ORIGINAL CONTRIBUTION

Sustained Effect of Intensive Treatment
of Type 1 Diabetes Mellitus on Development
and Progression of Diabetic Nephropathy
The Epidemiology of Diabetes Interventions
and Complications (EDIC) Study
The Writing Team for the Diabetes
Control and Complications
Trial/Epidemiology of Diabetes
Interventions and Complications
Research Group

T

HE D IABETES C ONTROL AND
Complications Trial (DCCT)
demonstrated the benefits of
intensive treatment of diabetes in preventing the development of
retinopathy and albuminuria and reducing their progression in patients
with type 1 diabetes mellitus.1,2 Previous studies have documented a long
pathologic process, presumably reflecting the effects of hyperglycemia on renal cells and matrix, which culminates in decreasing glomerular filtration
rate (GFR) and end-stage renal disease. The periods during which these
processes may be prevented, slowed, or
even reversed, and the amount of the
therapeutic exposure necessary to effect
such changes, are poorly understood.
The intensive- and conventionaltreatment groups in the DCCT, enrolled with either no clinically evident
complications or with only early microvascular complications, were exposed to 2 different levels of glycemic
control over an average of 6.5 years. At
the end of the DCCT, the group receiving intensive treatment was encouraged to continue, and the group receiving conventional treatment was
encouraged to initiate intensive treat-

See also Patient Page.

Context The Diabetes Control and Complications Trial (DCCT) demonstrated the benefits of intensive treatment of diabetes in reducing glycemic levels and slowing the
progression of diabetic nephropathy. The DCCT cohort has been examined annually
for another 8 years as part of the follow-up Epidemiology of Diabetes Interventions
and Complications (EDIC) study. During the EDIC study, glycemic levels no longer differed substantially between the 2 original treatment groups.
Objective To determine the long-term effects of intensive vs conventional diabetes
treatment during the DCCT on kidney function during the EDIC study.
Design, Setting, and Participants Observational study begun in 1993 (following
DCCT closeout) in 28 medical centers in the United States and Canada. Participants were
1349 (of 1375) EDIC volunteers who had kidney evaluation at years 7 or 8.
Main Outcome Measures Development of microalbuminuria, clinical-grade albuminuria, hypertension, or increase in serum creatinine level.
Results Results were analyzed by intention-to-treat analyses, comparing the 2 original DCCT treatment groups. New cases of microalbuminuria occurred during the EDIC
study in 39 (6.8%) of the participants originally assigned to the intensive-treatment
group vs 87 (15.8%) of those assigned to the conventional-treatment group, for a
59% (95% confidence interval [CI], 39%-73%) reduction in odds, adjusted for baseline values, compared with a 59% (95% CI, 36%-74%) reduction at the end of the
DCCT (P⬍.001 for both comparisons). New cases of clinical albuminuria occurred in 9
(1.4%) of the participants in the original intensive-treatment group vs 59 (9.4%) of
those in the original conventional-treatment group, representing an 84% reduction
in odds (95% CI, 67%-92%), compared with a reduction of 57% (95% CI, −1% to
+81%) at the end of the DCCT. Fewer cases of hypertension (prevalence at year 8,
29.9% vs 40.3%; P⬍.001) developed in the original intensive-treatment group. Significantly fewer participants reached a serum creatinine level of 2 mg/dL or greater in
the intensive-treatment vs the conventional-treatment group (5 vs 19, P=.004), but
there were no differences in mean log clearance values. Although small numbers of
patients required dialysis and/or transplantation, fewer patients experienced either of
these outcomes in the intensive group (4 vs 7, P=.36).
Conclusions The persistent beneficial effects on albumin excretion and the reduced incidence of hypertension 7 to 8 years after the end of the DCCT suggest that
previous intensive treatment of diabetes with near-normal glycemia during the DCCT
has an extended benefit in delaying progression of diabetic nephropathy.
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ment. Diabetes care was subsequently
supervised by the patients’ own clinicians.
The 2 original treatment groups have
now been followed up for an average
of 8 more years, but at similar levels of
glycemic control, during the Epidemiology of Diabetes Interventions and
Complications (EDIC) Study.3 The
EDIC study provides the opportunity
to ask how long the effects of intensive vs conventional treatment of type
1 diabetes mellitus are sustained. We
have recently shown sustained efficacy of DCCT intensive treatment in reducing retinopathy during 4 years of
the EDIC study after closeout of the
DCCT.4 The data reported herein evaluate the sustained effect of intensive
therapy and of previous differences in
glycemia on the development and progression of functional measures of diabetic nephropathy after 8 years in the
EDIC study.
METHODS
Patients

