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Complications
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lobally, the number of people with

diabetes is expected to reach 552

million in 2030 (1). Both the
macrovascular (coronary artery disease,
peripheral artery disease, and stroke)
and microvascular (retinopathy, ne-
phropathy, and neuropathy) complica-
tions of diabetes are major causes of
morbidity and mortality (2). In theory,
the long preclinical phase should
provide a window to apply interventions
that preempt progression to clinical dis-
ease, but to date no strategy achieves this
aim for diabetes complications. Intensive
control of hyperglycemia and blood pres-
sure implemented with the imperfect
means available today delays the appear-
ance and reduces the severity of most
complications, but does not prevent their
development (3). Drugs such as fenofi-
brate have reduced the risk of diabetic ret-
inopathy (DR) progression in type 2 diabetic
patients, and inhibitors of the renin-
angiotensin system (e.g., enalapril, losartan)
have reduced the risk of progression in
type 1 diabetic patients, but have not re-
duced the risk of DR incidence. Thus,
new approaches are required to derive
further benefit from current interventions

at an earlier stage of diabetes and to sup-
port the development of new interven-
tions. One such approach is to identify
biomarkers that will enable systematic pa-
tient surveillance and the identification of
high-risk patients and also surrogate end
points that will accelerate the discovery of
new interventions.

The retinal vessels are early and prev-
alent targets of diabetic damage. They can
be seen, measured, and tested by non-
invasive means (4). Hence, investigators
have attempted over the decades to iden-
tify early changes in the retinal vessels in
diabetes and determine whether they
could inform about the development of
retinopathy and other complications.
New measuring techniques have steadily
come along, and others are in develop-
ment. It seems timely to assess which con-
cepts have emerged and which needs
must be met toward fulfilling the expec-
tation that retinal vessels may be able to
predict the clinical onset of complica-
tions. The National Institutes of Health
(NIH)/JDRF convened a workshop on
3—4 October 2011, in Bethesda, Mary-
land, titled “Seeing the Development of
Diabetes Complications: Retinal Vessels
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as Biomarkers.” From the presentations
and discussions at the workshop emerged
that, to date, changes in retinal vascular
caliber appear to be among the earliest
changes detected in the retina in diabetes.
In addition, changes in vascular caliber
have implications relevant to the patho-
physiology of the vascular and end-organ
damage observed in the eye and else-
where in diabetes. Thus they fulfill impor-
tant requirements for being investigated
as biomarkers of diabetes complications
(3). In this review we will focus on retinal
vascular caliber as a potential biomarker
for the three major microvascular compli-
cations of diabetes: retinopathy, ne-
phropathy, and neuropathy.

CURRENT STATUS OF EARLY
BIOMARKERS FOR DIABETES
COMPLICATIONS

Biomarker definition and assessment

A biomarker is defined as “a characteristic
that is objectively measured and evalu-
ated as an indicator of normal biological
processes, pathogenic processes, or phar-
macological responses to a therapeutic in-
tervention” (5). A biomarker useful in the
prevention of a clinical end point (e.g.,
retinopathy) would 1) noninvasively de-
tect early preclinical disease before the
first clinical signs of the end point (e.g.,
microaneurysms) appear, 2) be causally
linked or be an indicator of a causal mech-
anism that leads to the development of
this end point, and 3) be consistently
and strongly associated with the end
point (5). Additional characteristics
would expand its clinical usefulness: a
marker informative for an individual pa-
tient would facilitate clinical decision
making while a marker that reliably meas-
ures reversibility of the disease process
could become a surrogate end point in
drug development and preventative treat-
ment. Finally, the incremental value of a
novel biomarker over standard available
biomarkers should be assessed not only
with standard statistical measures such as
the area under the curve (AUC) of the re-
ceiver operating characteristic curve or
C-statistic, but also with more recently
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developed measures such as weighted net
reclassification index (wNRI) and net
benefit (NB) (5). Standard measures such
as AUC give information on the overall im-
provement in discrimination over the full
range of potential decision thresholds,
whereas decision/analytic performance
measures such as wNRI and NB indicate
clinical usefulness over a smaller range of
medically relevant thresholds. Further-
more, it is important to realize the distinc-
tion between the assessment of the quality
of predictions from a model and decisions
(or classifications) from a rule (5). This
distinction between a “prediction model”
and a “prediction rule” is unclear in most
of the current literature. The key element is
that going from a prediction model to a
prediction rule requires the definition of a
decision threshold or cutoff. Standard
measures such as AUC deal with models
and not rules. In contrast, these novel
measures such as wNRI and NB try to in-
corporate medically relevant thresholds. A
good model is, however, the first step in
creating a good rule (5).

