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Multifocal Electroretinograms Predict Onset of Diabetic
Retinopathy in Adult Patients with Diabetes
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PURPOSE. The authors’ previous models predicted local formation of diabetic retinopathy (DR) in adults with diabetes and
existing retinopathy. Here they derived a multivariate model
for local prediction of DR onset in patients with no previous
retinopathy.
METHODS. Seventy-eight eyes from 41 diabetes patients were
tested annually for several years. The presence or absence of
DR at the last study visit was the outcome measure, and
measurements of risk factors from the previous visit were used
for prediction. Logistic regression was used to assess the relationship between DR development and 7 factors: multifocal
ERG (mfERG) implicit time (IT) Z-score, sex, diabetes duration,
blood glucose, HbA1c, age, and diabetes type. Thirty-five retinal zones, spanning 45°, were constructed from the mfERG
stimulus elements. The maximum IT Z-score for each zone was
calculated based on data from 50 control subjects. ROC curve
analysis, using fivefold cross-validation, was used to determine
the model’s predictive properties.
RESULTS. Mild DR developed in 80 of 2730 retinal zones (3%) in
29 of 78 eyes (37%). Multivariate analysis showed mfERG IT to
be predictive for DR development in a zone after adjusting for
diabetes type. The multivariate model has a sensitivity of 80%
and a specificity of 74%.
CONCLUSIONS. mfERG IT is a good predictor of DR onset, 1 year
later, in patients with diabetes without DR. It can be used to
assess the risk for DR development in these patients and may
be a valuable outcome measure in evaluation of novel prophylactic therapeutics directed at impeding DR. (Invest Ophthalmol Vis Sci. 2011;52:772–777) DOI:10.1167/iovs.10-5931

T

he number of patients with diabetes in the United States is
expected to drastically increase, nearly doubling in the
next 25 years.1 Because diabetes is the leading cause of new
cases of preventable blindness in Americans of working age
(20 –74 years old),2 the ongoing search for better and earlier
treatments for diabetic eye disease has become even more
important. The gold standard treatment, laser photocoagulation,3 is aimed only at the end stage of eye disease and has
many side effects, including decreases in peripheral and night
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vision.4 Despite much research there is still nothing more
effective for saving vision in the late stages of this disease.5
Furthermore, even with several efforts, no successful ocular
treatments for mild to moderate nonproliferative diabetic retinopathy (NPDR) have been found. However, patients at this
stage of disease often report visual symptoms such as difficulty
driving at night.6
Currently, patients with early NPDR are counseled only on
blood sugar and blood pressure control and monitored. Although better blood sugar and blood pressure control have
been shown to be effective at reducing retinopathy progression at early stages of disease,5 they are often difficult for
patients to accomplish and are not successful in all patients.
Some patients still progress to worsening retinopathy even
with improved blood sugar control.7–9 The vision of many
patients could be preserved, at least for a longer period, if
earlier treatments were available.
Previous studies that have examined candidate predictive
factors for diabetic eye disease have focused primarily on those
risk factors leading to the most severe NPDR and treatable
sight-threatening proliferative diabetic retinopathy (PDR).
They have found an association between severe NPDR and
many factors, including duration of diabetes, blood pressure,
and smoking.10 Furthermore, PDR has been linked to neuropathy, decreased visual acuity, elevated triglycerides, type 1
diabetes, and previous levels of retinopathy.11,12 PDR has also
been linked with higher HbA1c percentage levels,13 and a
reduction in HbA1c percentage reduces the need for and risks
associated with laser photocoagulation.14
Changes in the retina are, however, detectable at much
earlier stages, and studies have begun to focus on candidate
predictive factors for earlier retinopathy development. The UK
Prospective Diabetes Study Group study group found that even
one or two microaneurysms are predictive of future worsening
of retinopathy and should not be ignored.15 Other factors, such
as microalbuminuria, hypertension, and neuropathy, have also
been found to increase the risk for earlier retinopathy.16,17
There are also many indications that neural changes take place
in the retina during diabetes and that these changes take place
before vascular changes are apparent.18 –21 These changes
have been identified using several different electrophysiological tests and have been shown to worsen as diabetic retinal
disease progresses. Several possible mechanisms for this progressive change have been suggested.22 Neural changes are
thus obvious candidates as risk factors for predicting retinopathy. Electrophysiological tests of neural function are fast,
objective, and noninvasive.
We have previously developed multivariate models using
the multifocal electroretinogram (mfERG) implicit time (IT), a
local measure of retinal neural function, along with other
diabetes health measures, to predict new local retinopathy
development over 1 to 3 years in patients with diabetes and
some retinopathy at baseline.23–26 The present study derives a
new model to predict retinopathy development, within a
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1-year window, in a cohort of subjects who have no diabetic
retinopathy at baseline. Prediction of the earliest clinically
visible diabetic changes in the eye has implications for clinical
care and tracking eye health. Perhaps more important, the
relatively short-term predictive measures allow rapid clinical
trials of new drugs targeting the earlier stages of DR, whereas
the alternative, visual acuity outcomes, demand more protracted studies.