Detailed descriptions of the eligibility criteria and intensive and conventional
treatment procedures for participants entering the DCCT, their DCCT baseline
kidney function, and measures of their
kidney function during the DCCT have
been published.1,2,5 In brief, at DCCT
baseline, all participants were aged 13
through 39 years and had a duration of
type 1 diabetes mellitus of 1 to 15 years.
They were free of advanced microvascular or macrovascular complications of
diabetes, had normal GFRs (defined as
serum creatinine levels ⱕ1.2 mg/dL
[106.1 µmol/L] and/or creatinine clearance ⱖ100 mL /min [1.7 mL /s] per
1.73 m2), and were normotensive (blood
pressure, ⱕ140/90 mm Hg). At DCCT
baseline, albumin excretion rate (AER)
was less than 28 µg/min (40 mg/24 h)
for the primary prevention cohort (1-5
years duration and no retinopathy) and
140 µg/min (200 mg/24 h) or less for
the secondary intervention cohort
(1-15 years’ duration and at least 1
microaneurysm). In addition, all participants were free of severe neuropathy (ie, that requiring symptomatic treat2160

ment) and had calculated low-density
lipoprotein cholesterol levels of less than
190 mg/dL (4.9 mmol/L). Complications of diabetes mellitus developed in
many participants during the DCCT.2,6-9
Herein, the cumulative incidences of the
nephropathic complications during the
DCCT, and other factors at the end of
the DCCT (the beginning of the EDIC
study), will be presented as starting
points from which to show changes that
subsequently occurred during the first
8 years of the EDIC study.
Of the 1428 surviving members of the
original DCCT cohort, 1375 participants, including 688 patients in the
former conventional-treatment group
and 687 in the former intensivetreatment group, volunteered to participate in the EDIC study in 1993, following DCCT closeout. A detailed
description of the EDIC study procedures and baseline characteristics has
been published.3 The report herein describes 1349 participants: 1337 who underwent 4-hour urine collections or had
serum creatinine levels measured in years
7 or 8, and 12 who died after entering
EDIC follow-up but prior to year 7.
These 1349 EDIC participants were
comparable to the 79 surviving participants who did not contribute EDIC
data, with the exception that these 1349
EDIC participants were significantly
older (33.0 v 30.7 years, P =.003) and
had lower mean levels of glycosylated
hemoglobin (HbA1c) during the DCCT
(8.1% v 8.6%, P⬍.001).
Assessment of Glycemic Control,
Renal Function,
and Blood Pressure

Details regarding blood pressure measurement and assays for levels of HbA1c,
creatinine, and albumin have been reported for the DCCT,1,2 and the procedures remained identical during the
EDIC study.3 Annual measurements of
blood pressure by sphygmomanometer and of HbA 1 c level by ionexchange high-performance liquid
chromatography were performed in the
EDIC study. The current mean HbA1c
level during the EDIC study is the mean
of the current and prior annual mea-
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sures. The mean HbA1c level during the
DCCT is the mean of all quarterly measures. The combined mean HbA1c level
is computed as the average of the DCCT
and current EDIC mean values,
weighted by the time in the DCCT and
the time in EDIC follow-up.
The 4-hour urine collections for albuminuria and creatinine clearance
were performed every other year, with
approximately half of the EDIC participants evaluated at odd EDIC study
years and half at even years. Participants were not asked to discontinue any
medications, including angiotensinconverting enzyme inhibitors, angiotensin II receptor blockers, or other antihypertensive medications, at the time
of their annual assessments. Results are
combined for those participants evaluated during years 1 and 2, years 3 and
4, years 5 and 6, and years 7 and 8. Creatinine levels in serum and urine were
measured by a variation of the Jaffe
method. Urine albumin level was measured by a fluoroimmunoassay.2 During the EDIC study, coefficients of
variation and coefficients of reliability
were, respectively, 0.7% and 100% for
HbA1c level; 2.3% and 94% for serum
creatinine concentration; 2.3% and
100% for urine creatinine concentration; 9.4% and 94% for urine albumin
concentration; and 14% and 95% for the
4-hour excretion rate of albumin. Glomerular filtration rates were determined by timed clearance of 125 Iiothalamate at DCCT closeout10 and
adjusted for body surface area.
Statistical Analysis