DR
DR does not currently have risk biomark-
ers that satisfy the above criteria, but there
is research in several areas. Measurements
of retinal hemodynamics at steady state
show variable directions of the abnormal-
ities in diabetic patients (6), in part attrib-
utable to the influence of blood glucose
levels at the time of testing (7). Measure-
ments of retinal hemodynamics in re-
sponse to stimuli have shown abnormal
autoregulation of retinal blood flow in DR
patients, with flow increasing in parallel
with the severity of retinopathy (8). How-
ever, further development of abnormal
autoregulation as a biomarker will need
to address the scant data available in pa-
tients without retinopathy, the inconsis-
tency of abnormalities detected, and the
longitudinal validation with the develop-
ment of clinical retinopathy.
Measurements of retinal oxygen
metabolism—which is thought to be af-
fected in DR—using a noninvasive retinal
oxymeter have shown elevated oxygen
saturation levels in both retinal arterioles
and venules in DR patients, suggesting
that maldistribution and shunting and
thus decreased delivery of oxygen from
blood to tissue may be a feature of clini-
cally overt DR. However, not all studies
have been able to demonstrate these ele-
vated oxygen saturation levels. Further-
more, it is not known whether retinal
oxymetry is useful in the preclinical phase

of DR as an indicator of disease risk.
Controversial is whether markers of
inflammation and endothelial dysfunc-
tion increase in the systemic circulation
before the appearance of clinical retinop-
athy, especially in type 1 diabetic patients
(9,10), and it is unknown whether one or
more of those abnormalities can predict
clinical DR.

Fluorescein angiography has aided in
the assessment of DR for several decades
by enhancing the sensitivity of detection
of the classical DR lesions: microaneur-
ysms, increased capillary permeability,
focal areas of capillary nonperfusion,
and retinal neovascularization. However,
the invasive nature of angiography dis-
courages the use of this technique in the
search for preclinical abnormalities with
biomarker potential.

Diabetic nephropathy

Similar efforts are underway to discover
biomarkers for diabetic nephropathy
(11). Biomarkers such as albuminuria,
which can predict rate of progression of
overt nephropathy, have limited predic-
tive precision at earlier stages of disease.
Microalbuminuria, even after persisting
for up to two years or more, can sponta-
neously regress to normoalbuminuria,
and patients may remain microalbuminuric
for many years without progression to
overt diabetic nephropathy. Therefore,
microalbuminuria, although a strong in-
dicator of increased diabetic nephropathy
1isk, is not a sufficiently reliable predictor
of diabetic nephropathy, and other bio-
markers are needed to supplement the
measure of urinary albumin in diabetic pa-
tients (12). Kidney biopsy samples can
show early disease but the predictive
power is limited and the biopsy procedure
is too invasive for routine use (13,14).
Some promising diabetic nephropathy bi-
omarkers currently being studied include
the decline of glomerular filtration rate
and serum uric acid (11).

Diabetic neuropathy

Diabetic neuropathy encompasses a wide
array of clinical conditions including au-
tonomic neuropathy and distal sensori-
motor polyneuropathy. For the latter, two
biomarkers show potential in the detec-
tion of damage to small, unmyelinated
fibers, an early sign of diabetic neuropa-
thy (15). The intraepidermal nerve fiber
density (IENFD) from 3-mm skin biop-
sies is a sensitive but invasive method
for detecting early changes in neuropathy
(16). Corneal confocal microscopy is a
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noninvasive ophthalmic method that de-
tects corneal nerve fiber abnormalities in
early and more advanced neuropathy and
that relates to IENFD and measures of
neuropathy (17). More recently corneal con-
focal microscopy has shown an improve-
ment in corneal nerve abnormalities but
with no change in IENFD or electrophysiol-
ogy 12 months after pancreas transplanta-
tion in patients with type 1 diabetes (18).