SUBJECTS

AND

METHODS

Subjects
Forty-one adult subjects with diabetes completed the study. Both eyes
of each subject were used in the analysis, with the exception of four
eyes that were excluded at the start of the study because of media
opacities, intraocular lens implants, and myopic degeneration, leaving
a total of 78 eyes. All subjects were between 25 and 65 years of age
(mean age, 52.4 ⫾ 10.8 years). Eight subjects had type 1 diabetes, and
33 subjects had type 2 diabetes. Some subjects in this study were part
of our earlier predictive models, but their data here are from more
recent follow-up visits not previously reported. In addition, 50 healthy
nondiabetic control subjects, between 21 and 67 years of age (mean
age, 43.7 ⫾ 13.0 years) participated, and their data were used for
normalization to create Z-scores and local templates for the mfERG
analysis.
All subjects had 20/25 or better acuity, refractive error between
⫺6D and ⫹4D, and no retinopathy at the start of the study. Subject
demographic data are shown in Table 1. All subjects provided informed written consent, and the procedures were in compliance with
the Declaration of Helsinki and the University of California Berkeley
Committee for the protection of Human Subjects.

Study Timeline and Testing Procedures
All subjects with diabetes were followed up over time, and study visits
occurred annually until either retinopathy developed (n ⫽ 20) or the
study ended (n ⫽ 21). Recruitment was continuous; the average time
in the study was 3 years (range, 1– 6 years.) Patients with and without
retinopathy at the end of the study had the same range and mean for
time followed. The mean for patients in whom retinopathy developed
was 3.35 ⫾ 1.2 years, and in those in whom it did not it was 3.23 ⫾ 1.3
years.
Every study visit included a full medical history, nonfasting blood
glucose reading (One Touch Ultra; Lifescan, Milpitas, CA), HbA1c
percentage (At Home A1c; FlexSite Diagnostics, Palm City, FL) measurement, dilated fundus examination with photographs covering the
central 50° (Carl Zeiss Meditec, Dublin, CA), and mfERG (VERIS; EDI,
Redwood City, CA).
The mfERGs were recorded as described in Ng et al.,25 Han et al.,24
and Bearse et al.26 Briefly, subjects’ pupils were fully dilated with 1%
tropicamide and 2.5% phenylephrine, and a Burian-Allen contact lens
electrode was used. A ground electrode was placed on to the right
earlobe, and the contralateral eye was occluded during the recording.
An mfERG (VERIS 4.3; EDI) system was used with a scaled 103 hexagon
stimulus array displayed on a CRT at a frame rate of 75 Hz. The stimulus
array subtended 45° on the retina. An eye camera display refractor unit
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was used. This allowed the patient to self-adjust a cross in the center
of the display to best focus. The monitor was calibrated every 6 months
to ensure quality measures over time. It remained stable between
calibrations. Preamplifier filters were set to 10 to 100 Hz, and retinal
signals were amplified 100,000 times. The contrast of the stimulus
display was set to 98%, with the white elements at 200 cd/m2 and the
dark elements at ⬍2 cd/m2. Seventeen percent spatial averaging was
used with a single iteration of artifact removal.
First-order P1 kernel mfERG implicit times were measured with the
template scaling method previously described.27 For this method local
templates were constructed from the mean local waveforms of the 50
control subjects. The template is scaled in both amplitude and time to
fit a subject’s corresponding local waveform by minimizing the least
squares difference between the subject’s local waveform and the local
template. This information is then used to derive the P1 implicit time
and the N1-P1 amplitude. A parameter indicating the goodness-of-fit
(statfit) was generated for each response. Although none of the local
response fits reached this criterion, a fit (statfit) parameter of more
than 0.8 would have been rejected. Each local implicit time (IT)
measure for the diabetic subjects was converted to a Z-score using the
mean and SD obtained from the controls. For our instrumentation and
control data, one mfERG IT Z-score is equal to 0.9 ms when averaged
over all measured retinal locations.28
To be spatially conservative, 35 retinal zones (each of which contained two or three neighboring hexagons) were constructed from the
103 stimulus elements. For each zone, a maximum IT Z-score was
assigned from the two or three Z-scores from hexagons in that zone. All
fundus photographs were graded in a detailed and masked fashion by
a retinal specialist for the presence or absence of retinopathy without
knowledge of other study results. The mfERG array was overlaid onto
the digital photographs to match the location of retinopathy with any
applicable mfERG zones (Fig. 1).

