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OBJECTIVE

The principal aim is to estimate the benefits of earlier versus later implementa-
tion of intensive therapy in type 1 diabetes with respect to the long-term risks of
progression of a renal (microvascular) and cardiovascular (macrovascular) com-
plication in the Epidemiology of Diabetes Interventions and Complications (EDIC)
study.

RESEARCH DESIGN AND METHODS

Cox proportional hazards regression models estimated the 20-year cumulative
incidence (absolute risk) and the 20-year relative risk of cardiovascular disease
(CVD) and reduced estimated glomerular filtration rate (eGFR) over the first 20
years of EDIC follow-up as a function of the mean HbA1c.

RESULTS

A hypothetical patient treated earlier with 10 years of intensive therapy and a
mean HbA1c of 7% (53 mmol/mol) followed by 10 years with a mean of 9% (75
mmol/mol) would have a 33% reduction in the risk of CVD and a 52% reduction
in reduced eGFR compared with a patient with a mean HbA1c of 9% (75 mmol/
mol) over the first 10 years followed by later intensive therapy over 10 years with
an HbA1c of 7% (53 mmol/mol). Despite both patients having the same average
glycemic exposure over the 20 years, the patient with the lower HbA1c over the
first 10 years had a lower risk of progression of complications over the 20 years
than the patient who had the higher value initially.

CONCLUSIONS

While implementation of intensive therapy at any time in type 1 diabetes will be
beneficial, within the 20-year period modeled, earlier relative to later implemen-
tation is associated with a greater reduction in the risks of kidney and cardiovas-
cular complications.

The Diabetes Control and Complications Trial (DCCT) (1983–1993) conclusively
demonstrated that improved glycemic control achieved by intensive therapy, com-
pared with higher glycemic levels provided by conventional therapy, reduces the
risk of onset and progression of microvascular complications in type 1 diabetes (1).
Statistically, the beneficial effects of intensive therapy were completely explained
by the �2% absolute difference in the level of HbA1c between the treatment
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groups during DCCT (2). In both the
intensive and the conventional groups,
the risk of retinopathy progression
decreased by �43% per 10% reduction
in the mean HbA1c within each treat-
ment group during DCCT (3).

Following the conclusion of the DCCT,
the conventional group patients were
trained in intensive therapy, and all
patients were referred to their personal
health care provider for diabetes care.
Subsequently, 98% of the surviving
patients enrolled in the Epidemiology of
Diabetes Interventions and Complica-
tions (EDIC) study and have been fol-
lowed with annual assessments (1994
to date). Over the first few years of fol-
low-up in EDIC, the HbA1c levels in the
original two treatment groups con-
verged. Despite this, the patients in the
original DCCT intensive therapy group
continued to have a reduced risk of fur-
ther progression of complications for at
least 10 years after the end of DCCT (4),
termed “metabolic memory.” This phe-
nomenon, and other observations dur-
ing DCCT, suggested that initiating and
maintaining intensive therapy earlier in
the course of diabetes would have long-
term benefits compared with doing so
later in the course of diabetes. How-
ever, the magnitude of the benefit of
earlier versus later implementation of
intensive therapy has not been des-
cribed.

Data from the first 20 years of EDIC
follow-up (1994–2014) are used here to
estimate the beneficial absolute and rel-
ative risks of progression of complica-
tions associated with different treat-
ment scenarios to explore the impact of
the order in which intensive therapy is
initiated. In one scenario, a 10-year
period of intensive therapy with an
HbA1c of 9% (75 mmol/mol) is followed
by 10 years with an HbA1c of 7% (53
mmol/mol). In the complementary sce-
nario, 10 years with an HbA1c of 7% (53
mmol/mol) is followed by 10 years at
9% (75 mmol/mol).

RESEARCH DESIGN AND METHODS

The methods of DCCT and EDIC have
been previously described in detail
(1,5). In brief, DCCT enrolled 1,441
patients who were randomly assigned
to receive intensive therapy aiming for
glycemic levels as close to the nondia-
betic range as safely possible or to

conventional insulin therapy using one
to two insulin injections per day with
the goal of avoiding symptoms of hyper-
or hypoglycemia. Approximately one-
half were enrolled in a primary preven-
tion cohort with 1–5 years’ duration of
diabetes, no retinopathy, and an albu-
min excretion rate <40 mg/24 h and
one-half in a secondary intervention
cohort with 1–15 years’ duration, mild
retinopathy, and albumin excretion rate
<200 mg/24 h.

The DCCT was closed in 1993 after an
average 6.5 years of treatment and fol-
low-up. Annual follow-up visits in EDIC
commenced in 1994. The DCCT closeout
in 1993 constituted the EDIC baseline.
The analyses herein are based on the
1,396 (98% of the survivors) who
enrolled in EDIC. At the start of EDIC in
1994, the participants had a mean age
of 35 years, diabetes duration of 12
years, and HbA1c of 8.2%, and 48%
were female.

