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PURPOSE. The current approach to the prevention of diabetic
retinopathy relies on intensive anti-diabetes treatment and is
only partially successful. A marker of retinopathy risk would
enable strategies of surveillance, screening of adjunct drugs,
and targeted drug interventions. The authors sought to identify
early abnormalities of retinal vessels that are not prevented by
the current therapeutic approach.

METHODS. Retinal thickness (an informer of vascular perme-
ability) and hemodynamic parameters at baseline and longi-
tudinally were measured in 27 subjects (age, 32 � 9 years
[mean � SD]) with well-controlled type 1 diabetes of 12.4 �
6.4 years’ duration and no retinopathy, and in 27 control
subjects. In a subset of 17 patients and 11 controls, the
hemodynamic response to reclining, a postural change that
increases retinal perfusion pressure, was measured.

RESULTS. Baseline foveal thickness and hemodynamic parameters
were similar in the diabetic and control subjects. Foveal thickness
increased over 12 months in the diabetic subjects, from 217 � 22
�m to 222 � 20 �m (P � 0.0036), remaining however within the
normal range. Reclining uncovered in 47% of diabetic subjects
(P � 0.016 compared with controls) an absent myogenic re-
sponse (i.e., unchanged or increased arterial diameter instead of
the normal decrease). The patterns were repeatable. Only the
diabetic group with defective vasoconstriction showed widening
arterial diameter over 12 months, a change presaging vascular
dilatation in diabetic retinopathy.

CONCLUSIONS. Defective myogenic response to pressure was the
first detectable abnormality of retinal vessels in subjects with
well-controlled type 1 diabetes. Because of its selective occur-
rence, interpretability in individual patients, and pathogenic
potential, the abnormality deserves evaluation as a risk marker for
retinopathy. (Invest Ophthalmol Vis Sci. 2010;51:6770–6775)
DOI:10.1167/iovs.10-5785

Retinopathy has historically been the most frequent compli-
cation of diabetes. Until the early 1990s, its prevalence

approached 90% after 15 to 19 years of type 1 diabetes,1 and it

was categorized as an “inevitable” complication of diabetes.2

Today, the implementation of intensive insulin treatment has
substantially reduced the incidence of retinopathy3,4 and the
development of proliferative retinopathy.5 However, the very
same studies documenting the reduced incidence warn that
retinopathy still develops, despite intensive treatment. This
likely reflects the facts that the current means of controlling
diabetes do not ensure sustained normoglycemia, and even
mild residual hyperglycemia may damage the vessels of suscep-
tible individuals.

For patients who are making their best effort to achieve
good glycemic control, the addition of safe drugs that preempt
or limit the tissue effects of residual hyperglycemia would
enhance the likelihood of prevention. The search for adjunct
drugs continues, but promising results obtained in experimen-
tal animals6 will require tools to “preview” effects in humans.
This is necessary to select for clinical trials of retinopathy
prevention drugs that justify the large investment of time and
resources required when the measured outcome is clinical
retinopathy. The same tools usable to screen drugs would be
usable to identify those patients likely to benefit from a given
drug, so that preventive treatment could be initiated in se-
lected patients at specific times rather than in every patient
from the time of diabetes diagnosis. This approach would make
the use of adjunct drugs safe and cost-effective.

The tools needed are markers of retinopathy risk that have
critical characteristics: detectable before any clinical sign of
retinopathy, causally linked to retinopathy development, infor-
mative in the individual patient, and reversible for at least some
time. Currently, we do not have markers with these character-
istics. A larger caliber of retinal arterioles predicts retinopathy
development in young patients with type 1 diabetes,7 but
measurements are not interpretable in the individual patient
because of the wide range of calibers of retinal vessels in
healthy subjects8 and the overlap in persons with retinopathy
and those without.7 Measurements of retinal hemodynamics at
steady state have shown variable direction of the abnormalities
identified in diabetic patients,9 in part attributable to the influ-
ence of elevated blood glucose levels at the time of testing.10