Major nephropathic outcomes of interest were defined prior to the end of the
DCCT and included microalbuminuria (defined as AER ⱖ28 µg/min [40
mg/24 h]); albuminuria (AER ⬎208 µg/
min [⬎300 mg/24 h]); hypertension
(blood pressure ⬎140/90 mm Hg or
treatment with antihypertensive medication); doubling of the serum creatinine concentration since DCCT baseline; and serum creatinine concentration
of 2.0 mg/dL (176.8 µmol/L) or greater;
and the need for dialysis and/or renal
transplantation.2,3 Frequency of events
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in each treatment group is expressed as
the percentages of the participants at risk
who experienced the events (cases). The
Wilcoxon rank-sum test was used to
compare the treatment groups with respect to the distributions of quantitative variables; the contingency 2 test was
used for categorical variables.11 Estimated reductions in the odds of progression past some threshold (eg, AER
⬎300 mg/d) were obtained from logistic regression models12 that adjusted for
the initial values of the measurement.
Thus, DCCT results were adjusted for
values measured at DCCT baseline,
while EDIC results were adjusted for values observed at DCCT close-out (EDIC
baseline). Aggregate group differences
in the prevalence (odds) of a characteristic over time during the EDIC study
were assessed using logit generalized estimating equations.13
The cumulative incidence of new
events during the EDIC study was computed using a modified Kaplan-Meier estimate allowing for scheduled examinations over time and the difference
between groups was tested by the Mantel log-rank test.12 The discrete proportional hazards model, stratified by
odd- vs even-year schedule of visits, assessed the relative risk of new events
associated with factors, including timevarying covariates during the EDIC
study.12 All outcomes were analyzed on
the basis of the original DCCT treatment assignments. The percentage of an
effect explained by another covariate is
computed as the percentage reduction in
the 2 test value for the effect from a
model without vs with the covariate.
Fixed-effects normal-errors models
were used to assess aggregate differences between groups in a quantitative characteristic over time during the
EDIC study, adjusted for baseline characteristics.14 Generalized estimating
equations13 with a constant variance assumption were used when the assumptions of the normal-errors model did not
apply.
For each outcome with multiple measurements over time, a single aggregate test was conducted of the average
mean differences, prevalence odds ra-

tio, or hazard ratio over time. Statistical analyses were carried out using SAS
version 8.2 (SAS Institute Inc, Cary,
NC), and P⬍.05 was used to determine statistical significance.
RESULTS
EDIC Baseline

At the closeout of the DCCT (ie, the
EDIC baseline), the 1349 EDIC participants included herein had a mean
age of 33 years and a mean duration of
diabetes of 12 years (TABLE 1). At EDIC
baseline, the DCCT treatment groups
differed significantly in the median levels of AER (P⬍.001) and the prevalence of microalbuminuria (P⬍.001),
but not albuminuria, reflecting the effects of DCCT therapy on these outcomes. The groups also differed significantly in levels of HbA1c (P⬍.001).

There were no differences in blood
pressure or prevalence of hypertension
at the end of the DCCT. The body mass
index was significantly higher in the
former intensive group at the end of the
DCCT (P⬍.001). There were no differences in clearance of 125I-iothalamate,
levels of serum creatinine, or standard
creatinine clearance.
HbA1c Level

The difference in mean HbA1c level between the intensive-treatment and conventional-treatment groups maintained throughout the DCCT (7.2% vs
9.1%, respectively, for the EDIC participants reported herein; P⬍.001) began to narrow after DCCT closeout
(FIGURE 1). The mean values of HbA1c
throughout the 8-year period of the
EDIC study were 8.0% in the group that

Table 1. Participant Characteristics at EDIC Study Baseline
Original DCCT Treatment Group
Characteristic
Age, mean (SD), y
Women, No. (%)
Diabetes duration, mean (SD), y
HbA1c, mean (SD), %
Body mass index, mean (SD)†
Smoking, No. (%)
LDL-C, mean (SD), mg/dL
Albumin excretion rate‡
Median (IQR), mg/24 h
⬎28 µg/min, No. (%)
⬎208 µg/min, No. (%)
Serum creatinine, mean (SD), mg/dL
GFR by 125I-iothalamate clearance,
mean (SD), mL/min per 1.73 m2
⬍70 mL/min per 1.73 m2, No. (%)
Standard creatinine clearance,
mean (SD), mL/min per 1.73 m2
⬍70 mL/min per 1.73 m2, No. (%)
Blood pressure, mm Hg
⬎140/90, confirmed, No. (%)
⬎130/80, unconfirmed, No. (%)
Arterial pressure, mean (SD), mm Hg§
Heart rate, mean (SD), beats/min

Intensive
(n = 676)
34 (7)
330 (49)
12 (5)
7.4 (1.1)
26.5 (4)
155 (23)
113 (27)

