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PURPOSE. To correlate retinal function with vascular response
to flicker light in normotensive patients with diabetes without
diabetic retinopathy (DR).

METHODS. Twenty-eight normotensive patients with diabetes
(11 with type 1, 17 with type 2) without DR and 28 sex- and
age-matched healthy control subjects underwent color vision
and contrast sensitivity testing, pattern, full-field, and multifo-
cal electroretinography, and evaluation of the vascular re-
sponse to flicker light with the dynamic vessel analyzer.

RESULTS. In the patients with diabetes, electroretinogram (ERG)
pattern responses, b-wave in the scotopic bright flash ERG,
a-wave and b-wave in the photopic single-flash ERG, and oscil-
latory potential responses were significantly impaired com-
pared with those in control subjects. Vascular response to
flicker light was also impaired in patients with diabetes com-
pared with controls. In the whole population, correlations
were found between flicker light-induced arterial retinal vaso-
dilation and the amplitude and implicit time of the N95 wave
of pattern ERG (r � �0.27, P � 0.047 and r � �0.35, P �
0.008, respectively), the b-wave implicit time of rod ERG (r �
�0.36; P � 0.01) and the oscillatory potentials (r � 0.4; P �
0.003), suggesting that impairment of the vascular response to
flicker light may reflect inner retinal neural impairment. How-
ever, no correlation between these factors was found when
only patients with diabetes were considered.

CONCLUSIONS. In patients with diabetes, neural and neurovascular
dysfunctions both precede the onset of clinically detectable DR.
To which extent these abnormalities are related to each other
remains to be determined. (ClinicalTrials.gov number,

NCT00839150.) (Invest Ophthalmol Vis Sci. 2011;52:2861–2867)
DOI:10.1167/iovs.10-5960

Diabetic retinopathy (DR) is classically considered a form of
microangiopathy, although recent data suggest that early

abnormalities in DR may be caused by neuroglial cell impair-
ment.1,2 Several authors have reported that impairment of
neurovascular coupling in the retina of patients with diabetes
precedes clinically visible DR.3–9 However, these authors were
unable to reach the definitive conclusion that primary neural or
vascular damage was at the origin of these abnormalities be-
cause the patients were not tested for retinal neural function.
Moreover, some series have included patients with diabetes
and various levels of DR, associated arterial hypertension, or
both,3–6,8,9 which might have affected the results.4–6,8–10

Therefore, to improve understanding of the early retinal events
preceding the onset of DR, we combined, in a group of nor-
motensive patients with diabetes but no DR, an analysis of
neural and neurovascular function using retinal neural func-
tional tests and the dynamic vessel analyzer (DVA) with flicker
light stimulation.

PATIENTS AND METHODS

Patients

The study adhered to the tenets of the Declaration of Helsinki. Written
informed consent was obtained from the participants after they had
been given oral and written explanations. The study was approved by
the local ethics committee.

Inclusion criteria for patients with diabetes were age between 20
and 55 years, type 1 or type 2 diabetes mellitus, diabetes duration of
�5 years, no clinically detectable DR on dilated indirect funduscopy,
and retinal color photographs according to the Early Treatment of
Diabetic Retinopathy Study criteria.

Inclusion criteria for sex- and age-matched control subjects were
no history of high blood sugar and a fasting blood sugar level below
1.10 g/L.

Exclusion criteria for both patients and controls were the presence
of cataract (defined as lens opacities assessed with the Lens Opacities
Classification System III equal to or more than nuclear opalescence
stage 2, nuclear color stage 2, cortical opacities stage 2, or posterior
subcapsular opacities stage 2), or history of cataract surgery, history of
glaucoma, intraocular pressure of �21 mm Hg using Goldmann appla-
nation tonometry, abnormal score on Ishihara 24-plate test, or any
other ocular disease. Patients with ametropia of �3 diopters, anisome-
tropia, or astigmatism of �1 diopter were excluded. Also excluded
were patients with untreated hypertension (defined as systolic blood
pressure �140 mm Hg and diastolic blood pressure �90 mm Hg) or
treated hypertension, those smoking �20 cigarettes a day, and those
taking vasoactive drugs, alcohol, or drugs adversely affecting color
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Paris, France.