Measurements of retinal hemodynamics in response to stimuli
have tested the autoregulation of retinal blood flow (i.e., the
capability of retinal blood vessels, which are devoid of auto-
nomic innervation, to adjust blood flow in response to stimuli
to serve the functional needs of the retina or maintain retinal
homeostasis). The autoregulatory abnormalities detected to
date in patients with type 1 diabetes but no retinopathy may or
may not be markers of developing retinal microangiopathy.
The decreased dilatation of retinal arteries in response to flick-
ering light11 cannot be definitively attributed to a vascular
defect because the light stimulus affects retinal vessels by way
of the neural retina, and decreased retinal neural activity oc-
curs in diabetes.12 A similar caveat applies to the abnormal

From the 1Schepens Eye Research Institute and Departments of
2Ophthalmology and 3Surgery, Harvard Medical School, Boston, Mas-
sachusetts; and 4Schepens Retina Associates Foundation, Boston, Mas-
sachusetts.

Supported by a Juvenile Diabetes Research Foundation Grant
120051148 and the George and Frances Levin Endowment (ML).

Submitted for publication April 26, 2010; revised June 16, 2010;
accepted June 17, 2010.

Disclosure: M. Lorenzi, None; G.T. Feke, None; L. Pitler, None;
F. Berisha, None; J. Kolodjaschna, None; J.W. McMeel, None

Corresponding author: Mara Lorenzi, Schepens Eye Research In-
stitute, Harvard Medical School, 20 Staniford Street, Boston, MA 02114;
mara.lorenzi@schepens.harvard.edu.

Retina

Investigative Ophthalmology & Visual Science, December 2010, Vol. 51, No. 12
6770 Copyright © Association for Research in Vision and Ophthalmology

Downloaded from iovs.arvojournals.org on 04/24/2024



response to 100% oxygen breathing.13,14 Multiple mechanisms
govern the response to hyperoxia, and the impaired constric-
tion of retinal vessels in diabetic patients may reflect defective
vascular reactivity but also some degree of hypoxia or other
metabolic imbalances in the diabetic retina.13,14 Additionally, it
is unknown whether an abnormal response to hyperoxia is
detectable in patients with relatively well-controlled diabetes
or represents solely the blunting effect of high blood glucose
levels on the retinal autoregulatory response.15

In an initial study searching for markers of retinopathy risk
applicable to today’s patients with well-controlled type 1 diabetes
and free of retinopathy, we observed that after a median diabetes
duration of 8 years, such patients showed uniformly normal reti-
nal hemodynamics at steady state.8 Thus, in the follow-up study
presented here, we examined a cohort with longer diabetes
duration, introduced measurements (foveal thickness) informa-
tive of capillary permeability, obtained longitudinal data, and
tested the autoregulatory response of retinal vessels to a physio-
logical perturbation. The perturbation was a change in posture
from sitting to reclining,16 which, like isometric exercise,17 in-
creases retinal perfusion pressure and thus transmural pressure,
to which retinal arteries respond by constricting through a myo-
genic mechanism to maintain a constant blood flow. We chose
increased perfusion pressure as a stimulus because it works in
isolated retinal vessels,18 and thus by purely vascular mechanisms,
without contributions from the neural retina.

METHODS

Subjects

The studies were approved by the institutional review board of the
Schepens Eye Research Institute and were performed in accordance
with the tenets of the Declaration of Helsinki. All study subjects
provided written informed consent after receiving explanation of the
nature and possible consequences of the studies. Inclusion criteria for
the diabetic subjects were age 18 to 50 years, type 1 diabetes of 5 to
25 years’ duration, and absent or minimal retinopathy (up to two
microaneurysms) as detected by dilated fundus examination and doc-
umented with retinal photographs. Exclusion criteria were retinal
diseases, systemic diseases other than diabetes, hypertension, anemia,
renal insufficiency, pregnancy, smoking or use of nicotine patches in
the previous 6 months, and use of angiotensin antagonists, nonsteroidal
anti-inflammatory drugs, or high doses of vitamin E. The inclusion crite-
rion for the control subjects was age 18 to 50 years; the exclusion criteria
were presence of diabetes and those listed for the diabetic subjects.