Statistical Analysis
Logistic regression29 was performed to examine associations between
new retinopathy development and seven baseline risk factors (measured 1 year before the retinopathy outcome for subjects who developed retinopathy and 1 year before the last visit for those who remained retinopathy free): mfERG IT Z-score, diabetes duration,
diabetes type, sex, blood glucose level, HbA1c, and age. Given that
correlations might have existed between mfERG IT zones within the
eye of any subject and across eyes of the same subject, generalized
estimating equations (GEEs) were used to estimate model coefficients.
With the GEE approach, estimates allow for covariance between zones
in the same subject while assuming independence across subjects.30
Observations on both eyes of a single subject were combined into a
single “cluster” to permit correlations across eyes. Robust variances
were used for inference to accommodate any disparity between the
assumed and true covariance structures.
For the logistic regression analysis, we first performed a univariate
analysis of every risk factor, determining which factors were most
likely to be predictive. Next, possible confounders of mfERG IT were
identified and evaluated. Last, a final model was derived using a stepwise forward regression approach to determine whether other factors
strengthened the predictive power of the model.

TABLE 1. Demographic Data

Group

Patients
(n)

Sex
(Male/Female
Ratio)

Age (y)

All diabetes
patients
Type 1 diabetes
Type 2 diabetes
Controls

41
8
33
50

22:19
3:5
19:14
21:29

52.4 ⫾ 10.4
38.3 ⫾ 10.6
55.8 ⫾ 7.7
43.7 ⫾ 13.0
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Duration (y)

Blood Glucose
(mg/dL)

HbA1c (%)

Average mfERG
Implicit Time
(Z-scores)

9.1 ⫾ 4.4
13.0 ⫾ 6.3
8.0 ⫾ 3.2
N/A

181.0 ⫾ 86.0
118.0 ⫾ 46.9
183.3 ⫾ 91.8
103.2 ⫾ 20.8

8.44 ⫾ 1.7
7.8 ⫾ 0.9
8.6 ⫾ 1.8
N/A

0.87 ⫾ 1.66
⫺0.30 ⫾ 0.78
1.17 ⫾ 1.65
0.00 ⫾ 0.67

Retinopathy
Development

20 yes, 21 no
5 yes, 3 no
15 yes, 18 no
N/A
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FIGURE 1. (A) mfERG array with a
sample three-hexagon zone highlighted. (B) Array results in 103
mfERG traces, grouped by zone. A
sample zone is again shown. The inset
waveform shows the measurement of
the P1 implicit time. (C) Zones were
also overlaid over fundus photographs
to determine which zones had retinopathy. Circles: the locations where the
retinopathy has developed. (D) The
same photograph of one of our type 1
patients with the mfERG trace array
overlaid.
Probabilities of new retinopathy development in a zone were
calculated from the final model and used to construct receiver operating characteristic (ROC) curves.31 A fivefold cross-validation procedure was used, randomly dividing the data (grouped by eye) into five
subsets. Each subset is used to validate a model created by the other
four sets of data together. The five validations were averaged to
determine the generalized predictive accuracy of the model.32,33