The current analyses describe the dif-
ferences between patients with differ-
ent patterns of glycemia over the first
and second 10-year intervals of follow-
up with respect to the incidence of any
cardiovascular disease (CVD) and redu-
ced estimated glomerular filtration rate
(eGFR) (<60 mL/min/1.73 m2). Any CVD
included the first of either fatal or non-
fatal myocardial infarction or stroke,
confirmed angina, silent myocardial inf-
arction, revascularization, or congestive
heart failure (6). For each outcome,
patients with that event during DCCT
were excluded in these analyses (15
with CVD and 6 with reduced eGFR).

During the 20 years of EDIC follow-
up, 160 patients experienced a CVD
event (60 during years 1–10 and 100
during years 11–20). Likewise, 140
patients reached a reduced eGFR (41
during years 1–10 and 99 during years
11–20). The cumulative incidence of
each outcome at 20 years of EDIC fol-
low-up was estimated from a Cox pro-
portional hazards (PH) regression model
(7) in conjunction with the Breslow esti-
mate of the background risk (7). Sub-
jects with an outcome after 20 years of
follow-up were administratively right
censored at 20 years.

HbA1c was measured by high-perfor-
mance liquid chromatography annually
during EDIC. Models included the up-
dated mean HbA1c during EDIC as a
time-varying covariate defined at each

time point as the average of the HbA1c
values up to (and including) that time
point. The PH assumption was verified.
The updated mean HbA1c had a stron-
ger association with the risk of each
outcome than did the current HbA1c.

For the analysis of CVD, there was no
interaction between the updated mean
HbA1c and either original treatment
group, primary versus secondary cohort,
or first versus second 10-year period.
For reduced eGFR, the HbA1c coefficient
differed significantly between the first
and second 10-year periods. Thus, the
updated mean HbA1c is the only inde-
pendent variable in the Cox models
used to estimate the cumulative inci-
dence of outcomes (CVD and reduced
eGFR), with a single coefficient for CVD
and separate coefficients for each 10-
year period for reduced eGFR.

For a hypothetical patient with HbA1c
values of a and b over the first and sec-
ond 10-year periods, the cumulative inci-
dence at 20 years was obtained by
numerical integration over the estimated
hazard (incidence) function. The compu-
tations used an updated mean HbA1c
value of a at all event or censoring times
of all patients over the first 10 years of
EDIC follow-up. During the second 10-
year period, an HbA1c value at time t in
the interval 10 < t # 20 would have an
updated mean computed as ([a � 10] 1
[b � (t � 10)])/t.

RESULTS

A smoothed (model-free) estimate of
the log of the risk (hazard rate) of CVD
and reduced eGFR (Fig. 1) showed a
near-linear relationship with the upda-
ted mean HbA1c. The cumulative inci-
dence estimated from the regression
model was nearly identical to the
empirical (model-free) estimate for each
outcome (Fig. 2). To simplify the presen-
tation, the reduced eGFR panel in Fig. 1
is based on computations with the up-
dated mean HbA1c alone over 20 years,
whereas those for Fig. 2 and Table 2
used separate computations with HbA1c
within each 10-year period. These fig-
ures show that the models should pro-
vide accurate estimates of the absolute
and relative risks for CVD and reduced
eGFR over the 20-year period.

Table 1 presents the cumulative inci-
dence of any initial CVD event by 20
years of EDIC follow-up estimated from
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the Cox PH model for four hypothetical
patients with specified values of HbA1c
for years 1–10 and years 11–20. Con-
sider the first hypothetical patient with
an HbA1c of 9% (75 mmol/mol) over the
full 20 years who would have a cumula-
tive incidence (absolute risk) of CVD by
year 20 of 0.153 (15.3%). Then consider
the second patient with an HbA1c of 9%
(75 mmol/mol) over years 1–10 who
then switches to an HbA1c of 7% (53
mmol/mol) over years 11–20. That
patient would have an absolute risk of
0.134, or a risk difference (reduction) of
�0.019. Taking the ratio of the cumula-
tive incidence for the second versus the
first patient, this represents a 12.4%
reduction in the 20-year cumulative
incidence (95% CI 8.0, 17.2).
The third patient with an HbA1c of

7% (53 mmol/mol) followed by 9% (75
mmol/mol) would have a 20-year cumu-
lative incidence of 0.090. Compared
with the second patient above, initiating
intensive therapy earlier results in a risk
difference of 0.044 or a 32.8% reduction
(95% CI 22.9, 41.9) in the cumulative
incidence. Finally, the fourth patient
maintains an HbA1c of 7% (53 mmol/
mol) over the entire 20-year period and
would have a 20-year cumulative inci-
dence of 0.077, representing a differ-
ence of 0.013 or a 14.5% reduction
compared with the third patient.

Table 2 shows like calculations for
reduced eGFR. The percent reductions
accompanying the hierarchy of four sce-
narios yield a greater range of 20-year
cumulative incidence for reduced eGFR
(0.049–0.181) than CVD (0.077–0.153).
The corresponding successive risk red-
uctions of 19.8%, 51.9%, and 28.5% for
reduced eGFR were even greater than
those for CVD.

