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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

THE DIABETES CONTROL AND

Complications Trial (DCCT)
demonstrated the benefits of
intensive treatment of diabe-

tes in preventing the development of
retinopathy and albuminuria and re-
ducing their progression in patients
with type 1 diabetes mellitus.1,2 Previ-
ous studies have documented a long
pathologic process, presumably reflect-
ing the effects of hyperglycemia on re-
nal cells and matrix, which culmi-
nates in decreasing glomerular filtration
rate (GFR) and end-stage renal dis-
ease. 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 conventional-
treatment groups in the DCCT, en-
rolled with either no clinically evident
complications or with only early mi-
crovascular complications, were ex-
posed to 2 different levels of glycemic
control over an average of 6.5 years. At
the end of the DCCT, the group receiv-
ing intensive treatment was encour-
aged to continue, and the group receiv-
ing conventional treatment was
encouraged to initiate intensive treat- Author Affiliations, Financial Disclosures, and a com-

plete list of the Diabetes Control and Complications
Trial (DCCT)/Epidemiology of Diabetes Interven-
tions and Complications (EDIC) Research Group ap-
pear at the end of this article.

Corresponding Author: David M. Nathan, MD, Diabe-
tesUnit,MassachusettsGeneralHospital,32FruitSt,Bos-
ton, MA 02114-2698 (e-mail: dnathan@partners.org).
Reprints: The DCCT/EDIC Research Group, Box
NDIC/DCCT/EDIC, Bethesda, MD 20892.

Context The Diabetes Control and Complications Trial (DCCT) demonstrated the ben-
efits 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 dif-
fered 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 al-
buminuria, hypertension, or increase in serum creatinine level.

Results Results were analyzed by intention-to-treat analyses, comparing the 2 origi-
nal 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 base-
line 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. Sig-
nificantly 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 re-
duced 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.
JAMA. 2003;290:2159-2167 www.jama.com
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ment. Diabetes care was subsequently
supervised by the patients’ own clini-
cians.

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 Epidemi-
ology of Diabetes Interventions and
Complications (EDIC) Study.3 The
EDIC study provides the opportunity
to ask how long the effects of inten-
sive vs conventional treatment of type
1 diabetes mellitus are sustained. We
have recently shown sustained effi-
cacy of DCCT intensive treatment in re-
ducing retinopathy during 4 years of
the EDIC study after closeout of the
DCCT.4 The data reported herein evalu-
ate the sustained effect of intensive
therapy and of previous differences in
glycemia on the development and pro-
gression of functional measures of dia-
betic nephropathy after 8 years in the
EDIC study.

METHODS
Patients

Detailed descriptions of the eligibility cri-
teria and intensive and conventional
treatment procedures for participants en-
tering 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 microvas-
cular or macrovascular complications of
diabetes, had normal GFRs (defined as
serum creatinine levels �1.2 mg/dL
[106.1 µmol/L] and/or creatinine clear-
ance �100 mL/min [1.7 mL/s] per
1.73 m2), and were normotensive (blood
pressure, �140/90 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 par-
ticipants were free of severe neuropa-
thy (ie, that requiring symptomatic treat-

ment) and had calculated low-density
lipoprotein cholesterol levels of less than
190 mg/dL (4.9 mmol/L). Complica-
tions 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 partici-
pants, including 688 patients in the
former conventional-treatment group
and 687 in the former intensive-
treatment group, volunteered to partici-
pate in the EDIC study in 1993, follow-
ing DCCT closeout. A detailed
description of the EDIC study proce-
dures and baseline characteristics has
been published.3 The report herein de-
scribes 1349 participants: 1337 who un-
derwent 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 partici-
pants 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 mea-
surement and assays for levels of HbA1c,
creatinine, and albumin have been re-
ported for the DCCT,1,2 and the proce-
dures remained identical during the
EDIC study.3 Annual measurements of
blood pressure by sphygmomanom-
eter and of HbA1 c level by ion-
exchange 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-

