
The Diabetes Control and Complications Trial (DCCT)/Epidemiology of Diabetes Interventions and
Complications (EDIC) Research Group*

Effect of Intensive Diabetes
Therapy on the Progression of
Diabetic Retinopathy in Patients
With Type 1 Diabetes: 18 Years
of Follow-up in the DCCT/EDIC
Diabetes 2015;64:631–642 | DOI: 10.2337/db14-0930

The Diabetes Control and Complications Trial (DCCT)
demonstrated that a mean of 6.5 years of intensive therapy
aimed at near-normal glucose levels reduced the risk of
development and progression of retinopathy by as much
as 76% compared with conventional therapy. The Epide-
miology of Diabetes Interventions and Complications
study (EDIC) observational follow-up showed that the risk
of further progression of retinopathy 4 years after the
DCCT ended was also greatly reduced in the former
intensive group, despite nearly equivalent levels of HbA1c,
a phenomenon termedmetabolicmemory.Metabolicmem-
ory was shown to persist through 10 years of follow-up.
We now describe the risk of further progression of reti-
nopathy, progression to proliferative diabetic retinopathy,
clinically significant macular edema, and the need for in-
tervention (photocoagulation or anti-VEGF) over 18 years
of follow-up in EDIC. The cumulative incidence of each
retinal outcome continues to be lower in the former in-
tensive group. However, the year-to-year incidence of
these outcomes is now similar, owing in large part to a re-
duction in risk in the former conventional treatment group.

In the Diabetes Control and Complications Trial (DCCT,
1983–1993), intensive diabetes therapy that lowered gly-
cemic levels, compared with conventional therapy, reduced
the development and progression of diabetes microvascu-
lar complications in both adults (1) and adolescents (2).

Thereafter, subjects were followed observationally in the
Epidemiology of Diabetes Interventions and Complica-
tions study (EDIC, 1994 to present) (3). Over the first 4
years of EDIC, the former DCCT intensive therapy group
(INT) experienced a lower incidence of further progression
of retinopathy than did the former conventional group
(CONV), despite similar HbA1c levels in both groups (4).
This benefit was observed in both the adult (4) and adoles-
cent (5) subsets of the DCCT. The slower progression
of retinopathy, nephropathy, and neuropathy (4,6,7) with
INT versus CONV, despite similar EDIC HbA1c levels,
has been called “metabolic memory.” At 10 years of EDIC
follow-up, metabolic memory persisted in adults (7) but was
less apparent in the participants enrolled as adolescents
during DCCT (8). The long-term benefit with INT is closely
associated with lower HbA1c during the DCCT (8,9). Recent
reports review the prolonged benefits of DCCT INT during
the DCCT/EDIC (10,11), including retinopathy (12).

We now describe the progression of retinopathy over
a total of 18 years of EDIC follow-up. A companion paper
(13) describes the progression of nephropathy.

RESEARCH DESIGN AND METHODS

Design and Subjects
The DCCT (1) was a randomized trial comparing the
effects of intensive versus conventional diabetes therapy
on diabetes complications, including retinopathy (the
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DCCT primary outcome), nephropathy, and neuropathy.
During 1983–1989, 1,441 subjects 13–39 years old were
enrolled (195 adolescents were at least Tanner stage II),
726 subjects into the primary prevention cohort (diabetes
duration 1–5 years, no retinopathy, and urinary albumin
excretion ,40 mg/day) and 715 into the secondary in-
tervention cohort (1–15 years duration, early [micro-
aneurysms] to mild nonproliferative retinopathy, and
microalbumin excretion ,200 mg/day). Intensive therapy
(n = 711) aimed to achieve nondiabetic levels of glycemia
as safely as possible, whereas conventional therapy (n =
730) aimed to maintain clinical well-being with no specific
glucose targets. DCCT follow-up included annual standard
ophthalmoscopic exam with measures of best-corrected
visual acuity and seven-field color stereo fundus photog-
raphy every 6 months (14).

At DCCT end (1993), CONV subjects were taught and
initiated intensive diabetes therapy, and all subjects were
transferred to their own health care providers for diabetes
care. In 1994, 1,375 of the 1,428 surviving subjects (96%)
joined the EDIC observational study (3).

The annual EDIC evaluation included a history, phys-
ical, and HbA1c, with a fasting lipid profile and urinary
microalbumin every other year (one-half the cohort each
year). An ophthalmologic evaluation (as during DCCT,
including best-corrected visual acuity) was conducted
in all participants at EDIC years 4 and 10 (1997 and
2003), and on every fourth anniversary of entry into
the DCCT, e.g., 1996, 2000, etc., for a patient random-
ized in 1984 (14). Photographs were graded centrally
masked to treatment assignment. The severity of retinop-
athy and macular edema were assessed separately in each eye
using the final Early Treatment Diabetic Retinopathy Study
(ETDRS) scale (15).