ABNORMALITIES OF RETINAL
VASCULAR CALIBER AS A
BIOMARKER OF DIABETES
MICROVASCULAR
COMPLICATIONS —Since the in-
vention of the ophthalmoscope nearly
150 years ago and the first reports of
retinal vascular changes (e.g., retinal ar-
teriolar narrowing, venular widening,
hemorrhages, microaneurysms) being
linked with systemic diseases, numerous
studies have advanced the concept that
retinal measurements may predict a range
of systemic diseases. Within the last de-
cade, these retinal measurements have
become increasingly sophisticated and
computer based, leading to the develop-
ment of software that measures quantita-
tively retinal arteriolar and venular
calibers. Typically, these softwares (e.g.,
Interactive Vessel Analysis [[IVAN]) mea-
sure the width of the erythrocyte column,
which approximates the internal lumen
diameter. These are usually summarized
and expressed as the central retinal artery
(CRAE) and the central retinal vein
(CRVE) equivalents (Fig. 1) (4). These
software methods have been applied in
multiple population-based studies, com-
prising more than 50,000 people from
different racial/ethnic groups in the gen-
eral population and diabetic cohorts.
These data have provided a clearer under-
standing of epidemiology, risk factor as-
sociations, and prognostic significance of
“static measurements of retinal vascular
caliber.” The broad understanding is that
changes in retinal vascular caliber reflect a
range of subclinical pathophysiologic re-
sponses to hyperglycemia, hypertension,
inflammation, hypoxia, and endothelial
dysfunction, and can predict not only dif-
ferent diabetes microvascular complica-
tions, but also stroke and coronary heart
disease (19-22). This review will not cover
the latter relationship of retinal vascular cal-
iber with stroke and coronary heart disease.

Retinal vascular caliber and DR
In terms of diabetes microvascular com-
plications, studies have primarily focused
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Figure 1—Retinal fundus photograph assessed quantitatively by the IVAN software (University
of Wisconsin). The measured area of retinal vascular parameters was standardized as the region
from 0.5 to 1.0 disc diameters away from the disc margin. Retinal arteriolar and venular calibers
were summarized as CRAE and CRVE, respectively, from retinal fundus photograph. CRAE and
CRVE were defined based on the revised Knudtson-Parr-Hubbard formula.

on the association between retinal vascu-
lar calibers and the risk of DR both in type
1 and type 2 diabetes. Table 1 presents an
overview of these studies (23-27). For
type 1 diabetes, the Wisconsin Epidemi-
ologic Study of Diabetic Retinopathy
(WESDR) was the first to investigate the
relationship of arteriolar and venular cal-
iber to the incidence and progression of
DR (23). In this study, while controlling
for glycosylated hemoglobin A;., dura-
tion of diabetes, blood pressure level,
and other risk factors, larger retinal arte-
riolar and venular calibers measured at
baseline were associated with an in-
creased risk of progression of DR but
were not associated with the 4-year inci-
dence of DR. Similarly, in the New Jersey
725 study, which included 468 African
Americans, neither arteriolar nor venular
calibers were related to incident DR (24).
In contrast, a study of 645 Australian chil-
dren and adolescents (aged 12-20 years)
with type 1 diabetes who were initially
free of retinopathy showed that larger ret-
inal arteriolar caliber at baseline was asso-
ciated with a more than threefold higher

risk of DR after a median follow-up of 2.5
years (hazard rate ratio [HR] 3.44 [95%
CI 2.08-5.66]) (25). The increased risk
was recorded after adjusting for a variety
of vascular risk factors, diabetes duration,
glycemic control, and retinal arteriolar
caliber (25). In this study no association
was found for retinal venular caliber with
incident retinopathy. In summary, there
are indications that retinal vascular cali-
bers may be associated with the risk of
both incidence and progression of DR-
related outcomes in type 1 diabetes,
though the data are not entirely consistent.

For type 2 diabetes, data from
WESDR and Australian Diabetes, Obesity
and Lifestyle (AusDiab) studies show that
neither retinal arteriolar nor venular cal-
ibers measured at baseline were associ-
ated with the incidence or progression of
DR (26,27). Several factors may underlie
the discrepancy between the findings in
patients with type 1 and 2 diabetes. Al-
though four out of these five studies used
the same procedures and definitions to
obtain DR cases, differences across these
studies in the distribution of age and

other cardiovascular risk factors, sample
sizes, and follow-up periods may partially
explain this discrepancy. In these studies,
patients with type 1 diabetes were below
the age of 30 years, whereas those with
type 2 diabetes had a mean age of >60
years. Accompanying this wide age distri-
bution, the most important difference be-
tween patients with type 1 and 2 diabetes
was the prevalence of hypertension. In
WESDR, for example, 74% of the patients
with type 2 diabetes were diagnosed with
hypertension, whereas the corresponding
figure in type 1 diabetes patients was
about 17% (23,27). Because the effect of
hypertension on retinal vascular calibers
may be in the opposite direction than
found in diabetes, this confounding effect
of hypertension may have led to the incon-
clusive results found in type 2 diabetes.