sures. The mean HbA1c level during the
DCCT is the mean of all quarterly mea-
sures. 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 al-
buminuria and creatinine clearance
were performed every other year, with
approximately half of the EDIC par-
ticipants evaluated at odd EDIC study
years and half at even years. Partici-
pants were not asked to discontinue any
medications, including angiotensin-
converting enzyme inhibitors, angio-
tensin II receptor blockers, or other anti-
hypertensive medications, at the time
of their annual assessments. Results are
combined for those participants evalu-
ated during years 1 and 2, years 3 and
4, years 5 and 6, and years 7 and 8. Cre-
atinine levels in serum and urine were
measured by a variation of the Jaffe
method. Urine albumin level was mea-
sured by a fluoroimmunoassay.2 Dur-
ing 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 concentra-
tion; 9.4% and 94% for urine albumin
concentration; and 14% and 95% for the
4-hour excretion rate of albumin. Glo-
merular filtration rates were deter-
mined by timed clearance of 125I-
iothalamate at DCCT closeout10 and
adjusted for body surface area.

Statistical Analysis
Major nephropathic outcomes of inter-
est were defined prior to the end of the
DCCT and included microalbumin-
uria (defined as AER �28 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 medi-
cation); doubling of the serum creati-
nine concentration since DCCT base-
line; 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 re-
spect to the distributions of quantita-
tive variables; the contingency �2 test was
used for categorical variables.11 Esti-
mated reductions in the odds of pro-
gression past some threshold (eg, AER
�300 mg/d) were obtained from logis-
tic 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 val-
ues observed at DCCT close-out (EDIC
baseline). Aggregate group differences
in the prevalence (odds) of a character-
istic over time during the EDIC study
were assessed using logit generalized es-
timating equations.13

The cumulative incidence of new
events during the EDIC study was com-
puted using a modified Kaplan-Meier es-
timate allowing for scheduled examina-
tions over time and the difference
between groups was tested by the Man-
tel log-rank test.12 The discrete propor-
tional hazards model, stratified by
odd- vs even-year schedule of visits, as-
sessed the relative risk of new events
associated with factors, including time-
varying covariates during the EDIC
study.12 All outcomes were analyzed on
the basis of the original DCCT treat-
ment 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 differ-
ences between groups in a quantita-
tive characteristic over time during the
EDIC study, adjusted for baseline char-
acteristics.14 Generalized estimating
equations13 with a constant variance as-
sumption were used when the assump-
tions of the normal-errors model did not
apply.

For each outcome with multiple mea-
surements over time, a single aggre-
gate test was conducted of the average
mean differences, prevalence odds ra-

tio, or hazard ratio over time. Statisti-
cal analyses were carried out using SAS
version 8.2 (SAS Institute Inc, Cary,
NC), and P�.05 was used to deter-
mine statistical significance.

RESULTS
EDIC Baseline

At the closeout of the DCCT (ie, the
EDIC baseline), the 1349 EDIC par-
ticipants 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 lev-
els of AER (P�.001) and the preva-
lence of microalbuminuria (P�.001),
but not albuminuria, reflecting the ef-
fects of DCCT therapy on these out-
comes. The groups also differed sig-
nificantly 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 differ-
ences in clearance of 125I-iothalamate,
levels of serum creatinine, or standard
creatinine clearance.

HbA1c Level
The difference in mean HbA1c level be-
tween the intensive-treatment and con-
ventional-treatment groups main-
tained throughout the DCCT (7.2% vs
9.1%, respectively, for the EDIC par-
ticipants reported herein; P�.001) be-
gan 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

Characteristic

Original DCCT Treatment Group

P Value*
Intensive
(n = 676)

Conventional
(n = 673)

Age, mean (SD), y 34 (7) 33 (7) .11

Women, No. (%) 330 (49) 313 (46) .40

Diabetes duration, mean (SD), y 12 (5) 12 (5) �.99

HbA1c, mean (SD), % 7.4 (1.1) 9.1 (1.6) �.001

Body mass index, mean (SD)† 26.5 (4) 25.0 (3) �.001

Smoking, No. (%) 155 (23) 145 (22) .54

LDL-C, mean (SD), mg/dL 113 (27) 115 (32) .39

Albumin excretion rate‡
Median (IQR), mg/24 h 8.6 (5.8-14.4) 10.1 (5.8-20.2) �.001