Submitted for publication May 26, 2010; revised October 17 and
November 13, 2010; accepted December 5, 2010.

Disclosure: A. Lecleire-Collet, None; I. Audo, None; M. Aout,
None; J.-F. Girmens, None; R. Sofroni, None; A. Erginay, None;
J.-F. Le Gargasson, None; S. Mohand-Saïd, None; T. Meas, None;
P.-J. Guillausseau, None; E. Vicaut, None; M. Paques, None; P.
Massin, None

Corresponding author: Pascale Massin, Department of Ophthal-
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vision. All subjects underwent complete ocular examination. A com-
plete history of diabetes and glycated hemoglobin (A1C) measure-
ments was recorded for each patient with diabetes.

Study Protocol

All participants were asked to refrain from alcohol, caffeine, and
tobacco consumption for 12 hours before DVA examination. Blood
pressure measurements and glycemia were assessed at the beginning
of the study. For all participants, the right eye was the one assessed.

Color Vision

Color vision was tested with the desaturated 15 Hue test (D-15DS;
Lanthony, Luneau, France), and the results were expressed as the total
color difference score (TCDS)11 and as the number of abnormal trans-
positional crossovers (�2 color caps) compared with each confusion
axis (type 1, type 2, and type 3, the equivalents of protan, deutan,
tritan, and tetartan axes for hereditary color disorders).

Contrast Sensitivity

Subjects were tested with the Pelli-Robson contrast sensitivity chart
(Haag- Streit UK, Essex, UK) using the recommended conditions.

Electroretinography

Pattern and full-field electroretinograms (ERGs; Vision Monitor, Métro-
vision, Pérenchies, France) and multifocal ERGs (Veris, EDI Inc., San
Mateo, CA) were recorded for each patient, according to the Interna-
tional Society for Clinical Electrophysiology of Vision (ISCEV) proto-
col.12–14

For pattern ERG, recordings were performed binocularly to facili-
tate optimal fixation. Gold foil corneal recording electrodes were
placed on the tested eyes, and both the reference and the ground
electrodes were placed in the outer canthus and the center of the
forehead, respectively.

A black-and-white reverse checkerboard was used; the aspect ratio
of the width over the height of the stimulus field did not exceed 4:3.
The mean width and height of the stimulus field was 158, with a check
size of 0.88. The photopic luminance level for the white areas was
greater than 80 cd/m2. The contrast between black and white squares
was close to 100%. The frame rate of the CRT had a frequency of 75 Hz.
The reversal rate was 2.2 Hz. Typically, �100 sweeps were averaged
by using “interrupted stimulation” to minimize eye movement artifacts.
Patients were instructed to concentrate on the stimulus for 4 to 5
seconds without blinking; averaging was then suspended, and the
patient was told to blink before again, concentrating on the fixation
spot.

Cone responses were recorded as part of the full-field ERG after
recording responses under scotopic conditions. Full-field ERG was
recorded according to the ISCEV standard published in 2004. Neither
angiography nor retinal imaging was performed before recordings.
Pupils were optimally dilated, and both active and ground electrodes
were placed in the same way as for the recording of multifocal and
pattern ERGs. Recording was performed binocularly. Before the mea-
surements, patients remained in darkness for 20 minutes. Rod-specific
responses were recorded in response to a dim flash attenuated from
2.5 log units of the standard flash. A stimulus using a standard flash of
1.5 cd � s/m2 was used to record the standard combined ERG under
dark-adapted conditions. The patient was then light adapted, using a
background light of 17 cd/m2 within the full-field stimulus bowl for 10
minutes. Responses to the standard flash were then recorded both after
single stimulation and a 30-Hz period.

Oscillatory potential analysis was performed according to the
method of Yonemura.15 The peak implicit time of the first deflection of
the oscillatory potential, the interpeak interval between the first and
second deflections, and the sum of the amplitudes of the upward
deflections were precisely measured with a ruler.16