RESULTS
Retinopathy Development and Comparison of
Type 1 and Type 2 Subjects
Retinopathy developed in 20 of the 41 subjects, 29 of the 78
eyes and 80 of the 2730 retinal zones (3%). In each subject, the
retinopathy was mild and was either a microaneurysm or a dot
hemorrhage. No subject had retinopathy in more than five
zones in the same eye. Seventeen of the 80 zones (21%) that
developed retinopathy were in the eight subjects with type 1
diabetes. When comparing type 1 and type 2 subjects, it was
found that the type 1 subjects were younger and had longer
durations of diabetes, faster mfERG implicit times, and better
blood glucose control than did type 2 subjects (Table 1).

Model Creation
First we evaluated each potential risk factor in univariate models. The mfERG IT was found to be the most significant factor
in the prediction of future retinopathy. Univariate analysis
found that mfERG IT Z-score alone had an odds ratio of 1.16
(1.02–1.33). Diabetes duration was the only other factor that
was significant in the univariate analyses. Duration of diabetes
had an odds ratio of 1.07 (1.00 –1.15; Table 2), which meant
that mfERG IT Z-score alone and duration of diabetes alone
were predictive of retinopathy. Odds ratios approximated relative risks; in other words, for every unit increase in mfERG IT
Z-score, the risk for retinopathy onset increased by 16%, and
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for every 1-year increase in diabetes duration, the risk for onset
of retinopathy increased by 7%. All the other factors were not
significant in univariate analysis.
Next, the potential confounding of mfERG IT by other risk
factors was examined. A confounder is a factor that correlates
with mfERG IT and with retinopathy development. If a confounder is discovered, it must be included in the model so that
it is properly accounted for. Type of diabetes was found to be
a significant confounder of mfERG IT because it changed the
mfERG IT model coefficient by more then 10%; therefore, it
had to be included in the model. The mfERG IT coefficient
changed from 0.15 (P ⫽ 0.02; odds ratio [OR], 1.16; 95%
confidence interval [CI], 1.02–1.33) when type was not accounted for in the model (Table 2) to 0.18 (P ⫽ 0.012; OR,
1.20; 95% CI, 1.04 –1.53) when it is included. The more general
model is log(p/1 ⫺ p) ⫽ ⫺3.8 ⫹ 0.18 (IT Z-score) ⫹ 0.42
(Diabetes Type), where p denotes the probability of a given
zone developing retinopathy 1 year after the measurements
and diabetes type is a binary factor with 0 for type 2 diabetes
and 1 for type 1 diabetes. Finally, other factors, including
diabetes duration and blood glucose level, were evaluated to
determine whether they improved the overall model fit, but
none reached significance at a 0.05 level. Thus, the parsimonious model was the ultimate choice.
The coefficient for mfERG IT in the multivariate model
yields an odds ratio of 1.20 (95% CI, 1.04 –1.53), which can
TABLE 2. Significant Univariate Models for the Prediction
of Retinopathy
Variable

Coefficient

P

OR (95% CI)

mfERG Implicit Time
Duration

0.15
0.07

0.02
0.04

1.16 (1.02–1.33)
1.07 (1.00–1.15)

All other factors were not significant.
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TABLE 3. Fivefold Cross-Validation Coefficients, Odds Ratios, and ROC Curve Parameters
Model

IT Z-Score
Coefficient

Type
Coefficient

OR IT

OR Type

Sensitivity
(%)

Specificity
(%)

1
2
3
4
5
Average
All data

0.18
0.18
0.17
0.18
0.15
0.17
0.18

0.39
0.41
0.31
0.48
0.44
0.41
0.42

1.20
1.19
1.18
1.20
1.16
1.19
1.20

1.48
1.50
1.36
1.62
1.55
1.50
1.38

82
82
79
81
73
80
87

72
80
69
74
75
74
82

Bold data indicate averages of the five curves and give the overall parameters for the model.

again be interpreted as an approximate relative risk; in other
words, for every unit increase in implicit time Z-score, there is
a 20% increase in risk for retinopathy within 1 year.