In addition to measuring the predic-
tive capabilities of baseline retinal vascu-
lar calibers, two studies have examined
whether longitudinal changes in these
calibers are related to the risk of DR.
Widening of the venules over the first 4
years of WESDR was independently asso-
ciated with increased risk of subsequent
6-year incidence and progression of DR as
well as incidence of proliferative DR and
diabetic macular edema in both type 1
and 2 diabetes, which is similar to the re-
sults from a Swedish study (28,29). In
view of the wide range of calibers nor-
mally exhibited by retinal vessels, changes
occurring over time in the same individ-
ual may be more robust and sensitive in-
formers of ongoing vascular processes
than the mere caliber at baseline. Addi-
tional prospective studies should be un-
dertaken to confirm and investigate a role
for longitudinal changes in retinal vascu-
lar calibers in predicting the risk of DR.

Retinal vascular caliber and diabetic
nephropathy

The Renin Angiotensin System Study
(RASS), a randomized controlled clinical
trial of angiotensin-converting enzyme
inhibition or angiotensin receptor block-
ade versus placebo in normoalbuminuric,
normotensive people with type 1 diabe-
tes, showed that both retinal arteriolar
caliber at baseline and changes in retinal
arteriolar and venular calibers over a
5-year period are independently related
to changes in renal structural parameters
(such as glomerular basement membrane
width, mesangial matrix fractional vol-
ume, and glomerulopathy index) mea-
sured in sequential biopsies over the same
time period (30). These renal structural
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Table 1—Relationship of baseline retinal vascular calibers with incidence and progression of DR in type 1 and type 2 diabetes

Mean
follow-
DR ascertainment up Incidence Progression Progression
Study & definitions time Retinal vessel caliber  Incidence of DR  Incidence of PDR%: of ME% of DR to PDRi#
Type 1 diabetes
WESDR (USA) (23) 7-field retinal CRAE 4th vs. 1st 2.03 2.04
(n=891) images; 4 years* quartile (0.82-5.03) 1.18 (0.46-.04) S (1.20-3.47) —
CRVE 4th vs. 1st 1.42 2.33
ETDRS level quartile (0.47-4.24) 4.28 (1.50-12.19) S (1.37-3.95) —
New Jersey 725
(USA) 24) 7-field retinal CRAE 1st vs. 4th 1.99
(n =468) images; 6 years quartile NS NS NS NS (0.87-4.55)
CRVE 4th vs. 1st 4.63
ETDRS level quartile NS NS NS NS (2.02-10.63)
Children’s Hospital
Westmead
(Australia) 25) 7-field retinal CRAE 4th vs. 1st 3.44
(n =645) images; 2.5 years quartile (2.08-5.66) — — — —
CRVE 4th vs. 1st 0.78
ETDRS level quartile (0.50-1.23) — — — —
Type 2 diabetes
WESDR (USA) (26) 7-field retinal CRAE 1st vs. 0.64 0.70 0.76 0.80
(n=962) images; 10 years quartiles 2—4 0.41-1.01D) — (0.37-1.34) (0.54-1.06) (0.40-1.60)
CRVE 4th vs. 1.41 0.66 1.07 1.33
ETDRS level quartiles 1-3 (0.92-2.15) — (0.38-1.17) (0.79-2.25) (0.79-2.25)
AusDiab (Australia) (27) 2-field retinal CRAE 4th vs. 3.41
(n=243) images; 5 years quartiles 1-3 (0.69-6.80) = — — —
Simplified CRVE 4th vs.
Wisconsin quartiles 1-3 NS = = = =
System

ME: macular edema; PDR: proliferative DR; RR: relative risk; NS: nonsignificant, RR not reported; S: significant, RR not reported. *Associations also examined with 10- and 14-year follow-up, however, only RR for 4-year
incidence and progression reported. TMean age (SD). $Values are RR (95% CI).
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parameters reflect important pathological
processes which, if progressive, ulti-
mately lead to renal dysfunction in dia-
betic nephropathy. Among 927 persons
with type 2 diabetes from WESDR, retinal
venular caliber was independently associ-
ated with the 10-year incidence of dia-
betic nephropathy, which was defined as
the development of gross proteinuria, ini-
tiation of renal dialysis, or renal trans-
plantation during follow-up (26).
Compared with persons in the first quar-
tile of retinal venular caliber, those in the
fourth were nearly twice as likely to de-
velop diabetic nephropathy (HR 2.08
[95% CI 1.47-2.94]). In contrast, retinal
arteriolar caliber was not related to the
risk of diabetic nephropathy (26). In the
same WESDR study, these associations
were also confirmed in 557 patients
with type 1 diabetes and 16-year inci-
dence of gross proteinuria and renal in-
sufficiency (31).