�28 µg/min, No. (%) 50 (7.4) 87 (12.9) �.001

�208 µg/min, No. (%) 10 (1.5) 20 (3.0) .06

Serum creatinine, mean (SD), mg/dL 0.85 (0.17) 0.84 (0.15) .12

GFR by 125I-iothalamate clearance,
mean (SD), mL/min per 1.73 m2 125 (20) 126 (21) .26

�70 mL/min per 1.73 m2, No. (%) 2 (0.4) 3 (0.6) .68

Standard creatinine clearance,
mean (SD), mL/min per 1.73 m2 122 (26) 122 (26) .57

�70 mL/min per 1.73 m2, No. (%) 10 (1.5) 10 (1.5) .99

Blood pressure, mm Hg
�140/90, confirmed, No. (%) 74 (11) 71 (11) .81

�130/80, unconfirmed, No. (%) 260 (39) 242 (36) .35

Arterial pressure, mean (SD), mm Hg§ 89 (9) 88 (9) .26

Heart rate, mean (SD), beats/min 75 (10) 75 (10) .19
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, low-
density 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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received intensive treatment during the
DCCT and 8.2% in the group that re-
ceived conventional treatment (P=.002
by Wilcoxon rank-sum test).

Development of Microalbuminuria
Of 572 participants originally as-
signed to receive intensive treatment for
diabetes and whose AERs were nor-
mal (�28 µg/min) at both the begin-

ning and at the end of the DCCT, 39
(6.8%) of those at risk exhibited mi-
croalbuminuria at the EDIC year 7 or
8 evaluation. Of 550 participants origi-
nally assigned to conventional treat-
ment 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

out during the DCCT continued to re-
duce 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. Micro-
albuminuria was consistently more
prevalent in the former conventional-
treatment group and the difference be-
tween 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 ad-
justed risk (hazard) reduction was 49%
(95% CI, 32%-62%), likewise ad-
justed 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 follow-
up. This effect increased to a 57% risk
reduction after adjustment for the pres-
ence of hypertension, level of body mass
index, mean arterial pressure, and level
of low-density lipoprotein cholesterol
at DCCT closeout.

Development of Clinical
Albuminuria
Of 632 participants originally as-
signed to receive intensive therapy and
who did not exhibit clinical albumin-
uria at the end of the DCCT, 9 (1.4%)
of those at risk had clinical albumin-
uria 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). Af-
ter 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 com-
pared with 57% (95% CI, −1% to +81%;
P=.05) at the end of the DCCT. As with
microalbuminuria, the prevalence of al-
buminuria and the cumulative inci-
dence of new cases after DCCT close-
out between the 2 treatment groups
differed significantly (FIGURE 3), with
an adjusted risk (hazard) reduction of
78% (95% CI, 58%-88%; P�.001) com-

Figure 2. Prevalence and Cumulative Incidence of Microalbuminuria
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Microalbuminuria defined as albumin excretion rate �28 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 begin-
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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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pared with 54% (95% CI, 19%-74%;
P�.001) during the 9 years of DCCT
follow-up. This effect likewise in-
creased to an 84% (95% CI, 68%-92%;
P�.001) risk reduction after adjust-
ment for other factors.

The continued salutary effects of
DCCT intensive treatment on the de-
velopment of albuminuria were pre-
sent 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 intensive-
treatment group vs the conventional-
treatment group (87% reduction; 95%
CI, 65%-95%, P�.001). In partici-
pants with microalbuminuria at the end
of the DCCT, after 8 years in the EDIC
study there was also a significant re-
duced odds of clinical albuminuria in
the intensive-treatment group (77% re-
duction; 95% CI, 25%-93%; P=.01).