For multifocal (mf) ERG recordings, the recording and ground
electrodes were placed as they were for the recording of pattern ERG.
The other eye was occluded. An array of 103 hexagons across a field
subtending 44° horizontally and 40° vertically, scaled by eccentricity,
was displayed at a frame rate of 75 Hz. Responses were bandpass
filtered outside 10 to 300 Hz, amplified at a gain of 100,000, and
sampled every 0.833 ms. A standard m-sequence length was used, with
m � 15, resulting in a total recording time of 7.17 minutes divided into
16 short segments for patients’ comfort. Signals were amplified (gain,
106), bandpass filtered (10–100 Hz), and recorded with a sampling
interval of 0.83 ms (16� per video game). Luminance was 200 cd/m2

for the white symbol and �2 cd/m2 for the black symbol. The sur-
rounding luminance was set at 50% of the bright test luminance (i.e.,
100 cd/m2). Standard ambient room lighting was used throughout the
day of the study. Stimulus luminance was calibrated with an EDI grid
calibrator (Veris; EDI Inc.).

Average responses for the implicit times and amplitudes of N1 (first
negative component), P1 (first positive component), and N2 (second
negative component) of the first-order kernel were calculated for three
regional ring groups, defined as follows : ring 1, from 0° to 5° eccen-
tricity (7 central hexagons); ring 2, from 5° to 10° eccentricity (30
hexagons), and ring 3, from 10° to 25° eccentricity (66 hexagons).

DVA Examination with Flicker Light Stimulation

Before and during examination with the DVA, arterial blood pressure
was monitored every 2 minutes. The DVA device and study protocol
have been described elsewhere.4–6,8–10,17–19 To summarize, arterial
and venous segments approximately 1.5 mm long were evaluated in
each eye. Measurements were located 1 to 2 disc diameters from the
optic disc. Selection criteria for the arterial and venous segment loca-
tions were as follows: no crossing or bifurcation in the measured
segment, a curvature of not �30°, a distance from the neighboring
vessels of at least one vessel diameter, and sufficient contrast with the
surrounding fundus. The standard program for flicker stimulation using
DVA consists of three consecutive flicker cycles (12.5-Hz flicker fre-
quency and 80-second observation each) and a total duration of the
examination of 352 seconds. Three consecutive flicker cycles were
therefore analyzed for each vessel segment studied. In healthy sub-
jects, flicker stimulation leads to transient arterial vasodilatation fol-
lowed by transient vasoconstriction and to transient venous vasodila-
tation. Response was measured as the difference between the mean
vascular diameter for the last 10 seconds of flicker stimulation and the
mean vascular diameter for the 30 seconds immediately preceding this
flicker stimulation, divided by the latter value (Lecleire-Collet A, et al.
IOVS 2006;47:ARVO E-Abstract 4485)3,5,20 Response was expressed as
the mean of the calculations for the three flicker cycles. Only one
artery and one vein were measured in each eye.

Statistical Methods

For the flicker-induced response, a generalized linear model was used
that considered the factor diabetes versus control (taking into account
the matching between diabetes and control) and vessel type (i.e.,
arterial or venous response). For the other parameters, either the
paired Student’s t-test or the Wilcoxon’s signed rank test was used to
compare control subjects and patients with diabetes. When a signifi-
cant difference was found between patients with diabetes and con-
trols, generalized linear models were used to compare patients with
type 1 diabetes and type 2 diabetes, and each type of patient with
diabetes with its corresponding matched control group. We checked
that all the conditions of normality and homoscedasticity were fulfilled
for all parametric statistical tests used. When normal assumptions were
not met, rank transformations were used. Box plots (showing quartiles
and range) were used for graphical presentation of the data.

Spearman correlation coefficient was used to calculate the correla-
tions between individual variables. The significance level was set at
P � 0.05. Given the exploratory nature of the present study, no
adjustment for multiplicity was made. All tests were performed using
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statistical software (SAS 9.2: SAS Institute, Cary, NC). Graphics were
made using R software (cran.r-project.org).

RESULTS

The characteristics of patients with diabetes and controls are
given in Table 1. Only the blood sugar level was significantly
higher in the patients with diabetes than in the controls.

Flicker-Induced Responses Measured Using
the DVA

Comparisons of vasodilations by general linear model demon-
strated a significant difference between control subjects and
diabetic patients both for arteries and for veins (P � 0.0001;
Fig. 1). No significant difference between arterial and venous
responses (P � 0.12) and no significant interaction between
factor “category of patients” and factor “vessel type” (P � 0.8)
were observed.