Retinal vascular caliber and diabetic
neuropathy

Thus far, only a few studies have exam-
ined the link between retinal vascular
caliber and diabetic neuropathy. A study
of a multiethnic Asian population with
diabetes showed that wider arteriolar
caliber, but not venular caliber, was in-
dependently and cross-sectionally associ-
ated with peripheral neuropathy as
defined from neurothesiometer or mono-
filament sensory testing (multivariable
adjusted odds ratio [OR] 2.81 [95% CI
1.38-5.73]) (32). In contrast, a popula-
tion-based Danish study among 208
long-surviving type 1 diabetic patients
showed that persons with smaller retinal
arteriolar caliber were more likely to have
nephropathy (OR per SD decrease 2.17
[95% CI 1.29-3.68]), but not neuropathy
(1.10 [0.70-1.71]) (31). Retinal venular
caliber was not associated with nephrop-
athy or neuropathy (33). Prospective
studies are needed to define the link be-
tween retinal vascular caliber and diabetic
neuropathy.

NOVEL STATIC RETINAL
VESSEL CHARACTERISTICS AS
BIOMARKERS FOR DIABETES
COMPLICATIONS —While most
current studies have focused on the mea-
surement of retinal vascular caliber, there
are other measurable parameters in the
retinal vascular architectural network
(34). Changes in the retinal vascular ar-
chitecture may result in impaired space-
filling and microcirculatory transport,

nonuniform shear distribution across bi-
furcations, and reduced energy efficiency
in blood flow and may therefore be an
indicator of early disease (35,36).

A number of retinal vascular “archi-
tectural” parameters, including fractal di-
mension, tortuosity, branching angle and
length-to-diameter ratio, and measures of
bifurcation optimality have been studied
using computer-assisted software (37,38).
Figures 1-4 show a currently available
semiautomated computer-based program,
the Singapore I Vessel Assessment (SIVA),
that measures a spectrum of retinal vascu-
lar parameters in addition to vascular
caliber.

At present, the clinical utility of
changes in retinal vascular architecture
is limited, as it remains unknown what
constitutes an abnormal or pathological
value of these retinal vascular parameters.
Recent studies indicate that some of the
newer quantitative retinal vascular pa-
rameters are associated with diabetes
(39) and associated complications, such
as hypertension (40), stroke (41), and car-
diovascular mortality (42). However, at
present there are few studies on the rela-
tionship of these measures with DR and
other microvascular complications. Fur-
thermore, the small number of studies,
lack of overall consistency, the relatively
small increase in predictive value, and the
costs of measuring these additional vas-
cular characteristics, limit extending their
use more broadly and point to the need
for more research in this area.

For example, fractal geometry can be
used to quantify the branching pattern
that exhibits the property of self-similarity
(Fig. 2). Fractal parameters may be a useful
way of determining microvascular density
by assessing its space-filling properties. To
date, although fractal analysis studies of the
retinal vasculature have demonstrated

excellent reproducibility (43), the ability
of this method to predict clinical outcomes
is less clear. Cross-sectional studies have
identified fairly weak relationships (relative
risks ranging from 1.37-1.45 per SD de-
crease in fractal dimension) with clinical
disease (chronic kidney disease, diabetic
macroalbuminuria, and diabetic neuropa-
thy) (39,44), while a prospective study
found no association between retinal vas-
cular fractal dimension and incident reti-
nopathy (45). The use of fractals in
assessing retinal vasculature may be limited
by several factors 1) vascular beds are mul-
tifractal rather than single fractal and 2) dif-
ferences in the various methods used to
image and compute fractal dimension
(43,45,46).

The tortuosity of vessels is difficult to
quantify (Fig. 3) and multiple measures
have been described (e.g., simple, curvature)
(42). Nonetheless, some cross-sectional
studies show modest associations between
tortuosity and DR, and between tortuosity
and diabetic kidney disease (47,48). Other
geometric parameters (Fig. 4), such as the
length-to-diameter ratio, optimality devia-
tion, and branching angle, also demonstrate
modest associations with retinopathy in
cross-sectional and prospective studies
(49), as well as with cerebral white matter
hyperintensities and coronary heart disease
(50). Thus, although advances in image
analysis provide an opportunity to quantify
additional aspects of retinal vasculature, the
value of these measurements as biomarkers
or surrogate end points is not yet known.