Study Design and Procedures

The diabetic subjects (n � 27) were studied at baseline and 6 and 12
months later. The baseline visit included a complete eye examination
with measurement of intraocular pressure (IOP) using an applanation
tonometer (Tono-Pen XL; Medtronic, Jacksonville, FL) and digital reti-
nal photography (TRC-50EX; Topcon Corporation, Tokyo, Japan). At
each visit the subjects underwent measurement of HbA1c, retinal
hemodynamics, and retinal thickness. At the 12-month visit, a sub-
group of the diabetic subjects (n � 17) was tested for retinal vessel
autoregulation and again received a complete eye examination. The
control subjects (n � 27) were studied at baseline and 12 months later.
At the 12-month visit, a subgroup of the control subjects (n � 11) was
also tested for retinal vessel autoregulation. In all subjects, the eye with
the thicker fovea at baseline was designated as the study eye and was
used in all follow-up studies except autoregulation. Factors such as
sex,19 diurnal changes,20 and blood glucose levels,10 known to influ-
ence the results of the tests used, were taken into account as follows:
the groups of diabetic and control subjects were matched for age and
sex precisely, and all retinal tests were performed at the same time of
day (3–5 PM) and when capillary blood glucose in the diabetic subjects
was between 70 and 200 mg/dL.

Measurements were acquired through a dilated pupil using nonin-
vasive techniques. Foveal thickness, representing the average thick-
ness within the central 1-mm diameter area of the macula, was mea-
sured by optical coherence tomography (OCT) using a macular
thickness map scan protocol (OCT3; StratusOCT, software version
4.0.4; Carl Zeiss Meditec Inc., Dublin, CA).21 Retinal hemodynamic
parameters were measured by laser Doppler using a laser Doppler
blood flowmeter (CLBF 100; Canon, Tokyo, Japan).22 The instrument
measures arterial blood column diameter and centerline blood speed in
individual retinal vessels; the blood flow rate in microliters per minute
is calculated automatically as the product of the cross-sectional area of
the artery at the measurement site and the average blood speed,
assuming a circular arterial cross-section.

The superior temporal retinal artery was chosen for the measure-
ments because the lesions of diabetic retinopathy are more prevalent
in the superior temporal quadrant of the retina than in the other
quadrants.23 Measurements are reproducible and can be repeated at
the same vessel site.22 In 22 of the diabetic subjects and in 14 of the
control subjects, the measurement sites were along the main superior
temporal artery proximal to any bifurcations; in the remaining five
diabetic subjects and 13 control subjects, the measurement sites were
distal to the first bifurcation. Only the measurements from sites along
the main superior temporal artery proximal to any bifurcations were
used for the cross-sectional comparisons of arterial diameter, blood
speed, and blood flow between the diabetic and control subjects. This
was done to ensure that the measured hemodynamic parameters were
representative of the blood supply to the entire superior temporal
quadrant of the retina in each subject.

The response of retinal hemodynamics to a change in posture from
sitting to reclining was measured as described.16 First, baseline mea-
surements of systolic, diastolic, and mean brachial artery blood pres-
sure and heart rate (Keller Vital Signs Monitor; Keller Medical Special-
ties, Antioch, IL) and of retinal hemodynamic parameters (CLBF 100;
Canon) in the left eye were obtained in the sitting position. Subjects
were then asked to recline on their right side, and retinal arterial
diameter and blood speed—at the same arterial site used at baseline—
were measured after 30 minutes of reclining. Brachial blood pressure
and heart rate were automatically measured and recorded every 5
minutes. The last set of retinal hemodynamic measurements was ob-
tained 20 minutes after the subjects had resumed the sitting position.