Conventional
(n = 673)
33 (7)
313 (46)
12 (5)
9.1 (1.6)
25.0 (3)
145 (22)
115 (32)

8.6 (5.8-14.4)
50 (7.4)
10 (1.5)
0.85 (0.17)

10.1 (5.8-20.2)
87 (12.9)
20 (3.0)
0.84 (0.15)

125 (20)
2 (0.4)

126 (21)
3 (0.6)

.26
.68

122 (26)
10 (1.5)

122 (26)
10 (1.5)

.57
.99

74 (11)
260 (39)

71 (11)
242 (36)

.81
.35

89 (9)
75 (10)

88 (9)
75 (10)

.26
.19

P Value*
.11
.40
⬎.99
⬍.001
⬍.001
.54
.39
⬍.001
⬍.001
.06
.12

Abbreviations: DCCT, Diabetes Control and Complications Trial; EDIC, Epidemiology of Diabetes Interventions and
Complications; GFR, glomerular filtration rate; HbA1c, glycosylated hemoglobin; IQR, interquartile range; LDL-C, lowdensity lipoprotein cholesterol.
SI conversion factors: To convert LDL-C to mmol/L, multiply mg/dL values by 0.0259; to convert serum creatinine to
µmol/L, multiply mg/dL values by 88.4; to convert GFR and standard creatinine clearance to mL/s, multiply mL/min
values by 0.0167.
*From Wilcoxon rank-sum test (continuous variables) and 2 or Fisher exact test (categorical variables).
†Calculated as weight in kilograms divided by the square of height in meters.
‡Based on 4-hour collection of urine.
§Mean arterial pressure = 2/3 diastolic pressure + 1/3 systolic pressure.
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Figure 1. Distribution of HbA1c Concentration by Randomized Treatment Group at the End
of the DCCT and in Each Year of the EDIC Study
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DCCT indicates Diabetes Control and Complications Trial; EDIC, Epidemiology of Diabetes Interventions and
Complications; HbA1c, glycosylated hemoglobin. Boxes indicate 25th and 75th percentiles of HbA1c level; whiskers, 5th and 95th percentiles; heavy horizontal lines, medians; thin horizontal lines, means.

Figure 2. Prevalence and Cumulative Incidence of Microalbuminuria
B Cumulative Incidence
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Microalbuminuria defined as albumin excretion rate ⱖ28 µg/min, equivalent to 40 mg/24 h. A, Prevalence at
the end of the Diabetes Control and Complications Trial (DCCT) and during the Epidemiology of Diabetes
Interventions and Complications (EDIC) study. The differences between the 2 treatment groups are significant
at each time point after DCCT closeout (P⬍.001). B, Cumulative incidence of new cases in the EDIC study for
those participants in the intensive- and conventional-treatment groups with normal albuminuria at the beginning and end of the DCCT. The difference in cumulative incidences is significant by the log-rank test (P⬍.001).

received intensive treatment during the
DCCT and 8.2% in the group that received conventional treatment (P=.002
by Wilcoxon rank-sum test).
Development of Microalbuminuria

Of 572 participants originally assigned to receive intensive treatment for
diabetes and whose AERs were normal (⬍28 µg/min) at both the begin2162

ning and at the end of the DCCT, 39
(6.8%) of those at risk exhibited microalbuminuria at the EDIC year 7 or
8 evaluation. Of 550 participants originally assigned to conventional treatment and with normoalbuminuria at
both the beginning and at the end of the
DCCT, 87 (15.8%) of those at risk had
microalbuminuria at the year 7 or 8
evaluation. Intensive therapy carried
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out during the DCCT continued to reduce the odds of microalbuminuria by
59% (95% confidence interval [CI],
39%-73%; P⬍.001) at the EDIC year 7
or 8 evaluation compared with 59%
(95% CI, 36%-74%; P⬍.001) at the end
of the DCCT, after adjusting for the
corresponding baseline values. Microalbuminuria was consistently more
prevalent in the former conventionaltreatment group and the difference between the 2 treatment groups in the
cumulative incidences of new cases of
microalbuminuria after the end of
DCCT also was significant (P⬍.001)
(FIGURE 2). Over the 8 years, the adjusted risk (hazard) reduction was 49%
(95% CI, 32%-62%), likewise adjusted for EDIC baseline AER and odd
vs even schedule of visits, compared
with 39% (95% CI, 21%-52%; P⬍.001)
during the 9 years of DCCT followup. This effect increased to a 57% risk
reduction after adjustment for the presence of hypertension, level of body mass
index, mean arterial pressure, and level
of low-density lipoprotein cholesterol
at DCCT closeout.