Cross-Validation
Fivefold cross-validation was used to estimate the sensitivity
and specificity of the selected model because specificity and
sensitivity estimates using the full data set are, by necessity,
overly optimistic, justifying the need for cross-validation. This
validation yielded the five sets of coefficients (Table 3) whose
average was 0.17 for implicit time and 0.41 for diabetes type,
similar to that of the coefficients in the final model. Each of
these five models yielded an ROC curve that had a range of
sensitivities from 82% to 73% and a range of specificities from
80% to 69% (Fig. 2). The average accuracy of these ROC curves
indicated that the final model has a validated sensitivity of 80% ⫾
4% and a specificity of 74% ⫾ 4%.

DISCUSSION
In this study, we created a multivariate model for the prediction of retinopathy onset in adult patients with diabetes. The
main predictive risk factor in this model is a local retinal neural
measure, implicit time of the mfERG. The mfERG IT has been
shown in past studies to be delayed in patients with diabetes.
Although the exact mechanism causing the delays in diabetes

FIGURE 2. Receiver operating characteristic curves based on the fivefold cross-validation subsets of the data. Each line (symbol) is a curve
constructed from one-fifth of the data using coefficients from the other
four-fifths. The average of the five curves yields a sensitivity of 80% and
a specificity of 74%.
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remains unknown, hypoxia, local blood flow changes, or
changes in local metabolism may be responsible for the effects
observed.22 In our model, a 1-unit Z-score increase in mfERG IT
increases the risk by 20% for the onset of retinopathy in a
retinal zone in these patients. Furthermore, we found that the
power of the mfERG IT for predicting the development of
retinopathy is different for adult patients with type 1 and type
2 diabetes; patients with type 1 diabetes display a greater risk
for the onset of retinopathy, with smaller comparative delays in
mfERG IT than the type 2 group. Consequently, type of diabetes must be adjusted for in these predictions and included in
the predictive model.
Previously, our group developed models to locally predict
new retinopathy development in patients with and without
baseline retinopathy over a 1- to 3-year follow-up period. We
found several factors that are predictive of new retinopathy in
these patients, including mfERG IT Z-score, diabetes duration,
blood glucose, and the presence of DR at baseline. In our
previous 1-year model,24 the strongest factor predicting new
retinopathy in a retinal zone was previous retinopathy in the
eye. (This is perhaps not surprising because it is clinically
accepted that an eye with some retinopathy is at a higher risk
for more pathology.) Our previous models did not have
enough patients without baseline retinopathy who went on to
develop retinopathy in the follow-up period to make predictions about the onset of retinopathy in those eyes. Consequently, in this study, we investigated a group of patients with
no retinopathy at baseline over a longer period. This model is
a critical step for predicting the first funduscopically obvious
change in the retina at the typical interval between diabetic eye
examinations. The clinical onset of DR (vasculopathy in the
retina) signifies an important progression in the microvascular
complications in diabetes, which may also be occurring in
other organ systems. This progression can be an indicator for
the physician and patient to consider more aggressive management, including shorter patient follow-up intervals.
Successful fitting of this model required a sufficient number
of patients who developed retinopathy during the testing period and used a much larger sample size than previous predictive modeling studies. This is because the conversion rate to
early retinopathy is low and retinopathy is scarce in the retinal
tissue. Even with retinopathy developing in half the patients,
the local retinopathy development that was observed was
relatively low overall (3%). Complicating the analysis and interpretation is that even though it is known that the development of a microaneurysm is a process over time,34 50% of
visible microaneurysms are transient.15
A 1-year follow-up interval was used in this study to closely