Color Vision

The TCDS was significantly higher in patients with diabetes
than in controls (147.5 � 31.6 vs. 130.1 � 14.9; P � 0.02).
The number of abnormal transpositional crossovers along the
type 3 axis was also significantly higher in patients with dia-
betes (tritan axis: 0.30 � 0.54 vs. 0.00 � 0.00, P � 0.02; tetar-
tan axis: 0.56 � 0.64 vs. 0.07 � 0.26, P � 0.003). Neither
TCDS nor abnormal transpositional crossovers along the type 3
axis differed significantly in patients with type 1 or type 2
diabetes, respectively, compared with controls or in patients
with type 1 compared with type 2 diabetes.

Contrast Sensitivity

Contrast sensitivity scores were slightly lower in patients with
diabetes than in controls (1.64 � 0.08 vs. 1.66 � 0.07), but the
difference did not reach significance.

Electroretinography

Pattern ERG. The implicit time and amplitude of the P50
wave of patients with diabetes were significantly delayed and
reduced (P � 0.01 and P � 0.0001, respectively); the implicit
time and amplitude of the N95 wave were significantly delayed
and increased (P � 0.0004 and P � 0.003, respectively, Fig. 2).
There was no significant difference between the pattern ERG
of patients with type 1 diabetes and those with type 2 diabetes.

Full-Field ERG. For rod ERG, the implicit time and ampli-
tude of the b-wave were significantly delayed and reduced in
patients with diabetes compared with controls (P � 0.004 and
P � 0.02, respectively; Fig. 3), but the implicit time and
amplitude of the a-wave were not significantly different. For
cone ERG, the implicit time of the a- and b-waves were signif-
icantly delayed in patients with diabetes compared with con-
trols (P � 0.009 and P � 0.01, respectively), and the amplitude
of the b-wave was significantly reduced (P � 0.02). There was
no significant difference between patients with type 1 diabetes
and those with type 2 diabetes for either rod or cone ERG.

The 30-Hz flicker ERG exhibited trends toward reduced
amplitudes and delayed implicit times, but neither trend was
significant (data not shown).

The peak implicit time of the first deflection of the oscilla-
tory potentials and the interpeak interval between the first and
second deflections were significantly delayed in patients with

TABLE 1. Characteristics of Patients with Diabetes and Control Subjects

Parameter

Control
Subjects
(n � 28)

Patients with Diabetes

Total
(n � 28)

Type 1
(n � 11)

Type 2
(n � 17)

Age, y 39.5 � 9.2 39.9 � 9.4 36.1 � 8.0 42.4 � 9.6
Sex, male/female 12/16 12/16 4/7 8/9
Diabetes duration, y NA 12.4 � 7.8 16.4 � 9.8 9.8 � 5.0
Glycated hemoglobin (A1C), % NA 7.8 � 1.5 7.5 � 1.6 8 � 1.4
Blood sugar, mmol/L 4.9 � 0.6 10.7 � 5.0* 10.3 � 6.0* 10.2 � 4.4*
Mean systolic arterial pressure, mm Hg 112.5 � 10.6 118.8 � 14.4 116.1 � 17.4 120.6 � 12.3
Mean diastolic arterial pressure, mm Hg 73.4 � 6.5 77.5 � 8.3 75.3 � 10.0 79.0 � 7.0*
Mean best-corrected visual acuity,

logMAR �0.02 � 0.09 �0.05 � 0.12 �0.04 � 0.10 �0.06 � 0.13
Intraocular pressure, mm Hg 14.8 � 1.8 14.5 � 2.0 14.4 � 1.4 14.6 � 2.3
Baseline arterial vessel diameter, RU 117.4 � 15.4 122.7 � 25.2 122.5 � 12.8 122.8 � 31.5
Baseline venous vessel diameter, RU 140.6 � 22.0 151.8 � 21.0 149.1 � 25.9 153.6 � 17.6

Data are mean � SD. NA, not applicable; RU, relative units.
* P � 0.05 significant difference versus controls.