In a previous application of this experimental arrangement to study
the effect of postural changes on retinal arterial diameter,24 the authors
used ophthalmodynamometry to measure the increase in ophthalmic
artery pressure induced by the change from sitting to reclining in order
be able to estimate ocular perfusion pressure. They found that the
perfusion pressure while reclining was approximately MAPreclining �
IOP, where MAPreclining is the mean brachial artery blood pressure
measured in the left arm with the subject reclining on the right side.
IOP and venous pressure also increase while reclining, but venous
pressure does not exceed the IOP.25–27 This information was used to
estimate the change in ocular perfusion pressure in our subjects. HbA1c
was measured at the Massachusetts General Hospital HbA1c laboratory.

Statistical Analysis

Subjects’ characteristics and results of retinal measurements are sum-
marized using the mean � SD. Continuous data from diabetic and
control subjects were compared using the nonpaired t-test or ANOVA
followed by Fisher’s PLSD when comparing three groups. The Fisher’s
exact test was used for analysis of categorical variables. Longitudinal
data in the diabetic patients were compared using the paired t-test or
repeated-measures ANOVA when comparing three time points. The
percentage changes in arterial diameter, blood speed, and blood flow
in response to reclining showed unequal variances in the diabetic and
control groups; hence, those data are summarized using the median
and range, and comparisons were performed with the Mann-Whitney
U test. All tests were two-tailed.
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RESULTS

Characteristics of the study subjects at baseline are summa-
rized in Table 1. Diabetic subjects received insulin through
multiple daily injections or an external pump; their HbA1c
declined progressively from the baseline values (7.6% � 1.0%)
during the longitudinal follow-up (7.3% � 1.0% at 6 months
and 7.0% � 0.7% at 12 months; P � 0.0007).

Retinal Vascular Measurements at Steady State
and Longitudinal Changes

Foveal thickness at baseline was 217 � 22 �m in the diabetic
subjects and 209 � 19 �m in the controls (P � 0.15). In the
diabetic subjects, thickness did not change at the 6-month
measurement (216 � 23 �m), but it increased at 12 months to
222 � 20 �m (P � 0.0036), remaining, however, within the
normal range of values obtained with the OCT3.21 In contrast,
foveal thickness did not change in the control subjects (n �
10) retested at 12 months (211 � 13 �m, compared with
211 � 14 �m at baseline). The steady state measurements of
hemodynamic parameters—retinal arterial diameter, blood
speed, and blood flow in the superior temporal quadrant of the
retina—did not differ between the diabetic and control sub-
jects at baseline or at 12 months. In particular, arterial diameter
in the diabetic subjects was 122 � 11 �m at baseline compared

with 120 � 13 �m in the control subjects (P � 0.65) and did
not show significant changes after 6 months (122 � 10 �m) or
12 months (123 � 10 �m).

Retinal Vascular Measurements in Response to a
Postural Change

Given that the steady state hemodynamic measurements were
similar in the diabetic and control subjects, we asked whether
a stimulus would uncover differences. Figure 1 shows the
results of the retinal hemodynamic responses to reclining in
the 17 diabetic subjects without retinopathy and 11 control
subjects tested for retinal vessel autoregulation. In response to
reclining, the retinal arterial diameter decreased in each of the
control subjects (median change, �6.2% of baseline values;
range, �2.8% to �9.9%; P � 0.018 vs. baseline). In contrast, 8
of 17 diabetic subjects failed to show vasoconstriction. In 4 of
these 8 subjects, the median change from baseline was �0.4%
(range, �0.8% to �0.8%), and in the other four subjects para-
doxical vasodilation occurred. The arterial diameter response
of the diabetic group was significantly different from that of the
control group (P � 0.016). Retinal blood speed increased in
each of the control subjects (median change, �13.9%; range,
�2.8% to �33.1%; P � 0.0008 vs. baseline), and blood flow
remained relatively constant (median change, �3.0%; range,
�8.1% to �25.3%; P � 0.61 vs. baseline). Blood speed and
flow responses in diabetic subjects were highly variable, show-
ing exaggerated changes in some subjects and a tendency for
the blood flow responses to differ from those of control sub-
jects (P � 0.053). The largest increase in blood flow (87%) in
response to reclining occurred in one of the diabetic subjects
with paradoxical increase (�5.9%) in arterial diameter. Three
patients were retested several months apart and showed re-
peatable diameter responses (Fig. 2) but not speed or flow
responses.