comply with standard clinical care follow-up guidelines of
diabetic patients with no DR or mild DR. The cross-validated
sensitivity (80%) and specificity (74%) of this model are only
slightly less than the 86% and 82% found in the earlier validated
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1-year model using patients with baseline retinopathy and
more severe retinopathy, even though the retinopathy observed in the present study was more scarce and more difficult
to detect.23 Clearly the mfERG IT, when properly adjusted for
diabetes type, is a very sensitive test for predicting even the
earliest clinical retinal changes over a 1-year window.
Associations between retinopathy development factors
(such as duration of diabetes, blood glucose levels, type of
diabetes, and blood glucose control) that were significant in
previous retinopathy progression models from our group and
other studies looking at retinopathy progression10,23,25,35 did
not significantly contribute to the multivariate model for predicting retinopathy onset in conjunction with mfERG IT in
patients who were retinopathy free. In our previous 3-year
model,25 diabetes type was found to be a possible predictive
factor; however, the small sample size of type 1 patients led to
a large confidence interval for the odds ratio of that prediction.
Because of the imprecision surrounding this factor, we did not
include it in the previous 3-year model. In the present model,
diabetes type was not found to be directly predictive of retinopathy but instead confounded the ability of the mfERG IT to
predict the retinopathy. On average, the type 1 patients developed more retinopathy, but they also tended to have faster
average implicit times than the type 2 patients. The differences
between the two groups are accounted for by including diabetes type in this model, but additional studies on the early
differences in neural function between the types of diabetes
are needed. Overall differences between the present model
and previous models likely stem not only from the difference in
the retinopathy itself but also from the fact that this population
of patients, who are experiencing the onset of retinopathy, is
very different from the population of patients who already
have retinopathy. Type 1 adult patients who have yet to develop retinopathy, for example, tended to have longer durations, younger ages, and better blood glucose control (several
were using insulin pumps, which have been shown to improve
HbA1c percentage levels36) than type 2 patients in this same
group. But these differences between type 1 and type 2 would
not necessarily be observed in patients who already have retinopathy.
Given that the average age of type 1 patients at the time of
diagnosis is younger and more definitive than in type 2 patients, the longer disease durations and younger patient ages
we saw in our study of adult patients with type 1 diabetes were
to be expected. Most type 1 patients have some retinopathy
within 25 years of diagnosis.37,38 Similarly, progression to proliferative diabetic retinopathy was shown to be common (42%)
in a study of type 1 patients over a 25-year period.39 On the
other hand, perhaps because disease onset is more ambiguous
in type 2 diabetes, these patients appear to experience more
range in disease progression. Many patients (35%– 45%) with
type 2 diabetes have retinopathy at the time of their diabetes
diagnosis40 and, hence, would not have been eligible for this
study. As many as 60% of patients who have type 2 diabetes for
more than 20 years have retinopathy, and 58% in the 11- to
20-year duration range also have retinopathy.41 However, these
figures include the patients with retinopathy at diagnosis, who
had been eliminated from our study. Our study represents a
different, and likely healthier, group of type 2 patients than are
typically presented in the epidemiologic data, which might in
part have accounted for why the type 2 group had a lower risk
for first retinopathy in the present study.
In summary, our new model for predicting the onset of
retinopathy in eyes with no previous retinopathy reveals that
the mfERG IT is a useful tool for predicting retinopathy onset.
It is objective, measures retinal function in approximately 8
minutes, and is reproducible.28 The model could be used to
identify and enroll patients at higher risk in clinical trials or