Of 632 participants originally assigned to receive intensive therapy and
who did not exhibit clinical albuminuria at the end of the DCCT, 9 (1.4%)
of those at risk had clinical albuminuria at the EDIC year 7 or 8 evaluation
compared with 59 of 630 participants
in the group receiving conventional
treatment (9.4% of those at risk). After adjustment for the respective EDIC
baseline values, intensive treatment in
the DCCT continued to reduce the odds
of clinical albuminuria: 84% (95% CI,
67%-92%; P⬍.001) at the year 7 or 8
evaluation in the EDIC study compared with 57% (95% CI, −1% to +81%;
P=.05) at the end of the DCCT. As with
microalbuminuria, the prevalence of albuminuria and the cumulative incidence of new cases after DCCT closeout between the 2 treatment groups
differed significantly (FIGURE 3), with
an adjusted risk (hazard) reduction of
78% (95% CI, 58%-88%; P⬍.001) com-
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Figure 3. Prevalence and Incidence of Albuminuria
B Cumulative Incidence
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pared with 54% (95% CI, 19%-74%;
P⬍.001) during the 9 years of DCCT
follow-up. This effect likewise increased to an 84% (95% CI, 68%-92%;
P⬍.001) risk reduction after adjustment for other factors.
The continued salutary effects of
DCCT intensive treatment on the development of albuminuria were present for different subsets, defined a
priori. For example, in participants with
normoalbuminuria at the end of the
DCCT, after 8 years in the EDIC study
there was a significant reduced odds of
clinical albuminuria in the intensivetreatment group vs the conventionaltreatment group (87% reduction; 95%
CI, 65%-95%, P⬍.001). In participants with microalbuminuria at the end
of the DCCT, after 8 years in the EDIC
study there was also a significant reduced odds of clinical albuminuria in
the intensive-treatment group (77% reduction; 95% CI, 25%-93%; P = .01).
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Albuminuria defined as albumin excretion rate ⱖ208 µg/min, equivalent to 300 mg/24 h. A, Prevalence of
clinical albuminuria at the end of the Diabetes Control and Complications Trial (DCCT) and during the Epidemiology of Diabetes Interventions and Complications (EDIC) study. The differences between the treatment
groups are significant at each time point after DCCT close-out (P⬍.01). B, Cumulative incidence of new cases
in the EDIC study for those participants in the intensive- and conventional-treatment groups with either normoalbuminuria or microalbuminuria at the end of the DCCT. The difference in cumulative incidences is significant by the log-rank-test. (P⬍.001).

Table 2. Patients With Kidney Outcomes Through Year 8 in the EDIC Study*
Original DCCT Treatment Group, No. (%)

Other Kidney Outcomes

At EDIC baseline there was no difference between treatment groups in the
distribution of the GFR as assessed by
125
I-iothalamate clearance, and very few
participants had actual or estimated values less than 70 mL/min [1.2 mL/s] per
1.73 m2. There was no difference between groups in serum creatinine concentrations or standard creatinine clearance. During the EDIC study, slight but
nominally significant differences in serum creatinine concentration emerged
at years 7 or 8. By a generalized estimating equation analysis (due to skewness of the residuals) the mean serum
creatinine concentration over EDIC
years 1 through 8 was significantly
lower in the former intensivetreatment group vs the conventionaltreatment group (0.89 vs 0.92 mg/dL
[78.7 vs 81.3 µmol/L], respectively;
P⬍.001).
During the EDIC study, there were
isolated, nominally significant differences between groups in the standard
creatinine clearance values at years 2
through 8. By a generalized estimating equation analysis of the log clearance values, the geometric mean over

10

Outcome
Doubling of serum creatinine level
since DCCT baseline
Serum creatinine ⬎2 mg/dL
Dialysis or kidney transplant
Serum creatinine ⬎2 mg/dL
Dialysis or kidney transplant
Dialysis or kidney transplant
Dialysis
Kidney transplant

Total
(N = 1349)
27 (2.0)

Intensive
(n = 676)
10 (1.5)

Conventional
(n = 673)
17 (2.5)

P
Value†
.17

15 (1.1)
4 (0.3)
24 (1.8)
11 (0.8)
11 (0.8)
9 (0.7)
7 (0.5)

4 (0.6)
3 (0.4)
5 (0.7)
4 (0.6)
4 (0.6)
4 (0.6)
2 (0.3)

11 (1.6)
1 (0.1)
19 (2.8)
7 (1.0)
7 (1.0)
5 (0.7)
5 (0.7)