ABNORMALITIES OF RETINAL
VASCULAR CALIBER AS
BIOMARKERS OF DIABETES
COMPLICATIONS-DYNAMIC
MEASUREMENTS —Recent func-
tional studies have tested the behavior of
retinal vessels in response to stimuli and

Figure 2—a: Fractal dimension is a measure of a fractal structure that exhibits the property
of self-similarity, characterizing the distribution of the branching vascular system in two-
dimensional space. In SIVA, fractal dimension is calculated from a skeletonized line tracing that
uses the box-counting method and divides each digital photograph into a series of squares for
various side lengths, and the number of boxes is counted. b: Low fractal dimension. c: High fractal

dimension.
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Figure 3—a: Simple tortuosity and curvature tortuosity are defined to quantify retinal vascular
tortuosity in SIVA. Simple tortuosity is estimated as the actual path length of the vessel segment
divided by the straight line length. Curvature tortuosity is derived from the integral of the cur-
vature square along the path of the vessel, normalized by the total path length, which takes into

account the bowing and points of inflection. b: Low tortuosity. c: High tortuosity.

measured the changes in vascular diam-
eter with the laser Doppler flowmeter or
the dynamic retinal vessel analyzer
(IMEDOS, Germany). Their results com-
plement the static measurements in iden-
tifying retinal vascular caliber changes as
early consequences of diabetes with the
potential to become biomarkers of risk for
diabetes complications. The functional
abnormalities detected in patients with
relatively well-controlled type 1 diabetes

Figure 4—A series of parameters are defined
to quantify bifurcation of retinal vessels in
SIVA (not bounded by the measured zone). At
each bifurcation, the widths of the trunk vessel
(do) and its two branching vessels (d;, d,) are
measured, as well as the branching angle.
Branching angle (8; + 0,) is defined as the first
angle subtended between two daughter vessels
at each bifurcation. Angular asymmetry is de-
fined as the difference between two daughter
angles (0; — 60,). Branching coefficient is de-
fined as the ratio of the branching vessel widths
to trunk vessel width (d; + do)*/dy>. Asymmetry
ratio is defined as the ratio of the two branching
vessel widths dy?/d;%. Junctional exponent de-
viation is defined using the value of three in
healthy vascular networks [ (do® — di° — 4,7
5)1/dy. Length-to-diameter ratio is defined as
the ratio of the length between two branching
points to the trunk vessel width (L/d,).

and no retinopathy consist of reduced or
absent dilation of retinal vessels in re-
sponse to light stimulation and reduced
or absent constriction of retinal arteries in
response to increased intraluminal pres-
sure (51-54).

Flickering light stimulates activity of
the neural retina and the increased met-
abolic demand activates autoregulatory
mechanisms that dilate retinal blood ves-
sels and enhance blood flow. Whereas in
healthy individuals retinal arterioles and
venules increase their diameter by 2—4%
in response to diffuse luminance flicker,
diabetic patients show a minimal or ab-
sent response to this stimulus (51,52).
The relative reduction in retinal vessel di-
lation seen in diabetic patients occurs in
vessels with resting diameters not

Tkram and Associates

different from those of normal control
subjects and may therefore precede mor-
phological widening of retinal vessels.
The dilation of retinal vessels to flickering
light reflects both retinal neural activity
and the vascular response, hence the re-
duced or absent dilation seen in diabetes
could be due to defects in either or both of
these components.