Of the 1,375 EDIC subjects, 50 died before the
scheduled ophthalmologic evaluation during EDIC years
15–18, and 111 did not have the evaluation at years
15–18. Outcome data were available for 1,214 EDIC
participants, 1,209 who had evaluable fundus photo-
graphs completed during EDIC years 15–18 and 5 with-
out photographs but known to have had prior laser
therapy. This represents 84% of the original DCCT co-
hort, 92% of those surviving to years 15–18, and 88%
of those enrolled in EDIC. The DCCT and the EDIC
protocols were approved by the institutional review
boards at all participating clinical sites and the Coordi-
nating Center.

Statistical Methods
Quantitative or ordinal characteristics were compared
using the Wilcoxon rank sum test and categorical variables
using the contingency x2 test. Retinopathy outcomes were
further three or more–step retinopathy progression (or
just “progression”) from the level at DCCT closeout, new
severe nonproliferative diabetic retinopathy (SNPDR),
and new proliferative diabetic retinopathy (PDR) among
those without SNPDR or PDR, respectively, during the

DCCT. Pan-retinal photocoagulation therapy was counted
as worsening for each outcome if not previously observed.
Additional outcomes included clinically significant macular
edema (CSME) and either focal photocoagulation or anti-
VEGF therapy.

Incidence analyses used Weibull proportional hazards
regression models for interval-censored data (16) adjusted
for baseline factors. The Weibull model was verified
against the Turnbull empirical estimate (17) (see Supple-
mentary Data). Natural cubic splines with 4 df generated
a smoothed Turnbull estimate of the associated hazard
function (18). P values were obtained from likelihood ra-
tio tests.

Prevalence analyses were stratified by retinopathy se-
verity at DCCT closeout, with a Mantel-Haenszel stratified-
adjusted odds ratio estimate and test-based confidence
limits (19).

A Weibull model also assessed the effects of time-
dependent covariates (20) on incidence. Mediation of the
treatment group effect was assessed by the change in the
group effect after adjustment for a given time-dependent
covariate (21). All analyses were performed using SAS 9.3
or the R-package.

RESULTS

Subject Characteristics and HbA1c

Table 1 presents the characteristics of the initially en-
rolled 1,441 DCCT subjects, of the 1,423 survivors evalu-
ated at the close of the DCCT, and of the 1,214 with
a retinal examination during years 15–18 of EDIC. The
mean age at DCCT enrollment was 27 years. At EDIC
years 15–18, mean age was minimally, albeit signifi-
cantly, higher in the former INT than CONV (51 vs.
50 years, P = 0.015). The mean duration of diabetes
was 5.7 years at DCCT baseline and 29 years at EDIC
years 15–18. The mean HbA1c at DCCT baseline was
9.1% (76 mmol/mol) and at DCCT closeout was 7.2%
(55 mmol/mol) in INT and 9.1% (76 mmol/mol) in
CONV. Over the first few years of EDIC, the HbA1c level
in INT rose while that in CONV fell, resulting in mean
levels of ;8% (64 mmol/mol) over the years 15–18 of
EDIC. Figure 1 shows the yearly quartiles of the distri-
butions of HbA1c levels over DCCT and EDIC.

Three-Step Progression of Retinopathy
During years 15–18 of EDIC follow-up, 39% of the 684
INT subjects at risk had further progression from DCCT
closeout (incidence) vs. 56% of the 674 CONV subjects,
with a 46% adjusted risk reduction (CI 36, 54; P ,
0.0001) (Table 2 and Supplementary Table 1). In prior
analyses over 4 and 10 years of EDIC follow-up, the risk
reductions were 71% (56, 81; P , 0.0001) and 51% (36,
63; P , 0.0001) with INT, respectively. Thus, the benefi-
cial effects of DCCT INT on the risk of further retinopa-
thy progression have persisted for up to 18 years after
the close of the DCCT, although with smaller effects
over time.
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The risk reduction with INT was somewhat greater among
those with microaneurysms alone or mild nonproliferative
retinopathy at DCCT closeout (;55%) than among

those with no retinopathy (30%), virtually all from the original
primary prevention cohort (Table 2). However, the risk
reductions within all strata were nominally significant.