.21
.13
.004
.14
.36
.49
.56

Abbreviations: DCCT, Diabetes Control and Complications Trial; EDIC, Epidemiology of Diabetes Interventions and
Complications.
SI conversion factor: To convert mg/dL to µmol/L for serum creatinine, multiply mg/dL values by 88.4.
*Includes 1 patient with serum creatinine level ⱖ2 mg/dL during the DCCT.
†From 2 or Fisher exact test.

the 8 years of the EDIC study approached significance (114.0 mL/min
[1.9 mL /s] per 1.73 m2 with intensive
treatment vs 112.7 mL/min [1.9 mL/s]
per 1.73 m2 with conventional treatment, P=.07). After the 8 years of EDIC
follow-up, the prevalence of a measured creatinine clearance less than 70
mL /min per 1.73 m2 in the intensivetreatment group was below 1%, compared with 4% in the conventionaltreatment group (P⬍.001).
Twenty-seven patients doubled their
serum creatinine concentration since

©2003 American Medical Association. All rights reserved.

DCCT baseline (TABLE 2), with 15 of
these reaching a creatinine concentration of 2 mg/dL [176.8 µmol/L] or
greater, with no significant difference
between groups. In 16 patients this occurred during the average 6.5 years of
DCCT follow-up. The number of those
reaching a creatinine concentration of
2 mg/dL or greater was significantly
lower in the intensive-treatment group
vs the conventional-treatment group (5
vs 19, P =.004). Of these, 11 required
dialysis or transplant (4 vs 7, P=.14)
(Table 2).
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Figure 4. Prevalence of Hypertension at Each Year of the EDIC Study
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Prevalence of hypertension (defined as blood pressure ⬎140/90 mm Hg) at the end of the Diabetes Control
and Complications Trial (DCCT) and during the Epidemiology of Diabetes Interventions and Complications
(EDIC) study for participants in the intensive- vs conventional-treatment groups. The aggregate odds reduction with intensive vs conventional therapy of emergent hypertension during the EDIC study, adjusted for DCCT
mean arterial pressure, was 40.4% (95% confidence interval, 33.7%-46.5%; P⬍.001).

Blood Pressure/Hypertension

While there was no difference between
groups in levels of blood pressure during the DCCT, a difference between
groups has emerged during the EDIC
study. On average over the 8 years of
follow-up, and adjusted for the level at
the close of the DCCT, the mean level
of systolic blood pressure was significantly lower in the participants in the
former intensive-treatment group vs
those in the conventional-treatment
group (117.7 vs 119.0 mm Hg,
P = .003), as was the mean arterial
pressure (89.3 vs 90.0 mm Hg,
P=.02). The slight difference in diastolic blood pressure was not significant (75.1 vs 75.6 mm Hg, P = .16).
Likewise, although the prevalence
of hypertension did not differ between treatment groups at the end of
DCCT (11% in both groups, P = .81),
more participants in the original
conventional-treatment group developed hypertension over time, with the
difference becoming significant during
years 3 through 8 of the EDIC study
(F IGURE 4). By year 8 in the EDIC
study, the prevalence of hypertension
in the conventional-treatment group
was 40.3% compared to 29.9% in the
intensive-treatment group (P⬍.001)
and over the 8 years the odds of emergent hypertension was reduced by
2164

40% with intensive vs conventional
treatment (P⬍.001). Among those
participants who were normotensive
at the end of the DCCT, former DCCT
intensive therapy reduced the risk
(hazard) of onset of hypertension by
32% (95% CI, 18%-44%, P⬍.001)
during the 8 years of EDIC follow-up,
adjusted for DCCT and EDIC baseline
covariates.
These differences are not explained
by differential use of antihypertensive
medications. Beginning in year 1 of the
EDIC study, 5.6% of the intensivetreatment group and 6.7% of the conventional-treatment group reported using angiotensin-converting enzyme
inhibitors for any reason (eg, for hypertension, microalbuminuria, or both).
By year 8 of the EDIC study, 21.6% of
the intensive-treatment group and
29.0% of the conventional-treatment
group reported using angiotensinconverting enzyme inhibitors.
Adjustment for EDIC Covariates