Downloaded from iovs.arvojournals.org on 05/08/2021

IOVS, February 2011, Vol. 52, No. 2
tests of newer medications aimed at delaying or preventing the
earliest retinopathy well before visual acuity is affected. Our
results also suggest that the mfERG IT Z-score measurement,
when corrected for type of diabetes, could possibly act as a
surrogate end point for studies in which the preventive treatment of retinopathy is a primary goal.42,43

Acknowledgments
The authors thank Kevin Bronson-Castain, Brian Wolff, Kavita Dhamdhere, Glen Ozawa, Oscar Davila, and Maria Cardenas for assistance
with data collection; Ann Chang for assistance with data analysis; and
Andrew Mick, Bernard Dolan, and Vivian Mata for assistance in patient
recruitment.

References
1. Huang ES, Basu A, O’Grady M, Capretta JC. Projecting the future
diabetes population size and related costs for the U.S. Diabetes
Care. 2009;32:2225–2229.
2. Centers for Disease Control and Prevention National diabetes fact
sheet: general information and national estimates on diabetes in
the United States. 2007. Atlanta, GA: U.S. Department of Health
and Human Services; 2008.
3. Ferris F. Early photocoagulation in patients with either type I or
type II diabetes. Trans Am Ophthalmol Soc. 1996;94:505–537.
4. Fong DS, Girach A, Boney A. Visual side effects of successful
scatter laser photocoagulation surgery for proliferative diabetic
retinopathy: a literature review. Retina. 2007;27:816 – 824.
5. Mohamed Q, Gillies MC, Wong TY. Management of diabetic
retinopathy: a systematic review. JAMA. 2007;298:902–916.
6. Coyne KS, Margolis MK, Kennedy-Martin T, et al. The impact of
diabetic retinopathy: perspectives from patient focus groups. Fam
Pract. 2004;21:447– 453.
7. Early worsening of diabetic retinopathy in the Diabetes Control
and Complications Trial. Arch Ophthalmol. 1998;116.
8. Dahl-Jorgensen K, Brinchmann-Hansen O, Hanssen KF, Sandvik L,
Aagenaes O. Rapid tightening of blood glucose control leads to
transient deterioration of retinopathy in insulin dependent diabetes mellitus: the Oslo study. Br Med J (Clin Res Ed). 1985;290:
811– 815.
9. Lawson P, Champion M, Canny C, Kingsley R, White M, Kohner
EM. Continuous subcutaneous insulin infusion does not prevent
progression of preproliferative or proliferative retinopathy. Br J
Ophthalmol. 1982;96:762–766.
10. Esteves JF, Kramer CK, Azevedo MJ, et al. Prevalence of diabetic
retinopathy in patients with type 1 diabetes mellitus. Rev Assoc
Med Bras. 2009;55:268 –273.
11. Davis MD, Fisher MR, Gangnon RE, et al. Risk factors for high-risk
proliferative diabetic retinopathy and severe visual loss: Early
Treatment Diabetic Retinopathy Study Report #18. Invest Ophthalmol Vis Sci. 1998;39:233–252.
12. Henricsson M, Sellman A, Tyrberg M, Groop L. Progression to
proliferative retinopathy and macular oedema requiring treatment:
assessment of the alternative classification of the Wisconsin Study.
Acta Ophthalmol Scand. 1999;77:218 –223.
13. Conway BN, Miller RG, Klein R, Orchard TJ. Prediction of proliferative diabetic retinopathy with hemoglobin level. Arch Ophthalmol. 2009;127:1494 –1499.
14. Tight blood pressure control and risk of macrovascular and microvascular complications in type 2 diabetes: UKPDS 38. UK Prospective Diabetes Study Group. BMJ. 1998;317:703–713.
15. Kohner EM, Stratton IM, Aldington SJ, Turner RC, Matthews DR.
Microaneurysms in the development of diabetic retinopathy (UKPDS 42). UK Prospective Diabetes Study Group. Diabetologia.
1999;42:1107–1112.
16. Durruty P, Carpentier C, Krause P, Garcia de los Rios M. [Evaluation of retinal involvement in type 2 diabetics with microalbuminuria]. Rev Med Chil. 2000;128:1085–1092.
17. Wirta O, Pasternack A, Mustonen J, Laippala P, Lähde Y. Retinopathy is independently related to microalbuminuria in type 2 diabetes mellitus. Clin Nephrol. 1999;51:329 –334.