Table 1—Clinical characteristics of the former DCCT INT and CONV participants at DCCT baseline, DCCT closeout, and EDIC
years 15–18

DCCT baseline
(1983–1989) (n = 1,441)

End of DCCT
(1993) (n = 1,423)

EDIC years 15–18
(2007–2012) (n = 1,214)

INT CONV INT CONV INT CONV

n 711 730 701 722 606 608

Medical history
Age (years) 27.2 (7.1) 26.7 (7.1) 33.6 (7.0) 33.0 (7.0) 50.9 (7.2) 49.9 (7.0)†
Female (%) 48.5 45.9 48.9 46.0 48.8 46.9
Diabetes duration (years) 5.8 (4.2) 5.5 (4.1) 12.3 (4.9) 11.9 (4.8) 29.3 (5.3) 28.7 (5.4)†
DCCT primary cohort (%) 49.0 51.8 49.2 51.7 48.4 50.8
Hypertension (%)§ 3.1 2.1 4.4 3.9 62.4 66.0
Hyperlipidemia (%)‖ 22.8 23.4 25.8 29.9 64.5 66.8
Current cigarette smoking (%) 18.6 18.4 20.3 19.8 12.2 12.2

Medical treatment
Glucose management
Pump or multiple daily injections ($3) (%) 0 0 97.2 5.1‡ 98.2 96.1‡
Glucose monitoring $4 times a day (%) 0 0 52.6 3.7‡ 66.8 70.2

Use of ACE inhibitor or ARB (%)¶ 0 0 — — 53.0 57.6

Physical examination
BMI (kg/m2) 23.4 (2.7) 23.5 (2.9) 26.5 (4.2) 25.0 (3.1)‡ 28.9 (5.6) 28.2 (5.0)
Obese (BMI $30 kg/m2) (%) 1.3 1.9 18.5 5.7‡ 35.6 31.4
Systolic blood pressure (mmHg) 114.5 (11.3) 114.6 (11.4) 116.3 (11.7) 115.3 (12.0) 121.1 (14.5) 120.4 (14.7)
Diastolic blood pressure (mmHg) 73.1 (8.2) 72.9 (8.7) 74.4 (8.8) 74.2 (8.8) 71.7 (9.0) 71.3 (8.8)
Mean arterial pressure (mmHg) 86.9 (8.2) 86.8 (8.6) 88.3 (8.9) 87.9 (8.9) 88.1 (9.5) 87.7 (9.4)

Laboratory values
HbA1c (%)# 9.1 (1.6) 9.1 (1.6) 7.2 (0.9) 9.1 (1.3)‡ 8.0 (1.1) 8.0 (1.0)
mmol/mol 76 (17.5) 76 (17.5) 55 (9.8) 76 (14.2) 64 (12.0) 64 (10.9)

Plasma lipids (mg/dL)
Total cholesterol 177.1 (32.8) 175.7 (33.6) 178.9 (31.3) 183.7 (36.9)† 175.4 (36.2) 172.5 (38.5)
HDL cholesterol 50.8 (12.3) 50.3 (12.3) 50.8 (12.8) 51.6 (12.9) 61.3 (19.4) 61.6 (18.3)
LDL cholesterol 110.3 (28.7) 109.1 (29.4) 111.7 (27.3) 114.6 (31.5) 97.3 (29.5) 94.4 (30.5)†
Triglycerides 80.8 (43.3) 81.8 (51.3) 81.9 (51.5) 88.3 (54.5)‡ 84.4 (54.9) 83.4 (76.7)

Complications
Eye
Retinopathy levels (%) ‡ ‡

No retinopathy (10/10) 48.9 51.8 28.3 17.2 10.8 4.8
MA only (20/,20) 35.1 27.8 39.7 32.1 36.9 26.2
Mild NPDR (35/,35) 11.6 15.2 21.3 28.5 20.2 18.1
Moderate NPDR (43/,43 – 53/53) 4.5 5.1 8.3 14.4 16.5 19.7
SNPDR or worse (53/,53 +) 0 0.1 2.6 7.8 15.5 31.2

Renal
Sustained AER .30 mg/24 h 5.2 4.3 7.6 14.5‡ 13.5 20.6‡
AER .300 mg/24 h 0 0 1.4 3.2† 4.0 7.4‡
Sustained eGFR ,60 mL/min/1.73 m2 (%) 0 0 0.1 0.4 3.9 5.4