Other Kidney Outcomes
At EDIC baseline there was no differ-
ence between treatment groups in the
distribution of the GFR as assessed by
125I-iothalamate clearance, and very few
participants had actual or estimated val-
ues less than 70 mL/min [1.2 mL/s] per
1.73 m2. There was no difference be-
tween groups in serum creatinine con-
centrations or standard creatinine clear-
ance. During the EDIC study, slight but
nominally significant differences in se-
rum creatinine concentration emerged
at years 7 or 8. By a generalized esti-
mating equation analysis (due to skew-
ness of the residuals) the mean serum
creatinine concentration over EDIC
years 1 through 8 was significantly
lower in the former intensive-
treatment group vs the conventional-
treatment 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 differ-
ences between groups in the standard
creatinine clearance values at years 2
through 8. By a generalized estimat-
ing equation analysis of the log clear-
ance values, the geometric mean over

the 8 years of the EDIC study ap-
proached 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 treat-
ment, P=.07). After the 8 years of EDIC
follow-up, the prevalence of a mea-
sured creatinine clearance less than 70
mL/min per 1.73 m2 in the intensive-
treatment group was below 1%, com-
pared with 4% in the conventional-
treatment group (P�.001).

Twenty-seven patients doubled their
serum creatinine concentration since

DCCT baseline (TABLE 2), with 15 of
these reaching a creatinine concentra-
tion of 2 mg/dL [176.8 µmol/L] or
greater, with no significant difference
between groups. In 16 patients this oc-
curred 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).

Figure 3. Prevalence and Incidence of Albuminuria
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Albuminuria defined as albumin excretion rate �208 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 Epide-
miology 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 nor-
moalbuminuria or microalbuminuria at the end of the DCCT. The difference in cumulative incidences is sig-
nificant by the log-rank-test. (P�.001).

Table 2. Patients With Kidney Outcomes Through Year 8 in the EDIC Study*

Outcome

Original DCCT Treatment Group, No. (%)

P
Value†

Total
(N = 1349)

Intensive
(n = 676)

Conventional
(n = 673)

Doubling of serum creatinine level
since DCCT baseline

27 (2.0) 10 (1.5) 17 (2.5) .17

Serum creatinine �2 mg/dL 15 (1.1) 4 (0.6) 11 (1.6) .21

Dialysis or kidney transplant 4 (0.3) 3 (0.4) 1 (0.1) .13

Serum creatinine �2 mg/dL 24 (1.8) 5 (0.7) 19 (2.8) .004

Dialysis or kidney transplant 11 (0.8) 4 (0.6) 7 (1.0) .14

Dialysis or kidney transplant 11 (0.8) 4 (0.6) 7 (1.0) .36

Dialysis 9 (0.7) 4 (0.6) 5 (0.7) .49

Kidney transplant 7 (0.5) 2 (0.3) 5 (0.7) .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 �2 mg/dL during the DCCT.
†From �2 or Fisher exact test.
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Blood Pressure/Hypertension
While there was no difference between
groups in levels of blood pressure dur-
ing 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 signifi-
cantly 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 dias-
tolic blood pressure was not signifi-
cant (75.1 vs 75.6 mm Hg, P= .16).
Likewise, although the prevalence
of hypertension did not differ be-
tween treatment groups at the end of
DCCT (11% in both groups, P=.81),
more participants in the original
conventional-treatment group devel-
oped hypertension over time, with the
difference becoming significant during
years 3 through 8 of the EDIC study
(FIGURE 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 emer-
gent hypertension was reduced by

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 intensive-
treatment group and 6.7% of the con-
ventional-treatment group reported us-
ing angiotensin-converting enzyme
inhibitors for any reason (eg, for hy-
pertension, 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 angiotensin-
converting enzyme inhibitors.

Adjustment for EDIC Covariates
In additional proportional hazards mod-
els, the differences between DCCT
treatment groups in the risk of micro-
albuminuria or clinical albuminuria re-
mained highly significant after adjust-
ing for the levels of median arterial
pressure and the incidence of hyper-
tension during the EDIC study. These

differences likewise remained signifi-
cant after adjusting for the incidence of
hyperlipidemia (low-density lipopro-
tein 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 in-
creased risk of microalbuminuria and
of albuminuria, but independently of
the effect of DCCT intensive vs con-
ventional therapy. The current preva-
lence 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 micro-
albuminuria. Hypertension increased
the risk of albuminuria by 290% (95%
CI, 126%-574%; P�.001) and ex-
plained 22.1% of the effect of DCCT
treatment group. In each case the DCCT
group effect remained significant at
P�.001 after adjustment for hyperten-
sion 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 mod-
els, adjusted for other factors, assessed
the effect of the DCCT and EDIC com-
bined 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) reduc-
tion in the risk (incidence, hazard) of mi-
croalbuminuria 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% reduc-
tion 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

Figure 4. Prevalence of Hypertension at Each Year of the EDIC Study
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tion 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).
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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 mi-
croalbuminuria (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 dur-
ing 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 albumin-
uria, the DCCT and EDIC HbA1c �2 test
values were 25.6 and 35.2, respec-
tively. 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 al-
buminuria 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 differ-
ences 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 HbA1c 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 re-
flection of its correlation with the DCCT
level than an independent effect.