IOVS, February 2011, Vol. 52, No. 2
18. Ghirlanda G, Di Leo MA, Caputo S, Cercone S, Greco AV. From
functional to microvascular abnormalities in early diabetic retinopathy. Diabetes Metab Rev. 1997;13:15–35.
19. Shirao Y, Kawasaki K. Electrical responses from diabetic retina.
Prog Retin Eye Res. 1998;17:59 –76.
20. Tzekov R, Arden GB. The electroretinogram in diabetic retinopathy. Surv Ophthalmol. 1999;44:53– 60.
21. Barber AJ. A new view of diabetic retinopathy: a neurodegenerative disease of the eye. Prog Neuropsychopharmacol Biol Psychiatry. 2003;27:283–290.
22. Fortune B, Schneck ME, Adams AJ. Multifocal electroretinogram
delays reveal local retinal dysfunction in early diabetic retinopathy.
Invest Ophthalmol Vis Sci. 1999;40:2638 –2651.
23. Han Y, Schneck ME, Bearse MA Jr., et al. Formulation and evaluation of a predictive model to identify the sites of future diabetic
retinopathy. Invest Ophthalmol Vis Sci. 2004;45:4106 – 4112.
24. Han Y, Bearse MA Jr., Schneck ME, Barez S, Jacobsen CH, Adams AJ.
Multifocal electroretinogram delays predict sites of subsequent diabetic retinopathy. Invest Ophthalmol Vis Sci. 2004;45:948 –954.
25. Ng JS, Bearse MA Jr., Schneck ME, Barez S, Adams AJ. Local
diabetic retinopathy prediction by multifocal ERG delays over 3
years. Invest Ophthalmol Vis Sci. 2008;49:1622–1628.
26. Bearse MA Jr., Adams AJ, Han Y, et al. A multifocal electroretinogram model predicting the development of diabetic retinopathy.
Prog Retin Eye Res. 2006;25:425– 448.
27. Hood D, Li J. A technique for measuring individual multifocal ERG
records. In: Yager D, ed. Non-invasive Assessment of the Visual
System: Trends in Optics and Photonics. Washington, DC: Optical
Society of America; 1997:33– 41.
28. Harrison WW, Bearse MA Jr., Ng JS, Barez S, Schneck ME, Adams
AJ. Reproducibility of the mfERG between instruments. Doc Ophthalmol. 2009;119:67–78.
29. Jewell NP. Statistics for Epidemology. Boca Raton, FL: Chapman
and Hall; 2004.
30. Zeger SL, Liang KY, Albert PS. Models for longitudinal data: a generalized
estimating equation approach. Biometrics. 1988;44:1049–1060.
31. Hanley JA, McNeil BJ. The meaning and use of the area under a
receiver operating characteristic (ROC) curve. Radiology. 1982;
143:29 –36.

Downloaded from iovs.arvojournals.org on 05/08/2021

mfERGs Predict Onset of Diabetic Retinopathy

777

32. Burman P. A comparative study of ordinary cross-validation, v-fold
cross validation and the repeated learning-testing methods. Biometrika. 1989;76:503–514.
33. Kohavi R. A study of cross-validation and bootstrap for accuracy
estimation and model select in. In: Proceedings of the Fourteenth
International Joint Conference on Artificial Intelligence. Menlo
Park, CA: International Joint Conference on Artificial Intelligence;
1995:1137–1143.
34. Stitt AW, Gardiner TA, Archer DB. Histological and ultrastructural
investigation of retinal microaneurysm development in diabetic
patients. Br J Ophthalmol. 1995;79:362–367.
35. Klein R, Klein BE, Moss SE, Cruickshanks KJ. The Wisconsin
Epidemiologic Study of diabetic retinopathy, XIV: ten-year incidence and progression of diabetic retinopathy. Arch Ophthalmol.
1994;112:1217–1228.
36. Churchill J, Ruppe R, Smaldone A. Use of continuous insulin
infusion pumps in young children with type 1 diabetes: a systematic review. J Pediatr Health Care. 2009;23:173–179.
37. National Institutes of Health. Fact Sheet: Type 1 Diabetes. www.
nih.gov/about/researchresultsforthepublic/Type1Diabetes.pdf. Updated
January 2010. Accessed November 16, 2010.
38. Fong DS, Aiello L, Gardner TW, et al. Retinopathy in diabetes.
Diabetes Care. 2004;27(suppl 1):S84 –S87.
39. Klein R, Knudtson MD, Lee KE, Gangnon R, Klein BE. The Wisconsin Epidemiologic Study of Diabetic Retinopathy, XXII: the
twenty-five-year progression of retinopathy in persons with type 1
diabetes. Ophthalmology. 2008;115:1859 –1868.
40. Stratton IM, Kohner EM, Aldington SJ, et al. UKPDS 50: risk
factors for incidence and progression of retinopathy in type II
diabetes over 6 years from diagnosis. Diabetologia. 2001;44:
156 –163.
41. Cai X, Wang F, Ji L. Risk factors of diabetic retinopathy in type 2
diabetic patients. Chin Med J. 2006;119:822– 826.
42. Berger V. Does the Prentice criterion validate surrogate endpoints? Stat Med. 2004;23:1571–1578.
43. Cunha-Vaz JG, Bernardes R. Nonproliferative retinopathy in diabetes type 2: initial stages and characterization of phenotypes. Prog
Retin Eye Res. 2005;24:355–377.