In additional proportional hazards models, the differences between DCCT
treatment groups in the risk of microalbuminuria or clinical albuminuria remained highly significant after adjusting for the levels of median arterial
pressure and the incidence of hypertension during the EDIC study. These
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differences likewise remained significant after adjusting for the incidence of
hyperlipidemia (low-density lipoprotein cholesterol level ⬎160 mg/dL [4.1
mmol/L] or use of antihyperlipidemic
medication), body mass index, or GFR.
Among these covariates, the current
prevalence of hypertension was highly
significantly associated with increased risk of microalbuminuria and
of albuminuria, but independently of
the effect of DCCT intensive vs conventional therapy. The current prevalence of hypertension increased the risk
of microalbuminuria by 68% (95% CI,
19%-138%; P=.004), yet DCCT group
differences in hypertension explained
only 2.9% of the effect of the DCCT
treatment group on the risk of microalbuminuria. Hypertension increased
the risk of albuminuria by 290% (95%
CI, 126%-574%; P⬍.001) and explained 22.1% of the effect of DCCT
treatment group. In each case the DCCT
group effect remained significant at
P⬍.001 after adjustment for hypertension during the EDIC study.
The DCCT group differences in risk
of microalbuminuria and albuminuria
also remained after adjustment for use
of intensive vs conventional therapy
during the EDIC study.
Effect of Glycemia

Proportional hazards regression models, adjusted for other factors, assessed
the effect of the DCCT and EDIC combined mean HbA1c level on the risk of
new kidney events during the EDIC
study among those at risk for such events
during the study (ie, those event free
during the DCCT). There was a 50.2%
(95% CI, 42.2%-57.1%; P⬍.001) reduction in the risk (incidence, hazard) of microalbuminuria per 10% reduction in the
current combined mean HbA1c level that
explains 7.25% of the variation in risk.
There was a 56.4% (95% CI, 43.4%66.4%; P⬍.001) reduction in the risk of
clinical albuminuria per 10% reduction in the current combined mean
HbA1c level that explains 3.31% of the
variation in risk. The gradient is slightly
steeper for clinical albuminuria than for
microalbuminuria, but the strength of
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the effect is smaller (2 values of 42.2 vs
86.8, respectively), yielding a smaller
proportion of variation explained. In part
this may be due to the smaller number
of events of clinical albuminuria vs microalbuminuria (73 vs 207, respectively).
In additional models that included
both the DCCT and EDIC mean HbA1c
levels separately, the EDIC HbA1c level
over the 8 years of follow-up had a
greater effect than the DCCT HbA1c
level, each considered separately. For
the analysis of microalbuminuria during the EDIC study, the DCCT mean
HbA1c effect had a 2 test value of 43.09
while the current EDIC mean HbA1c
level had a value of 87.12 (P⬍.001 for
both). For the analysis of albuminuria, the DCCT and EDIC HbA1c 2 test
values were 25.6 and 35.2, respectively. In each case, however, a model
with separate DCCT and EDIC effects
did not provide better fit than the model
using the combined mean HbA1c level.
Since the DCCT mean HbA1c level
continues to affect risk of onset of albuminuria during the EDIC study, and
since the groups differed substantially
with respect to DCCT HbA1c level but
only slightly with respect to EDIC HbA1c
level, it follows that the prolonged effect
of DCCT intensive therapy is almost
completely explained by the differences in the mean HbA1c level in the
DCCT but not in the EDIC study. The
2 test value for the effect of treatment
group on risk of microalbuminuria was
21.45. Adjustment for the DCCT mean
HbA1c level explains 91% of this group
effect, while adjustment for the EDIC
mean HbA1c level (in a separate model)
explains 23%. Likewise, the group effect
on risk of albuminuria was 2 = 20.98,
of which 99% is explained by the mean
DCCT HbA 1c level and 16% by the
EDIC level (separately). The fact that
the EDIC HbA1c level explains some of
the group difference may be more a reflection of its correlation with the DCCT
level than an independent effect.
COMMENT
Follow-up of the DCCT cohort for 8 additional years in the EDIC study has
shown persistent differences in nephro-

pathic outcomes between the former intensive-treatment and conventionaltreatment groups. During the EDIC
study, only 6.8% of participants in the
previous intensive-treatment group developed microalbuminuria and 1.4%
developed clinical albuminuria, compared with 15.8% and 9.4% of participants in the previous conventionaltreatment group. Thus, the DCCT period
of intensive vs conventional treatment,
characterized by a 1.8% absolute difference in HbA1c levels over an average of
6.5 years, has continued to produce benefit with regard to nephropathy for at
least 7 to 8 years, even though the difference in mean HbA1c level between the
2 former treatment groups diminished
and averaged only 0.2% during the EDIC
study. Similar results have previously
been reported for diabetic retinopathy in
the same patient cohort after 4 and 7
years of EDIC follow-up.4,15
The DCCT prespecified that microalbuminuria and albuminuria based
on AER were the major nephropathic
outcomes because other outcomes of
impaired kidney function (reduced
GFR and increasing blood pressure)
were expected to occur too infrequently to provide adequate power to
detect treatment-group effects. Thus
far in the EDIC study, the numbers of
events have not yet yielded significant
differences in the prevalence of diabetic nephropathy requiring dialysis or
transplant, although the total number
of severe kidney events (kidney insufficiency) is more than 3-fold greater in
the conventional-treatment group
(Table 2).
Since microalbuminuria and clinicalgrade albuminuria are understood to be
precursors of end-stage renal disease,
these effects may be expected to result
in a future decrease in the development of severe stages of nephropathy
in the intensive-treatment group. This
is supported by the observation of
emerging differences between groups
in serum creatinine levels and the prevalence of abnormal standard clearance.
However, longitudinal measures of GFR
were not obtained during the EDIC
study, and there is no reliable method

