions around the vessel
(e.g., photoreceptors and nerve ﬁber bundles)11,12,20,34,35,56 and 2) technical reasons, as
described in the Materials and Methods section.49,57,58
Considering that we image an en face representation of
a cylindrical vessel from the top, the central bright
stripe could also depend on scattering and specular
reﬂections of light from the vessel wall.
The capability to resolve retinal capillaries and
small vessels has been shown for all existing AO
ophthalmic imaging modalities.30–36,49,57–62 Furthermore, a variety of image processing approaches have
been used to provide excellent visualization of the
macular capillary network.30–34,62 Tam et al33 evaluated the parafoveal capillary network in patients with
Type 2 diabetes. They showed a capillary dropout and
a higher tortuosity of the arteriovenous channels in
patients with no retinopathy than in healthy controls.
An enlargement of the FAZ was found in 1 eye of
a patient with Type 1 diabetes and severe NPDR over
a period of 16 months.34 The combined longitudinal
assessment of the FAZ area and the capillary lumen
caliber by AO imaging might bring valuable information on DR progression in patients. Adaptive optics
images of retinal microvasculature were also used to
characterize the blood ﬂow.49,61 Zhong et al49 measured the blood velocity of erythrocytes in healthy
subjects: by focusing on a blood vessel, they directly
visualized erythrocytes as moving bright dots smaller
than the larger, intermittent intensity variations arising
from leukocytes. A signiﬁcant reduction in the capillary blood velocity in patients with diabetes and no
retinopathy has been shown in previous work.13,20,56
The detection of preclinical abnormalities of retinal
microcirculation may potentially represent an additional advantage of AO retinal imaging in patients
with diabetes.
In this study, images of the retinal capillaries were
taken at two distances from the foveal ﬁxation (i.e., the
superotemporal and inferior-nasal ROI), taking into
consideration that 1) the early pathologic changes of
the capillary network were found at the posterior pole
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temporally to the optic disk,5,6 2) the rim of the FAZ
was shown to extend to a maximum of 600 mm from
the foveal center,20,31,32,36,61 and 3) the capillary density was shown to increase with eccentricity from the
border of the FAZ to 1,000 mm eccentricity, though
with individual differences.41
Across the parafoveal ROI, the retinal capillaries
formed a polygonal mesh of intersecting elements
between arterioles and venules. This pattern was seen
both in NPDR and control eyes. Near the FAZ, the
retinal capillaries were previously shown to create
a three-dimensional mesh of two or more planes
through the inner retina.41,63–66 In this study, punctuate objects were observed along the course of capillaries, likely corresponding to vertical or steeply oblique
capillary branches that dived to vessels located in shallow and/or deep inner layers30,41,45 or to focal bulge of
the capillary wall (e.g., saccular microaneurysm).5 In
correspondence of the venous end of capillaries, we
found objects that could be presumptive fusiform microaneurysms.5,67 Microaneurysms are microvascular
abnormalities consequent to endothelial cell and blood
rheologic dysfunctions and are often observed in
NPDR eyes with FA.5–13 The microaneurysm width
was previously found to range between 15 and 70 mm,
depending on the duration of diabetes, the DR severity, and the region of the retina where they were measured.5,6 We did not analyze these objects because it
was beyond the scope of the present work.
The capillary lumen caliber was shown to be
signiﬁcantly narrower in NPDR eyes than agematched controls. The average capillary lumen of
eyes with NPDR was 15% narrower than healthy eyes
of age-matched subjects. The results cannot be
explained by the narrower lumen in diabetic eyes
arising from imaging artifacts or biases: the repeatability of measurements was high (#4.1%) both in
NPDR and in control eyes, further showing a low
measurement error (#0.11 mm).
In laboratory studies, the average capillary lumen
caliber ranged between 6 and 7 mm across a retinal
area located between 300 and 1,200 mm eccentricity
from the fovea,41,45 favorably comparing to the values
found in our population. In a pivotal study, Rha et al57
aimed to characterize the capability of an AO ﬂoodillumination camera to image the human retina. They
showed that the capillary diameter ranged between 5
and 7 mm at 1.25° eccentricity in a healthy adult. The
axial proﬁle of human retinal capillaries proximal to
the FAZ has been shown to range between an average
5.1 ± 1.4 mm using AO OCT36 and 4.7 ± 0.8 mm using
FA.41 It is, however, well known that the capillaries
proximal to the FAZ rim are smaller than capillaries at
greater eccentricities.36,41,66 The capillary size varies
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considerably even in the same subject. A high degree
of geometric and topological heterogeneity has been
found in the macular vasculature of primates and humans.41,45 The capillary network is constituted of vessels of increasingly larger size at greater eccentricity
from the foveal center. At the FAZ rim, there is only
a single capillary bed located in the inner nuclear
layer, whereas at increasing distances from the FAZ
rim, the retinal microvasculature is multilaminar with
the capillary beds forming a web of 10 mm to 15 mm
thickness in the inner nuclear layer.61 We avoided to
include in our analysis capillaries with oblique orientation, conﬁning our measurements to those parts of
the capillaries in which we were able to conﬁrm the
orientation as perpendicular to the incident AO retinal
camera beam.34 Similar approaches were used to measure the lumen of peripapillary capillaries of the nerve
ﬁber layer using a ﬂuorescence adaptive optics SLO68 or
the lumen of capillaries near the FAZ using ultrahighresolution AO OCT.36 We did not attempt to measure
the retinal capillaries lumen variation with eccentricity
because it was beyond the scope of this work. Further
investigation to understand and quantify the heterogeneities in the macular capillary network in patients is
expected.41,45,61,69
Pathologic changes of the retinal vessels are found
in the majority of patients having Type 1 diabetes for
10 years or longer. The fundamental abnormalities of
DR are an increased retinal vascular permeability and
a progressive retinal capillary closure.5,6,11–13,70,71 The
pathogenesis of these vascular changes is not yet
entirely known: vascular degeneration is thought to
start with a hyperglycemia-induced insult that drives
subsequent microvascular changes. The thickening of
the capillary basement membrane, by accumulation of
advanced glycosylation end products as a function of
plasma glucose concentration, is one of the most established pathologic pathway of vascular damage in
diabetes. Further mechanisms involve the compromise
of the antithrombotic and antiﬁbrinolytic activity of
the vascular endothelium11,12 and an increased leukocyte–endothelial cell adhesion and entrapment (retinal
leukostasis) in retinal capillaries, as a consequence of
localized low-grade inﬂammatory process.70–72 All
these factors may affect vascular integrity and functionality by altering the inner blood–retinal barrier and
progressively obstructing the capillary lumen.8
Adaptive optics imaging may give insights into how
DR affects the retinal capillaries in vivo. Repeatable
measurements of capillary lumen caliber were
obtained in this study; nevertheless, standardization
of the technique is needed to ensure a determination
about whether the capillary lumen changes over time
in a longitudinal study.

Key words: adaptive optics, diabetic retinopathy,
retinal capillary.
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