Data presented as mean (SD) or percent. Retinopathy or CSME assessments by fundus photography were completed for 1,423
subjects at DCCT closeout and 1,259 subjects between EDIC years 15 and 18. Each subject was assessed once every 4 years timed
to the year of entry into the DCCT and all subjects assessed at 4 and 10 years. †P, 0.05 by the Wilcoxon rank sum test for quantitative
outcomes, x2 test for categorical outcomes, or Armitage trend test for ordinal outcomes (retinopathy) comparing conventional and
intensive treatment. ‡P , 0.01 by the Wilcoxon rank sum test for quantitative outcomes, x2 test for categorical outcomes, or Armitage
trend test for ordinal outcomes (retinopathy) comparing conventional and intensive treatment. §Hypertension was defined by systolic
blood pressure $140 mmHg, diastolic blood pressure $90 mmHg, or use of antihypertensive medications. ‖Hyperlipidemia was
defined by an LDL cholesterol level $130 mg/dL (3.4 mmol/L) or the use of lipid-lowering agents. ¶Medication usage was not recorded
during the DCCT. Use of ACE inhibitors was proscribed during the DCCT. At EDIC year 1, ACE inhibitor use was 5.6% in INT and 6.9%
in CONV. ARBs were not available until later during EDIC. #End of DCCT HbA1c is the mean HbA1c throughout the DCCT; EDIC years
15–18 HbA1c values are time-averaged values through EDIC to the years 15–18 visit. The time-averaged mean (SD) HbA1c levels
through DCCT and EDIC combined were 7.8% (0.9) and 8.3% (1.0) (62 [9.8] and 67 [10.9] mmol/mol) among participants assigned
to intensive and conventional diabetes therapy, respectively. ARB, angiotensin II receptor blocker; eGFR, estimated glomerular filtration
rate; MA, microaneurysms; NPDR, nonproliferative diabetic retinopathy.
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The cumulative incidence of retinopathy progression in
the two groups has increased in parallel in recent years
(Fig. 2A). Figure 3A shows that the underlying year-to-
year incidence (risk or hazard rate) of further progression
with INT has not continued to increase over the 18 years,
whereas that with CONV was higher over years 1–9 but
then fell to a level similar to INT beyond 10 years. Thus,
over EDIC years 1–10, the risk with INT versus CONV was
reduced by 52% (42, 60; P, 0.0001), whereas over 11–18
years, it was reduced by only 12% (225, 39; P = 0.47) and
was not significant.

The prevalence of a three or more–step change from
DCCT baseline increased over time while the odds reduc-
tion declined (Table 3). Relative to the retinopathy level at
DCCT closeout, further three or more–step retinopathy
progression at EDIC years 15–18 was present in 189 (32%)
in INT vs. 272 (47%) in CONV (not shown in tables), for
a 43% adjusted odds reduction (27, 55; P , 0.0001).

More Advanced Stages of Retinopathy
Table 3 shows the prevalence and adjusted odds reductions
at DCCT closeout, EDIC year 10, and EDIC years 15–18 for
SNPDR, PDR, CSME, and a history of photocoagulation

therapy for either proliferative retinopathy or CSME or
anti-VEGF therapy. At DCCT closeout, the prevalences of
these outcomes with CONV were 7–9% and were signifi-
cantly lower with INT, with odds reductions of 46–76%.
After 10 years of EDIC, the prevalences with CONV were
20–26%, and the adjusted odds reductions with INT
ranged from 44 to 63% and remained highly significant.

At EDIC years 15–18, the prevalences with CONV were
higher by ;5% than those at year 10 of follow-up,
whereas those with INT were almost twice as great as at
year 10. As a result, the adjusted odds reductions for INT
versus CONV were lower than at year 10, 42% (20, 58; P =
0.001) for SNPDR, 43% (21, 59; P = 0.001) for PDR, 23%
(24, 44; P = 0.09) for CSME, and 33% (9, 51; P = 0.01) for
photocoagulation or anti-VEGF therapy.

Figure 2B presents the cumulative incidence of new
PDR during the years 15–18 of EDIC. The adjusted risk
of PDR with INT versus CONV was reduced by 47% (30,
60; P , 0.001) (Table 2). The hazard reductions for those
with some degree of retinopathy at DCCT closeout (strata
2, 3, and 4 in Table 2) ranged from 44 to 53%, each being
significant. However, among those with no retinopathy at
DCCT closeout (stratum 1) (316 of 1,318 subjects at risk,

Figure 1—Box plots of the distribution of glycosylated hemoglobin (HbA1c) values in the DCCT treatment group at the end of the DCCT and
at each of the first 18 years of EDIC. Each box shows the quartiles, + denotes the mean, and whiskers show the range.
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principally from the primary prevention cohort), the risk
reduction was only 8% and not significant. In both
groups, only 4.1% of those without retinopathy at
DCCT closeout had developed PDR 15–18 years later de-
spite a diabetes duration of ;29 years.

The year-to-year incidence of progression to PDR (Fig.
3B) showed a pattern similar to that for three or more–
step retinopathy progression. The incidence with CONV
fell more in recent years, whereas with INT, it was level
over time so that the risk reduction over 11–18 years
(26%) was no longer significant (215, 57; P = 0.18) be-
tween groups, whereas that up to EDIC year 10 (55%) was
significant (36, 69; P , 0.0001).