FIGURE 1. Flicker-induced response
in retinal arteries (A) and veins (B) in
patients with diabetes and control
subjects.
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diabetes (P � 0.0001 and P � 0.0001), and in patients with
type 1 diabetes (P � 0.0007 and P � 0.004) and type 2 diabetes
(P � 0.003 and P � 0.0001), compared with the controls. The
sum of the amplitudes of the upward deflections was signifi-
cantly reduced in patients with diabetes (P � 0.0001), and in
those with type 1 (P � 0.0015) and type 2 (P � 0.0001),

compared with the controls, but the difference between
patients with type 1 and type 2 diabetes was not significant
(Fig. 4).

mfERG. The average responses for the implicit times and ampli-
tudes of N1, P1, and N2 were not significantly different in patients
with diabetes and controls in any of the ring groups studied (Fig. 5)

FIGURE 2. Pattern ERG responses in
patients with diabetes and control sub-
jects. (A) P50 amplitudes. (B) N95 im-
plicit times. (C) N95 amplitudes. The
upper and lower limits were the ex-
tremes of the distribution.

FIGURE 3. Full-field ERG responses
in patients with diabetes and healthy
controls. (A) Rod ERG: b-wave im-
plicit times. (B) Rod ERG: b-wave am-
plitudes. (C) Cone ERG: b-wave im-
plicit times. (D) Cone ERG: b-wave
amplitudes. The upper and lower
limits were the extremes of the
distribution.
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Correlations between Flicker-Induced Responses and
ERG Responses. Among all the subjects included, correlations
were found between the arterial flicker-induced response and
pattern ERG responses (N95 amplitude [r � �0.27; P � 0.047]
and N95 implicit time [r � �0.35; P � 0.008], rod ERG

responses (b-wave implicit time [r � �0.36; P � 0.01]), and
the sum of the amplitudes of the oscillatory potentials (r � 0.4;
P � 0.003). However, when only patients with diabetes were
considered, no correlation between neural and vascular func-
tions was found (Fig. 6).

DISCUSSION

Neurovascular coupling is the process that enables the retina
to regulate blood flow in response to neural activity. Flicker
light stimulation is an original stimulus to the retina that, in
healthy subjects, has been used to investigate this process
because it induces increased neural activity. This increase of
neural activity induced by flicker stimulation leads to retinal
arterial and venous dilation21 because of the release of vasodi-
lating factors, especially nitric oxide, from neural cells and
endothelial cells.22–24 The response of the retinal vessels to
flicker light can be measured noninvasively using the DVA.

Flicker-induced retinal diameter change has been shown to
deteriorate early in patients with diabetes.3–9 Here we found a
significant reduction of the flicker-induced response in the
retinal arteries and veins of normotensive patients with diabe-
tes with no clinically detectable DR, in agreement with the

FIGURE 4. Oscillatory potential responses (sum of the amplitudes of
the upward deflections) in patients with diabetes and healthy controls.
The upper and lower limits are the extremes of distribution.

FIGURE 5. Example of multifocal ERG
responses from a diabetes patient com-
pared with a control subject included in
the study. Both normalized and scaled
responses to reflect response density are
represented and summed traces for the
3 different rings are displayed. OD, right
eye; OS, left eye.

IOVS, May 2011, Vol. 52, No. 6 Neurovascular Coupling in Patients with Diabetes 2865



results of previous studies. Thus, in a recent controlled study,
Mandecka et al.7 showed decreases in both arterial and venous
flicker-induced retinal vasodilation in normotensive patients
with type 1 diabetes and no DR. However, in a noncontrolled
study of patients with type 2 diabetes with or without hyper-
tension, Mandecka et al.4 demonstrated in these patients, after
further analysis taking account of age and antihypertensive
treatment, the decreases in the arterial and venous flicker-
induced responses were no longer significant. Last, in a large
series including 224 patients with diabetes and 103 nondia-
betic control subjects, Nguyen et al.6 showed that reduced
retinal vasodilation after flicker light stimulation was associated
with diabetes, independently of major risk factors, including
hypertension and glycemic control. However, because age and
hypertension levels may influence the response to such stim-
ulation, we included in the present study only normotensive
patients with type 1 and type 2 diabetes and sex- and age-
matched healthy controls.