Responses to increased intraluminal
pressure are easier to attribute to vascular
mechanisms. Normal arteries respond
to elevations in intraluminal pressure
with constriction and to pressure reduc-
tion with dilation via mechanisms that
are inherent to vascular smooth muscle
and independent of neural, metabolic,
and hormonal influences. This behavior
is termed the myogenic response (53).
Figure 5 illustrates the role of the normal
myogenic response in maintaining con-
stant retinal blood flow when ocular per-
fusion pressure is increased by a change in
posture from sitting to reclining. A clini-
cal study showed that when such postural
change was tested in well-controlled
patients with type 1 diabetes without ret-
inopathy only about half of the 17 pa-
tients examined manifested the normal
vasoconstrictor response to increased
pressure. The other half reproducibly
failed to constrict the retinal arteries,
and some showed paradoxical vasodila-
tion (54). Of note, in the same study, only
the patients who failed to vasoconstrict in
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Figure 5—Normal response of retinal arterial diameter, blood speed, and blood flow to a postural
change that increases ocular perfusion pressure. The hemodynamic parameters were measured
using a laser Doppler flowmeter in the superior temporal retinal artery of healthy subjects while
sitting (baseline), after lying down for 30 min, and again after sitting for 20 min. The change in
posture from sitting to reclining increased ocular perfusion pressure and elicited the myogenic
response, measured as a decrease in the arterial diameter. The arterial diameter decreased in each
subject, the decrease ranging from —2.8 to —9.9% of baseline values. Blood speed increased in
each subject, and blood flow—calculated as the product of the cross-sectional area of the artery at
the measurement site and the average blood speed—did not change. Values are the means = SD of
measurements in 11 subjects. (A high-quality color representation of this figure is available in the
online issue.)
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response to pressure showed an increase
in resting arterial diameter over a
12-month period (54), suggesting that
the loss of myogenic responsiveness may
be an initial step in the process that widens
the caliber of retinal vessels. According to
Poiseuille law, flow is related to the fourth
power of the vessel radius. Thus, the loss
of myogenic response and subsequent in-
creased arterial diameter would permit
unphysiologically high blood flow to
reach the capillaries and affect the regula-
tion of hydrostatic pressure and eventually
the integrity of the capillary wall. Further
studies are required to test if the defective
myogenic response is in fact causally
linked to the development of clinical reti-
nopathy and to validate its usefulness as a
biomarker of risk. Also to be investigated
is whether an abnormal myogenic re-
sponse of retinal vessels to pressure could
be a biomarker for the development of di-
abetic nephropathy because the kidney,
akin to the retina, has autoregulatory
mechanisms to maintain stable blood
flow despite variations in systemic blood
pressure (55).

NEWER METHODS FOR
DYNAMIC STUDIES OF
RETINAL VESSELS Further, the
development of retinal vascular caliber
changes as a robust biomarker of risk for
retinopathy and other microvascular
complications of diabetes depends, in
part, on the capability to detect in vivo
subclinical changes caused by diabetes.
Instruments and strategies that can probe
the vessels with enhanced resolution and
functional yield will be able to reconstruct
mechanisms and consequences of the
early widening of retinal vascular caliber
and to identify additional early abnormal-
ities with biomarker potential. The newer
approaches briefly described below are
poised to widen the accessibility of he-
modynamic measurements, permit ob-
servations of discrete vascular structures
at very high resolution, and test molecular
events occurring on the vascular endo-
thelium.

Doppler Fourier domain optical
coherence tomography to measure
retinal blood flow

Doppler Fourier domain optical coher-
ence tomography (OCT) imaging is now
widely used for clinical purposes, and the
continuous enhancement of the speed
of image acquisition and resolution are

making OCT an important tool for dy-
namic measurements. As a coherent de-
tection technique, OCT can detect the
Doppler frequency shift of backscattered
light and thus measure the speed of
moving objects such as erythrocytes that
scatter light and thereby provide informa-
tion on blood flow velocity. The high-
speed and ultrahigh-speed Fourier domain
OCT enables acquisition of blood velocity
and vessel volumes that permit measure-
ments of pulsatile blood flow. Compari-
sons in normal and diseased human retinas
have been performed (56). The Doppler
OCT, which is still in development at this
time, may eventually offer significant ad-
vantages over the methods used to date to
measure retinal blood flow. By measuring
flow over the central retinal artery or at
vessels at the optic nerve head, Doppler
OCT can provide total retinal blood flow
as opposed to flow in individual vessels.
The measurements are depth-resolved, in-
creasing the accuracy of the data. The blood
flow measuring capability is compatible
with existing standard OCT patient inter-
faces, and new strategies and software will
likely render the blood flow calculations
completely automatic and facilitate the test-
ing of its use as a risk biomarker for diabetes
complications (57). This will make it pos-
sible to test and compare retinal autoregu-
latory responses and their longitudinal
changes in larger cohorts of patients using
standardized instruments and methods as
opposed to instruments with different
characteristics developed in different re-
search laboratories.

Adaptive optics for detailed live
imaging of human retinal vessels

The adaptive optics approach is based
upon the optical properties of the eye and
is applied to small fields at any particular
instant of measurement. Derived from
astronomical research tools, the tech-
nique offers the opportunity to visually
“correct” for the imperfect optics of the
eye that result in a blurred point spread
function. Real-time, confocal scanning la-
ser ophthalmoscope with adaptive optics
currently achieves with research-grade in-
struments resolution on the order of 2
microns in the human retina. Structural
imaging of the retina using adaptive op-
tics enables the visualization of vascular
walls, vascular crossings, vascular cells,
nerve fiber crossings, cells in the vicinity
of arcades, and capillaries (Fig. 6) (58).
Dynamic blood flow can also be measured
with this approach, and flow maps can be
obtained (59,60). Observations are re-
stricted to small fields at any given time,
but this potential limitation is counterbal-
anced by the high resolution and dynamic
nature of the imaging. Adaptive optics
could be used to gain new insights into
diabetes microvascular complications
through correlations between vascular
cells or vessel function and topography
within the vascular network and within
the retina. Currently only a few adaptive
optics systems exist worldwide, but with
the recent appearance of commercial in-
struments there will be more widespread
testing of this technology in the pursuit of
identifying the subclinical changes that