Whereas the prevalence of CSME at years 15–18 was
not significantly different between INT and CONV (23%
reduction in odds, P = 0.09) (Table 3), the cumulative in-
cidence of CSME up to years 15–18 was reduced by 35%
(16, 50; P , 0.0001) with INT versus CONV (Fig. 2C).
Figure 3C shows a narrowing incidence by year 10 so
that the risk reduction over the first 10 years (55%) was
significant (35, 69; P , 0.0001), whereas that over years
11–18 (25%) was not.

Finally, the cumulative incidence of any new photo-
coagulation during EDIC showed a 39% risk reduction
with INT versus CONV (19, 53; P , 0.0001) (Fig. 2D). By
EDIC years 15–18, there was a narrowing in the

differences in incidences between INT and CONV, result-
ing in a significant 60% risk reduction (41, 73; P ,
0.0001) over years 1–10 but becoming nonsignificant
over years 11–18 (23%; P = NS) (Fig. 3D).

During DCCT and EDIC combined, best-corrected
visual acuity worse than 20/100 was observed in 20 INT
vs. 21 CONV patients (23 vs. 22 eyes), and worse than
20/200 in 14 vs. 12 patients (15 vs. 12 eyes), not count-
ing one patient with loss of vision due to an accident.

Risk Factors and Mediation of the Treatment Group
Differences
Table 4 describes time-dependent covariate associations
with further retinopathy progression and new PDR during
years 15–18 of EDIC follow-up. Adjusted for DCCT base-
line covariates and the level of retinopathy at DCCT close-
out (Table 4 and Supplementary Table 1), the risk of
retinopathy progression was reduced by 46% with INT
versus CONV (36, 54; P , 0.0001). Additional time-
dependent covariates were then added to this baseline-
adjusted model one at a time, and the percentage reduction
in the treatment group x2 value computed (Table 4). This
equals the percentage of the treatment group effect on
retinopathy progression that was mediated or explained
by treatment group differences in that covariate. Time-
varying indicator variables for a history of hyperlipidemia,

Table 2—Incidence of further three or more–step progression of retinopathy and new PDR between the end of the DCCT and
after 18 years of the EDIC study overall and stratified by the level of retinopathy at the end of DCCT

Retinopathy levels
at DCCT closeout

Further $3-step progression PDR

n at
risk*

No. with
event (%)

Adjusted risk
reduction (%, CI)†

P
value

n at
risk‡

No. with
event (%)

Adjusted risk
reduction (%, CI)†

P
value

All levels 1,358 46 (36, 54) ,0.0001 1,318 47 (30, 60) ,0.0001
Intensive 684 267 (39.0%) 668 86 (12.9%)
Conventional 674 380 (56.4%) 650 172 (26.5%)

Stratified by retinopathy levels
at DCCT closeout

Stratum 1: no retinopathy 30 (5, 49) 0.021 8 (2186, 70) 0.89
Intensive 194 100 (51.6%) 194 8 (4.1%)
Conventional 123 74 (60.2%) 122 5 (4.1%)

Stratum 2: microaneurysm only
54 (38, 65) ,0.0001 53 (19, 73) 0.007Intensive 275 88 (32.0%) 274 23 (8.4%)

Conventional 220 112 (50.9%) 220 32 (14.6%)
Stratum 3: mild nonproliferative

retinopathy
55 (33, 70) ,0.0001 52 (23, 70) 0.002

Intensive 149 44 (29.5%) 149 31 (20.8%)
Conventional 200 101 (50.5%) 199 64 (32.2%)

Stratum 4: moderate or severe
nonproliferative retinopathy

45 (17, 63) 0.004 44 (9, 65) 0.018Intensive 65 35 (53.9%) 50 24 (48.0%)
Conventional 126 93 (73.8%) 104 71 (68.3%)