Because defective arterial constriction was the most prevalent
and reproducible abnormality in the diabetic subjects, we looked
for associations that may point to mechanisms and consequences.
Table 2 shows that the diabetic subjects with abnormal arterial
diameter responses to reclining had clinical and hemodynamic
characteristics similar to those of diabetic subjects with normal
responses and control subjects. Only the levels of HbA1c differed
from those in control subjects. When compared with diabetic
subjects with normal responses, the diabetic subjects with defec-
tive responses showed a trend toward lower HbA1c, lower blood
glucose levels, and longer diabetes duration, but the differences
were not significant.

TABLE 1. Characteristics of the Type 1 Diabetic Subjects at Baseline

Variable

Patients with
Diabetes
(n � 27)

Control
Subjects
(n � 27) P

Age, y 31.6 � 9.2 31.7 � 8.0 0.96
Females, % 60 60
Diabetes duration, y 12.4 � 6.4 n/a
HbA1c, % 7.6 � 1.0 5.4 � 0.3 �0.0001
Blood glucose, mg/

dL* 148.2 � 49.1 106.4 � 19.7 0.0001
Systolic blood

pressure, mm Hg 105.0 � 9.6 104.1 � 11.6 0.76
Diastolic blood

pressure, mm Hg 70.8 � 7.6 68.0 � 8.2 0.20
Retinopathy, n† 3 n/a

n/a, not applicable. Values are expressed as mean � SD.
* Measured immediately before the baseline retinal studies; pri-

marily postprandial levels.
† Two patients had one microaneurysm, and one patient had two

microaneurysms.

FIGURE 1. Retinal hemodynamic responses to postural change in subjects with type 1 diabetes and no retinopathy. Shown are the percentages
of change in arterial diameter, blood speed, and blood flow recorded in subjects 30 minutes after changing position from sitting to reclining.
Change in arterial diameter differed between diabetic and control subjects.
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Response to a Postural Change and Longitudinal
Retinal Vascular Measurements

We used the longitudinal measurements to assess whether
defective arterial constriction was associated with the devel-
opment of vascular changes presaging diabetic retinal microan-
giopathy. Over the 12 months of observation (Table 3), the
group of patients with absent arterial constriction in response
to reclining experienced a significant increase in retinal arterial
diameter (P � 0.03 compared with baseline) and a tendency
toward increased foveal thickness (P � 0.06 compared with
baseline). No such changes were observed in the group of
diabetic subjects with normal arterial constriction in response
to reclining (Table 3).

DISCUSSION

We found that patients with relatively well-controlled type 1
diabetes and no clinical retinopathy are also free of most
subclinical abnormalities of retinal vessels detectable by
noninvasive means, even after a median diabetes duration of
12 years. This new status quo differs greatly from that
prevailing until the mid-1990s, before the DCCT-triggered
emphasis on tight blood glucose control, when teenagers or
young adults with just 4 to 7 years’ duration of type 1
diabetes, if still free of retinopathy, showed abnormal retinal
blood flow at steady state10,28 and already increased vascular
diameters.28
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FIGURE 2. Retinal hemodynamic responses to postural change in subjects with type 1 diabetes but no retinopathy measured on two occasions.
Shown is the test-retest repeatability of the arterial diameter responses in three diabetic subjects. In both test 1 and test 2, the subject identified
by the circles showed normal diameter decrease, the subject identified by the squares showed absent response, and the subject identified by the
diamonds showed paradoxical increase. The patterns of blood speed and blood flow responses were not as repeatable.