Figure 6—Example of adaptive optics imaging results from diabetic patients. a: Example of the
variability of capillary diameter in a diabetic patient. A single capillary can range from a normal
caliber (black-filled arrow) to distended (white-filled arrow) within a few hundred microns. Scale
bar = 50 microns. b: Examples of capillary tortuosity and remodeling. Here we see capillaries that
are tortuous and reverse divections. Also visible are the variations in capillary diameter as seen in

panel a. Scale bar = 50 microns.
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may become biomarkers of diabetes com-
plications.

Fluorescent nanoparticle imaging to
probe retinal vascular endothelium

in vivo

The transition from physiology to pathol-
ogy is likely to involve first a sequence of
molecular changes, eventually followed
by cellular changes and structural dam-
age. Therefore, capturing the initial or
very early molecular changes occurring in
the endothelium of retinal vessels in di-
abetes is of keen interest to the field.
Recently, new tools have been introduced
that measure in vivo monomolecular
interactions using highly sensitive probes
(61). The probes mimic the interaction
of immune cells with the retinal en-
dothelium, a common event in the
pathogenesis of several eye diseases, in-
cluding early DR. The transient interac-
tion of these probes with the endothelial
ligands is detected by light-based fundus
imaging, such as in scanning laser oph-
thalmoscopy. This technology has per-
mitted the quantitative evaluation of
discrete molecular interactions on the en-
dothelium of rodent retinal vessels with a
sensitivity that is comparable to immuno-
histochemistry or PCR (62). A current
challenge is to bring the technique to test-
ing in humans. The strategy is to custom
design molecular probes using biode-
gradable polymers in combination with
fluorophores that are approved for hu-
man use. The advantages of sensitivity
and specificity inherent in the molecular
probes, the quantitative nature of the at-
tained signal, and the automated image
processing could make this technique a
unique tool for screening and monitoring
early cellular events in diabetic retinal mi-
croangiopathy, as well as measuring early
responses to therapeutic interventions.
These, in turn, could expand the number
of potential biomarkers of retinopathy
risk and early interventions to be tested.

CONCLUSIONS —Retinal blood ves-
sels can be noninvasively observed and
monitored and show changes reflecting
early pathophysiology of diabetes, sup-
porting the concept that these changes
could translate into biomarkers of risk
and surrogate targets for preemptive in-
terventions. In experimental diabetic ani-
mals, the investigation has yielded a large
number of biochemical, molecular, and
cellular changes, and some of the changes
were proven to be of pathogenic impor-
tance in the development of experimental

DR. But translation to human diabetes has
been slow and difficult, with the result
that to date clinical medicine does not
have one validated and usable biomarker
of retinopathy risk nor drugs to help
prevent the development of retinopathy.

Over the last decade, advances in
retinal imaging techniques have allowed
the measurement and quantitative analy-
sis of static retinal vessel characteristics.
Testing of these characteristics in large
population-based studies shows that the
caliber of the retinal vessels provides
information on the risk for DR and other
microvascular complications beyond tra-
ditional risk factors. Dynamic studies
contribute complementary and mecha-
nistic data showing that defective vaso-
constrictor and vasodilator responses to
stimuli are often the first detectable
changes in the retinal vessels of diabetic
patients without retinopathy. One direc-
tion that builds on this information is to
continue to develop better and newer
approaches to retinal vascular imaging
and to enhance the power of detection
and the accuracy of quantification of
retinal microvascular changes. A second
direction is to seek validation for the
promising candidate biomarkers. For ex-
ample, longitudinal changes in retinal
vascular caliber and dynamic responses
to stimuli should be tested against the
development of clinical retinopathy as
well as other microvascular complications
of diabetes. A third strategy is to quantify
early molecular changes using highly
sensitive and specific molecular probes.
The results of these studies will tell
whether retinal vessels can be used to
“see” the early development of diabetes
complications. Positive results will gener-
ate the much sought-after opportunity to
implement cost-effective preventative
and interventional strategies.
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