*Analysis includes all subjects who were free of scatter photocoagulation during DCCT, alive at the initiation of EDIC, and had at least
one retinal evaluation in EDIC. The stratified analysis was limited to those with retinopathy measurements at DCCT closeout. Analyses
were stratified by retinopathy severity at the end of DCCT, defined as no retinopathy (ETDRS grade 10/10), microaneurysms only (grade
20), mild nonproliferative diabetic retinopathy (NPDR) (grade 30), or greater or equal to moderate NPDR ($grade 40 or scatter laser). †A
separate Weibull model was performed for each strata and for all levels combined, after adjustment for primary/secondary cohort,
HbA1c value at entry to the DCCT, and diabetes duration at DCCT baseline. Analysis of all levels combined was also adjusted for the
level of retinopathy at the end of the DCCT. Risk reduction is for intensive therapy as compared with conventional therapy. The P value is
obtained from aWald test of the group coefficient in the model. ‡Analysis includes all subjects who were free of PDR during DCCT, alive at
the initiation of EDIC, and either had an EDIC retinal assessment or reported pan-retinal laser treatment for retinopathy during EDIC.
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microalbuminuria (albumin excretion rate [AER] .30
mg/24 h), current smoking, and the updated mean arte-
rial pressure level (mmHg) were all strongly positively
associated with the risk of further retinopathy progres-
sion, but none explained .38% of the INT versus CONV
difference in risk. Smoking and blood pressure explained
none of the risk. Renin-angiotensin-aldosterone system
(RAAS) inhibitor use was not associated with progression
and did not explain the difference between groups.

An additional model assessed the association of the
DCCT mean HbA1c (a fixed covariate) and the updated
mean HbA1c during EDIC. Each was significantly positively
associated with risk of retinopathy progression, and when
adjusted for both, the effect of treatment group on reti-
nopathy progression was virtually eliminated, indicating
that the DCCT and EDIC mean HbA1c levels completely

mediated the treatment group metabolic memory effect.
That is, the INT versus CONV differences in HbA1c during
the DCCT and EDIC account for nearly all of the group
differences in retinopathy progression during the years
15–18 of EDIC follow-up.

Similar analyses showed that the DCCT baseline
duration of diabetes, retinopathy levels at DCCT closeout,
and treatment group were significantly associated with
risk of progression to PDR during EDIC follow-up (Table 4
and Supplementary Table 1). In additional models, hyper-
lipidemia, microalbuminuria, and blood pressure were sig-
nificantly positively associated with the risk of PDR, but
smoking and RAAS inhibitor use were not. However, none
of these explained .40% of the effect of treatment group
on PDR risk. On the other hand, DCCT mean HbA1c and
updated EDIC mean HbA1c were strongly associated with

Figure 2—Estimated cumulative incidence of further progression of retinopathy from DCCT closeout to EDIC year 18 within the former
DCCT INT and CONV. A: Further three-step progression from the level at DCCT closeout (n = 1,358). B: New onset of PDR (n = 1,318). C:
New onset of CSME (n = 1,277). D: New photocoagulation (pan-retinal or focal laser or anti-VEGF use) based on fundus photography
grading and/or patient reporting (n = 1,335). Estimated cumulative incidence was based on the Weibull regression models adjusted for the
level of retinopathy at the end of the DCCT, primary vs. secondary cohort, glycated hemoglobin value on entry to the DCCT, and diabetes
duration at DCCT baseline. Subjects who had prior scatter photocoagulation during the DCCT (n = 36), who died during the DCCT (n = 11),
or who had no EDIC measurements (n = 36) were excluded from all the analyses. Subjects with prior PDR during the DCCT (n = 78)
excluded from B, prior CSME during the DCCT (n = 120) excluded from C, and prior treatment during the DCCT (n = 74) excluded from D.
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PDR risk and together explained virtually all of the treat-
ment group difference in PDR risk.

HbA1c and Crossing Hazards
A further analysis of retinopathy progression shows
that the 52% risk reduction with intensive therapy
during the first 10 years (Fig. 3A) is significantly differ-
ent from the 12% reduction in years 11–18 (P = 0.039).
Preliminary analyses show that the acute change in
HbA1c between DCCT closeout and EDIC year 1 alone
does not explain this group by period interaction; how-
ever, it is partially mediated by the history of HbA1c

levels over DCCT and over EDIC (interaction P = 0.28
after HbA1c adjustments).

Adults Versus Adolescents
Among the 195 adolescents, DCCT intensive therapy
reduced the risk of sustained retinopathy progression by
61% (30, 78; P , 0.01) (2). Of these, 188 entered EDIC.
Among the 178 who were at risk for further retinopathy
progression during EDIC, there was no difference in risk
with INT versus CONV over the years 15–18 of EDIC
follow-up (6% risk reduction [242, 38]; P = 0.77). During
years 1–10 there was no significant benefit with INT (25%