TABLE 2. Characteristics of the Type 1 Diabetic Subjects with Abnormal Response of Retinal Arterial
Diameter to a Change in Posture

Variable

Response of Patients with Diabetes

Control Subjects
(n � 11) P

Abnormal
Response (n � 8)

Normal
Response (n � 9)

Age, y 31.6 � 8.6 32.4 � 9.4 30.5 � 8.3 0.87
Females, % 62 55 54 �0.99
Diabetes duration, y 14.6 � 6.4 11.6 � 5.2 n/a 0.29
HbA1c, % 7.0 � 0.6 7.4 � 0.6 5.4 � 0.2 �0.0001*
Blood glucose, mg/dL† 128.5 � 47.4 143.0 � 46.8 110.6 � 7.5 0.39
MAP, mm Hg 92.8 � 6.9 92.7 � 7.4 93.9 � 8.4 0.92
IOP, mm Hg 15.5 � 2.0 14.8 � 3.0 13.5 � 1.9 0.18
OPP at baseline (sitting),

mm Hg‡ 46.4 � 5.6 47.0 � 5.0 49.1 � 6.5 0.56
OPP reclining, %

increase§ 19.2 � 13.6 16.0 � 10.0 14.9 � 10.0 0.70

MAP, mean arterial pressure; OPP, ocular perfusion pressure. Values are expressed as mean � SD.
* P for difference between the control group and each of the diabetes groups. The two diabetes groups

did not differ from each other (P � 0.85).
† Measured immediately before the autoregulation test; primarily postprandial levels.
‡ Calculated using the standard formula OPP � 2⁄3MAP � IOP.
§ Estimated from MAPreclining � IOP.

IOVS, December 2010, Vol. 51, No. 12 Defective Retinal Myogenic Response in Diabetes 6773

Downloaded from iovs.arvojournals.org on 04/24/2024



Among our well-controlled patients, the first abnormality to
become detectable was the absence of retinal arterial constriction
in response to a pressure stimulus (i.e., a defect in the myogenic
response). The passage of blood exerts two types of physical
force, pressure and shear stress, on the wall of blood vessels.29 As
transmural pressure is increased or decreased, resistance vessels
reciprocally decrease or increase their diameters by myogenic
reactivity, a highly regulated process based on the contractile
properties of the smooth muscle cells.29,30 Impaired myogenic
reactivity to pressure stimuli appears to be a distinct signature of
diabetes. It is more prevalent in diabetes than in other ocular
pathologic conditions with disturbed hemodynamics, such as
glaucoma16; in diabetes, it is not confined to the retinal vessels.31

The mechanisms for the defect are likely to originate within
the vascular cells because the pressure-induced myogenic re-
sponse can be elicited in isolated retinal arteries,18 indicating that
the sensing and transduction of the pressure signal, which even-
tually culminates in Ca2� entry into smooth muscle cells and
contraction, are fully contained within the vessels. Different du-
ration and severity of diabetes may contribute different mecha-
nisms. In the presence of established microangiopathy, the defec-
tive myogenic response of retinal arteries may carry an important
contribution from loss of contractile cells.32,33 However, the myo-
genic response to pressure can be defective in diabetes when the
effector cells are alive and functional. For example, arterioles
isolated from biopsy samples of fat from patients with type 2
diabetes fail to constrict in response to pressure but constrict
normally in response to norepinephrine.31 Additionally, the myo-
genic response of retinal vessels to isometric exercise in patients
with type 1 diabetes does increase when glycemic control im-
proves,34 suggesting that at early stages the impairment is func-
tional. In the latter study, lack of a control group of nondiabetic
subjects and lack of information on the individual responses of the
diabetic subjects to improved glycemic control preclude defini-
tive conclusions on the frequency and reversibility of the abnor-
mality. At its initial stages, the myogenic defect induced by dia-
betes may be upstream of smooth muscle contraction, perhaps
inherent to events and structures involved in generating the pres-
sure stimulus (e.g., ion channels that sense stretch35) or at steps
that modulate the intensity of contraction.30 Endothelial products
may be important among the modulators. In humans, the block-
ade of endothelin-1 blunts retinal arterial constriction in response
to isometric exercise,36 and similar blunting was reported after an
acute rise in blood glucose level.37 In the rat, the blunting effects
of very high glucose levels on the in vitro responses of the
ophthalmic38 and cerebral39 arteries to increased transmural pres-
sure are dependent on the presence of the endothelium and
appear to be mediated by endothelial vasodilators. These obser-
vations may or may not be relevant to the mechanisms opera-

tive in our diabetic patients, in whom hyperglycemia is chronic
but of modest degree.