©2003 American Medical Association. All rights reserved.

that can be used to estimate GFR based
on creatinine values in the normal
range. Thus it is premature to reach any
conclusion as to the effect of intensive
treatment during the DCCT on chronic
kidney failure.
In addition, for the first time we have
demonstrated clear benefits of intensive diabetes treatment on the development of hypertension, a finding expected to yield long-term benefits
regarding nephropathy and retinopathy.16-19 The development of hypertension also was highly significantly
associated with increased risk of microalbuminuria and albuminuria, and
these effects persisted independently of
those of the initial DCCT treatment
group. Thus, the long-term benefit of
previous intensive therapy on kidney
outcomes was not mediated by differences in blood pressure, since the intensive-treatment effect persisted when
blood pressure was included in the regression models.
While the total exposure to glycemia
is the dominant determinant of risk of
progression during the EDIC study, the
long-term differences between the original DCCT intensive-treatment vs conventional-treatment groups are virtually all explained by the differences in
glycemia established during the DCCT.
This lends support to the hypothesis that
a “metabolic memory” effect has occurred. This carryover or imprinting phenomenon related to previous levels of
glycemia may have accounted for the 3to 4-year lag time between the initiation of intensive therapy in the DCCT
and a demonstrated benefit with regard
to nephropathy and retinopathy.1,2
The mechanism of this enduring
effect of DCCT treatment during EDIC
follow-up is unknown. Given the quantitative relationships between retinopathy and nephropathy and HbA 1 c
level,20,21 it is reasonable to posit that
different degrees of hyperglycemic tissue damage occurred in the kidneys of
participants in the 2 treatment groups
during the DCCT. Moreover, quantitatively or even qualitatively different
pathogenic processes may have been set
in motion by sharply different degrees
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of hyperglycemia during the DCCT.
These pathogenic differences could
have had persistent effects, even though
HbA1c level rose about 1% in the former
intensive-treatment group and fell about
1% in the former conventionaltreatment group to nearly equalize during the EDIC study at a midpoint of
about 8.0%. A number of pathogenic
pathways initiated by elevated plasma
glucose levels have been described that
lead to retinopathy, nephropathy, and
neuropathy in animal and human studies.22 At least 1 such pathway, the advanced glycation end product (AGE)
pathway, is capable of producing tissue changes that could possibly outlast a particular level of hyperglycemia.23 Since intensive treatment was
associated with lower long-lived skin
collagen AGE levels than conventional treatment in the DCCT cohort,24 perhaps tissue AGEs could play
a role in explaining the carryover effect
of hyperglycemia we have consistently observed.
Natural history studies have documented a decade-plus exposure to hyperglycemia before the first manifestations of diabetic nephropathy occur.25,26
Thus, the intensively treated participants had few manifestations of diabetic nephropathy during the DCCT
due to the relatively low level of HbA1c
achieved. However, the near-normal
glycemic control for 6.5 years may have
simply delayed the development of indicators of diabetic nephropathy during 8 more years of follow-up. Whether
diabetic nephropathy will eventually increase and “catch up” in the former intensive-treatment patients if they continue with their currently higher mean
levels of HbA1c is unknown.
In conclusion, the current results reaffirm that intensive treatment of type
1 diabetes should be initiated as early as
is safely possible in order to provide
strong and durable protection from the
development and progression of diabetic microvascular disease.4 The protection initiated by intensive treatment
appears to outlast the intensive treatment itself, although the duration of the
effect remains to be determined.
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This noble precept is often cited by Plato: “Do thine
own work, and know thyself.” Each of these two parts
generally covers the whole duty of man, and each includes the other. He who will do his own work well,
discovers that his first lesson is to know himself, and
what is his duty.
—Michel Eyquem de Montaigne (1533-1592)
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