Figure 3—Estimated hazard rate (incidence) function of further progression of retinopathy from DCCT closeout to EDIC year 18 within the
former DCCT INT and CONV. A: Further three-step progression from the level at DCCT closeout. B: New onset of PDR. C: New onset of
CSME. D: New photocoagulation (pan-retinal or focal laser or anti-VEGF use) based on fundus photography grading and/or patient
reporting. Estimated hazard rate was based on a smoothed Turnbull nonparametric estimate of the survival function, without adjustment
for other factors. Risk reductions from DCCT closeout to EDIC year 10 and from EDIC year 10 to EDIC year 18 were obtained from separate
Weibull regression models of those at risk during each period.
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risk reduction [222, 64]; P = 0.25), and likewise over
years 11–18 there was no benefit (79% risk increase
[224, 316]; P = 0.19). Among the 1,195 adults who en-
tered EDIC, over the 18 years there was a significant 52%
risk reduction with INT versus CONV (42, 60; P, 0.001),
with a significant benefit during years 1–10 (56% [46, 64];
P , 0.001) but a lesser nonsignificant benefit during
years 11–18 (27% [29, 51]; P = 0.13).

Model Validation
The Supplementary Data demonstrates good agreement
of the model-based versus model-free Turnbull (17)
estimates.

DISCUSSION

Long-term follow-up for 15–18 years beyond the DCCT
demonstrates a persistent beneficial effect of the initial
mean of 6.5 years of DCCT intensive versus conventional
therapy on retinopathy progression by three or more
steps on the ETDRS scale, PDR, CSME, and photocoagu-
lation or anti-VEGF therapy for retinopathy or CSME. For
each outcome, the cumulative incidence function through
years 15–18 was significantly lower in the former INT
than CONV (Fig. 2). Thus, fewer former INT participants
continue to be affected by these retinal complications 18
years after the close of the DCCT.

However, the risk reductions (hazard ratios) for these
outcomes over 15–18 years of follow-up in the former
INT versus CONV are less than previously reported. Dur-
ing the DCCT, the risk of retinopathy progression was
reduced by 73% (95% CI 63, 80; P , 0.0001) with in-
tensive versus conventional therapy (1). Among the 1,214
subjects with years 15–18 outcomes, the odds (preva-
lence) of further retinopathy progression from the level
at DCCT closeout, adjusted for the closeout level, was
reduced by 74% (65, 81; P , 0.0001) at EDIC year 4,
and 59% (47, 68; P , 0.0001) at EDIC year 10, with
intensive versus conventional therapy. At EDIC years
15–18, the adjusted odds of progression was reduced by
43% (27, 55; P , 0.0001). Previously reported results
differ slightly, owing to larger sample sizes therein (4,8).

In addition, the year-to-year incidence (hazard rate) of
new cases per year has narrowed for each outcome and is
now similar within the original treatment groups beyond
EDIC year 10. In fact, the risk reduction with former
intensive therapy beyond year 10 is no longer statistically
significant for any outcome (Fig. 3). As a result, the group
differences in the prevalence of having a worse outcome at
years 15–18 are less than previously observed. The preva-
lence of CSME was not significantly different (Table 3).

These findings are largely a function of a declining
incidence in the former CONV beyond year 10, combined
in some outcomes with an increasing incidence in the INT.
Interestingly, for no retinal outcome was the narrowing of
the difference in risk attributable solely to increasing
incidence in the INT, although such an increase was
suggested for CSME (Fig. 3C).

Since the HbA1c in the former INT rose from ;7%
(53 mmol/mol) at DCCT closeout to ;8% (64 mmol/mol)
during EDIC, some rise in the incidence of further pro-
gression would be expected in this group during EDIC.
However, for the most part, the incidence in the INT
remained low and relatively level for most retinal out-
comes. This is perhaps the major manifestation of the
metabolic memory phenomenon.

Similarly, since the HbA1c in the former CONV fell from
;9 to 8% (75 to 64 mmol/mol), some fall in the incidence
of further progression would be expected. However, this
expected fall, or the metabolic memory effect, was delayed
until about 10 years after the close of the DCCT. This
delay is analogous to the original effects of lowering gly-
cemia with intensive therapy during the DCCT. Despite
the rapid reduction of HbA1c from ;9% (75 mmol/mol)
to 7% (53 mmol/mol) during the first 6 months of the
DCCT, there was virtually no difference in risk of retinop-
athy progression for the first 5 years of treatment. So the
reduced incidence in the CONV later in EDIC follow-up
could simply be another manifestation of the metabolic
memory associated having a lower HbA1c by ;1% (10.9
mmol/mol) during EDIC than during the DCCT.

Although baseline factors and other factors measured
over time including hyperlipidemia, microalbuminuria,
smoking, and blood pressure (but not RAAS inhibitor
use) were significantly associated with retinopathy pro-
gression and progression to PDR, treatment group differ-
ences in these factors failed to account for or mediate
the treatment group difference in risk of progression.
Rather, as consistently observed in the past, the level of
HbA1c during DCCT and EDIC explains virtually all of the
treatment group effects on risk of progression.