Multiple features of the defective myogenic response of retinal
arteries observed in our patients match features desirable in a
marker of disease risk.40,41 First, the defective response provided
information not available from a careful clinical assessment, and
the information was specific for microangiopathy because both
the stimulus and the response are contained within the vessel.
Second, the myogenic response was defective in approximately
half the patients studied, separating responders and nonre-
sponders in the absence of metabolic and drug confounders, and
was reproducible. This indicates that the defective response un-
covers a new state of the retinal vessels and potentially identifies
persons with a heightened sensitivity to an even mild, if pro-
tracted, degree of hyperglycemia. Third, the myogenic response
was either normal or absent, rather than blunted. The dichoto-
mous outcome makes the marker interpretable in the individual
patient, a highly desirable feature unmatched, to our knowledge,
by any other marker of retinopathy proposed to date. Fourth, the
consequences of a defective myogenic response are such that the
defect becomes an unequivocal risk factor for the development of
retinopathy. In vessels larger than 80 �m in diameter, the blood
flow is directly proportional to the fourth power of the vessel
radius.42 Hence, effective constriction of resistance arteries in
response to increased pressure is a critical mechanism for the
control of blood flow rate and the protection of the smaller
vessels and the parenchyma downstream.

Repetitive daily episodes of inappropriately high flow could
contribute to the small hemorrhages and microaneurysms that
mark the onset of clinical diabetic retinopathy. This possibility
finds support in the observation made in diabetic animals that
the drugs that correct defective retinal autoregulation do pre-
vent the histopathology of retinal vessels43 and is consistent
with our longitudinal data. Several of our patients with defec-
tive myogenic response still had a relatively normal blood flow
response to reclining, indicating that defective constriction
was the earliest event compensated for, at least some of the
time, by other still functional mechanisms of autoregulation.
However, patients with absent myogenic response showed an
increase in arterial diameter and foveal thickness over 12
months not evident in patients with normal myogenic re-
sponse. Insofar as larger retinal arteriolar diameter is a predic-
tor of diabetic retinopathy7 and foveal thickness reflects fluid
balance in the retina and capillary permeability,44 the patients
with defective myogenic response appeared to be on the path
to retinopathy.

Finally, there is a suggestion that a defective myogenic re-
sponse in patients without retinopathy is amenable to correc-
tion.34 This would add to the candidate marker the highly desir-
able characteristic of being a potential surrogate end point for
drug studies and a target for early interventions to abort clinical
retinopathy. However, we have noted above that the study provid-
ing this important suggestion does not permit definitive conclusions.

Our study, conducted in a small cohort of patients, yielded a
candidate biomarker of retinopathy risk. An appropriately powered
larger study is now required to probe whether the abnormality has
predictive value for the development of clinical retinopathy and,
thus, clinical usefulness. While validation studies are being planned,
it also appears urgent to begin learning whether the defective myo-
genic response of retinal vessels found in our patients can be restored
by some drug. In view of the hemodynamic consequences of the
abnormality, leaving it uncorrected appears as a missed opportunity
to help prevent retinopathy.
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TABLE 3. Longitudinal Changes in Retinal Arterial Diameter and
Foveal Thickness in the Type 1 Diabetic Subjects with Abnormal
Response of Retinal Arterial Diameter to a Change in Posture

Variable (�m)

Response of Patients with Diabetes

Abnormal Response
(n � 8)

Normal Response
(n � 9)

Arterial diameter
At baseline 122 � 8 121 � 15
12 months later 126 � 9* 122 � 13

Foveal thickness
At baseline 216 � 28 220 � 19
12 months later 224 � 28† 222 � 17

Values are expressed as mean � SD.
* P � 0.03 vs. baseline values.
† P � 0.06 vs. baseline values.
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