COMMENT
Follow-up of the DCCT cohort for 8 ad-
ditional years in the EDIC study has
shown persistent differences in nephro-

pathic outcomes between the former in-
tensive-treatment and conventional-
treatment groups. During the EDIC
study, only 6.8% of participants in the
previous intensive-treatment group de-
veloped microalbuminuria and 1.4%
developed clinical albuminuria, com-
pared with 15.8% and 9.4% of partici-
pants in the previous conventional-
treatment group. Thus, the DCCT period
of intensive vs conventional treatment,
characterized by a 1.8% absolute differ-
ence in HbA1c levels over an average of
6.5 years, has continued to produce ben-
efit with regard to nephropathy for at
least 7 to 8 years, even though the dif-
ference 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 micro-
albuminuria 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 infre-
quently 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 dia-
betic nephropathy requiring dialysis or
transplant, although the total number
of severe kidney events (kidney insuf-
ficiency) is more than 3-fold greater in
the conventional-treatment group
(Table 2).

Since microalbuminuria and clinical-
grade albuminuria are understood to be
precursors of end-stage renal disease,
these effects may be expected to result
in a future decrease in the develop-
ment 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 preva-
lence of abnormal standard clearance.
However, longitudinal measures of GFR
were not obtained during the EDIC
study, and there is no reliable method

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 inten-
sive diabetes treatment on the devel-
opment of hypertension, a finding ex-
pected to yield long-term benefits
regarding nephropathy and retinopa-
thy.16-19 The development of hyper-
tension also was highly significantly
associated with increased risk of mi-
croalbuminuria 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 differ-
ences in blood pressure, since the in-
tensive-treatment effect persisted when
blood pressure was included in the re-
gression 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 origi-
nal DCCT intensive-treatment vs con-
ventional-treatment groups are virtu-
ally all explained by the differences in
glycemia established during the DCCT.
This lends support to the hypothesis that
a “metabolic memory” effect has oc-
curred. This carryover or imprinting phe-
nomenon related to previous levels of
glycemia may have accounted for the 3-
to 4-year lag time between the initia-
tion 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 quan-
titative relationships between retinopa-
thy and nephropathy and HbA1c

level,20,21 it is reasonable to posit that
different degrees of hyperglycemic tis-
sue damage occurred in the kidneys of
participants in the 2 treatment groups
during the DCCT. Moreover, quanti-
tatively 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 conventional-
treatment group to nearly equalize dur-
ing 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 stud-
ies.22 At least 1 such pathway, the ad-
vanced glycation end product (AGE)
pathway, is capable of producing tis-
sue changes that could possibly out-
last a particular level of hyperglyce-
mia.23 Since intensive treatment was
associated with lower long-lived skin
collagen AGE levels than conven-
tional treatment in the DCCT co-
hort,24 perhaps tissue AGEs could play
a role in explaining the carryover effect
of hyperglycemia we have consis-
tently observed.

Natural history studies have docu-
mented a decade-plus exposure to hy-
perglycemia before the first manifesta-
tions of diabetic nephropathy occur.25,26

Thus, the intensively treated partici-
pants had few manifestations of dia-
betic 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 in-
dicators of diabetic nephropathy dur-
ing 8 more years of follow-up. Whether
diabetic nephropathy will eventually in-
crease and “catch up” in the former in-
tensive-treatment patients if they con-
tinue with their currently higher mean
levels of HbA1c is unknown.

In conclusion, the current results re-
affirm 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 dia-
betic microvascular disease.4 The pro-
tection initiated by intensive treatment
appears to outlast the intensive treat-
ment itself, although the duration of the
effect remains to be determined.
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—Michel Eyquem de Montaigne (1533-1592)
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