During the DCCT, the mean HbA1c among the 195
subjects who entered as adolescents was significantly
greater than that among the 1,246 adults within the
INT (8.1 vs. 7.1%, 65 vs. 54 mmol/mol) and the CONV
(9.8 vs. 9.0%, 84 vs. 75 mmol/mol) (each P , 0.001),
resulting in a similar ;2% (21 mmol/mol) difference in
HbA1c in adults and adolescents. As a result, the reduction
in the risk of retinopathy progression with intensive ther-
apy was similar among adolescents (61% risk reduction)
as in adults (63% risk reduction) (2). Among the 141
original adolescents assessed at year 4 of EDIC, the 77%
odds reduction of retinopathy progression at year 4 (prev-
alence) with intensive therapy was similar to that ob-
served in the full cohort (75%) (5). However, at year 10,
among the 96 original adolescents evaluated and still at
risk, there was only a 10% odds reduction (prevalence)
with intensive versus conventional therapy (2104, 60;
P = 0.84), whereas a significant benefit was observed
among adults. Although the difference in metabolic mem-
ory effect among adults versus adolescents at 10 years
appears to be explained by the higher HbA1c during
DCCT among adolescents, interpreting the results in the
former adolescent subset must be tempered by the rela-
tively small numbers of subjects.
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Although the risk of new CSME was also reduced
significantly by 35% over the total 18 years of EDIC, there
was a smaller, nonsignificant difference in the prevalence
of CSME at the years 15–18 evaluations. Further follow-
up is needed to determine whether the former intensive
treatment group will continue to enjoy a reduced risk of
this outcome.

Another recent paper (13) describes similar analyses of
albuminuria and renal function (estimated glomerular fil-
tration rate) over 18 years of EDIC and showed nearly
identical results. For each outcome, the groups continue
to differ but the cumulative incidences are now increasing
nearly in parallel. The underlying risks (hazard rates) in
the former INT remain low and level over the 18 years,
whereas those in the CONV are higher for the first 10
years but then drop after year 10 to match the level in the
INT. Clinical neuropathy was not assessed with a fre-
quency that permitted similar analyses of the patterns
of incidence over time.

A fraction of subjects with diabetes may be protected
from microvascular complications of diabetes. Thus, an-
other possible explanation of the declining incidence of
retinopathy progression in the CONV could be that those
susceptible to such progression have now reached that
outcome and those who have not may not be susceptible.

A major strength of EDIC is the high precision of
the outcome assessments for retinopathy and other
outcomes, and the remarkably high compliance of the
subjects with the EDIC follow-up schedule. However, the
compliance with the fundus photography examinations
has not been quite as high as with other procedures. Of
the 1,325 surviving subjects from the original cohort
eligible to complete an examination during years 15–18,
1,214 (92%) did so. Although this level of long-term
follow-up is exemplary, the less than complete adherence
may still be considered a weakness. Similarly, the reli-
ability of the long-term follow-up in the small adolescent
subset is less, owing to the greater losses to follow-up.

Another weakness is the infrequently and unevenly
timed retinal assessments. Given the young age of the
original DCCT cohort and the low incidence of generally
mild retinopathy during the DCCT, retinal examinations
were only obtained in one-fourth of the subjects each year
during EDIC, timed relative to the date of randomization,
i.e., once every 4th year, except for years 4 and 10 when the
entire cohort was assessed. This schedule of outcome
assessments handicaps the ability of statistical methods to
describe patterns of risk and covariate effects on risk. It is
possible that the magnitude of covariate effects (though not
their direction) would have differed if the retinal examina-
tions had been conducted more frequently, e.g., annually.
However, given the strong statistical effects reported, this
weakness has clearly been mitigated by the large number of
subjects now followed for up to 18 years during EDIC.

In conclusion, the initial period of 6.5 years of
intensive therapy during the DCCT has resulted in
a sustained beneficial reduction over up to 18 years of

extended follow-up during EDIC in the cumulative in-
cidence (total numbers) of subjects showing further
retinopathy progression, and progression to more severe
levels of retinopathy that require intervention. The
benefit (risk reduction), however, is not as great as that
observed in prior analyses up to 4 and up to 10 years of
EDIC follow-up during which the phenomenon of meta-
bolic memory applied. The diminished risk reduction
during years 10–18 of EDIC follow-up is not explained
by a rise in the risk of the former INT but rather by
a decline in the risk after 10 years of follow-up in the
CONV. The mechanisms for this fall are as yet undefined.
Virtually all of the long-term benefits of former intensive
versus conventional therapy are explained by the differ-
ences between the groups in the levels of HbA1c during
DCCT and EDIC.
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