The impaired flicker-induced vascular response may be partly
caused by endothelial dysfunction, as suggested by Mandecka et al.4,7

and Nguyen et al.,6,19 given the documented role of nitric oxide in
this flickering light-induced vasodilation.3,22–24 However, in pa-
tients with endothelial dysfunction, Pemp et al.9 failed to
demonstrate any correlation of the measurements of flow-
mediated vasodilatation in the forearm—the most widely used
technique for the assessment of endothelial function—and
flicker-induced retinal vasodilation. Impaired neurovascular
coupling may thus also reflect early retinal neurodegeneration
that occurs soon after the onset of diabetes.1,2,25 Recently, Luu
et al.26 demonstrated that oscillatory potential components
correlate with retinal arteriolar caliber in patients with diabe-
tes, suggesting that there is a correlation between retinal neu-
ronal dysfunction and microvasculature changes.

The results of the retinal functional tests in our study sug-
gest neuronal impairment in patients with diabetes, which is
consistent with the impairment of the inner postreceptoral
retina and, to a lesser degree, of the photoreceptor cells. We
indeed found decreased amplitude and implicit time shifts in
rod and cone b-waves and in photopic responses that originate
primarily in the inner retina. The impairment of color vision,
which is in agreement with previous findings,27,28 may be
consistent with the impairment of the macular short-wave-
length cone system, especially at a postreceptoral level.28,29

Oscillatory potential impairment was one of the earliest
functional retinal abnormalities reported in the literature in
patients with a short duration of diabetes,30 or no DR,31 before
changes in pattern ERG32 or blood-retinal barrier permeabil-
ity,16 probably indicating early deterioration of the neuronal
synaptic activity of the amacrine cells.33 The results for oscil-
latory potentials in the present study strengthen these findings.

Both the P50 and the N95 components of pattern ERG were
significantly impaired in our patients with diabetes compared
with controls, suggesting the impairment of macular cone cells
and retinal ganglion cells.34 The fact that pattern ERG, but not
the Pelli-Robson test, which also reflects the activity of the
retinal ganglion cells, was significantly impaired in the present
study might have been due to the lower sensitivity of the latter
test for the detection of retinal ganglion cell impairment.35

We demonstrated here that in a population of patients with
diabetes and healthy controls, there is a strong overall corre-
lation between inner retinal function and the vascular re-
sponses to flicker light. Arterial flicker-induced responses in-
deed correlated with the amplitude and implicit time of the
N95 component of the ERG pattern, the b-wave implicit time
of the rod ERG responses, and the oscillatory potentials. Riva et
al.24 suggested that flicker light-induced vasodilation was me-

FIGURE 6. Correlations between the
arterial flicker-induced response and
ERG responses among all the sub-
jects included, except one missing
value (N � 55). E, control subjects;
‚, patients with type 1 diabetes; �,
patients with type 2 diabetes. (A)
Flicker-induced arterial response and
N95 amplitude in pattern-ERG (r �
�0.27; P � 0.047). (B) Flicker-in-
duced arterial response and N95 im-
plicit time in pattern ERG (r �
�0.3530; P � 0.008). (C) Flicker-in-
duced arterial response and b-wave
implicit time in rod ERG (r � �0.36;
P � 0.007). (D) Flicker-induced arte-
rial response and the sum of the os-
cillatory potential amplitudes (r �
0.4; P � 0.003).
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diated primarily by ganglion cells whose function is strongly
correlated with the ERG pattern. Moreover, similar impairment
of neurovascular coupling during glaucoma, which primarily
affects ganglion cell function, has been reported, again suggest-
ing the involvement of ganglion cells in the flicker response.36

Therefore, the impairment of flicker-induced responses may be
partly attributed to the inner retinal dysfunction that occurs
early in diabetes, before any clinically detectable DR.1,2,25

However, when considering only patients with diabetes, we
did not find any correlation between the flicker-induced diam-
eter response and neural function, possibly because of a lack of
power. In addition, because of the exploratory nature of the
present study, our results must be interpreted with caution.
Conversely, neural dysfunction and impaired flicker-induced
response may constitute two different pathways of hypergly-
cemia complications that are not necessarily correlated.

In conclusion, we found here that in patients with diabetes,
neural and neurovascular dysfunctions are early events, both of
which precede the onset of clinically detectable DR. We also
found that in the study group as a whole, inner retinal function
correlated with the vascular responses to flicker light. How-
ever, this correlation was not found when only patients with
diabetes were considered. Further investigations are needed to
establish whether neurovascular dysfunction in the early stages
of diabetes is linked to an inner neural dysfunction.
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