CONCLUSIONS

The risks (log hazard rate) of CVD and
reduced eGFR have virtually linear asso-
ciations with the updated mean HbA1c,
and the resulting model-based esti-
mated cumulative incidence functions
for CVD and reduced eGFR over time
are virtually identical to the empirical
estimates that are model free. Thus, the
model provides precise estimates of the
cumulative incidence of CVD and redu-
ced eGFR over a 20-year period of fol-
low-up as a function of HbA1c. Since the
cohort had a mean duration of 12 years
and a mean age of 35 years at the start
of EDIC in 1994, these results apply to a
population with type 1 diabetes over a
mean of 32 years’ duration and 55 years
of age.

These analyses show that the cumu-
lative incidence (absolute risk) of CVD
and reduced eGFR over a 20-year
period depend not only on the mean

HbA1c over time but also on the seq-
uence with which higher or lower val-
ues of HbA1c are maintained. In partic-
ular, a patient with 10 years of an
HbA1c of 7% (53 mmol/mol) followed
by 10 years of 9% (75 mmol/mol) has
a 33% lower risk of CVD by 20 years of
follow-up than a patient with the opp-
osite HbA1c pattern of 9% (75 mmol/
mol) and then 7% (53 mmol/mol). Not
surprisingly, patients with 20 years at
an HbA1c of 9% (75 mmol/mol) have
even higher risks, and those with 20
years at 7% (53 mmol/mol) have lower
risks.

Also, note that the patient with 10
years of an HbA1c of 7% (53 mmol/mol)
followed by 10 years of 9% (75 mmol/
mol) and the patient with the opposite
HbA1c pattern of 9% (75 mmol/mol) ini-
tially followed by 7% (53 mmol/mol)
have the same mean HbA1c over 20
years. Nevertheless, they will have a dif-
ferent eventual cumulative incidence at
20 years, with the patient with the
lower HbA1c values early in follow-up
having a 33% lower risk of CVD at 20
years.

These findings are concordant with the
empirical observation that a period of
intensive therapy with a mean HbA1c of
�7% (53 mmol/mol) during DCCT vs. 9%
(75 mmol/mol) with conventional the-
rapy resulted in a substantial continuing
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Figure 1—The smoothed empirical (model-free) estimate of the underlying relationship between the log hazard (risk) of CVD and reduced eGFR
(<60 mL/min/1.73 m2) with the updated weighted mean HbA1c that represents virtually a linear relationship that would be represented by a linear
term in the Cox PH model. The reduced eGFR panel is based on the full cohort over 20 years.
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benefit during EDIC, even though the
HbA1c levels during EDIC converged to
�8% in both groups. We have attributed
this pattern to the phenomenon of meta-
bolic memory (4,8,9) that is consonant
with what others have described as a leg-
acy effect (10) in type 2 diabetes.

In this study, we compared the 20-
year cumulative incidence following
periods with earlier versus later imple-
mentation of intensive therapy. We
chose 20 years because there is a sub-
stantial density of events over this per-

iod. However, given that the cohort had
a mean of 12 years’ duration at EDIC
baseline, technically these results may
not apply to patients who are newly
diagnosed or would have >30 years of
diabetes. Nevertheless, we conjecture
that these differences would also be
evident if extended beyond 20 years,
provided that the mean HbA1c contin-
ues to affect the risk of these outcomes.
As we describe in recent work (9), early
reductions in the day-to-day risks will
be perpetrated into the future so that

the cumulative incidence will continue
to increase at a higher rate among
those with later implementation of
intensive therapy.

This interpretation is also supported
by recent results. Previously, Lind et al.
(11) described a model that weights
HbA1c values according to their influ-
ence on the risk of future events. The
model was used to assess the impact of
a delay in implementing intensive ther-
apy in the UK Prospective Diabetes
Study (UKPDS) type 2 diabetes cohort
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Figure 2—The cumulative incidence of any CVD and reduced eGFR over the first 20 years of follow-up in EDIC (solid line) and 95% CI estimated
from the Cox PH model in conjunction with the Breslow estimate of the underlying hazard function compared with the empirical Kaplan-Meier
estimate of the cumulative incidence function (dashed line), the two estimates being virtually identical. The model for reduced eGFR used a sepa-
rate coefficient for the mean HbA1c within each 10-year period.

Table 1—Cumulative incidence of any initial CVD outcome by 20 years of EDIC follow-up

HbA1c years 1–10* HbA1c years 11–20*
20-year cumulative

incidence
Difference
(95% CI)

Reduction, %
(95% CI)†

9% (75 mmol/mol) 9% (75 mmol/mol) 0.153

} �0.019 (�0.027, �0.011) 12.4 (8.0, 17.2)

9% (75 mmol/mol) 7% (53 mmol/mol) 0.134

} �0.044 (�0.058, �0.029) 32.8 (22.9, 41.9)

7% (53 mmol/mol) 9% (75 mmol/mol) 0.090

} �0.013 (�0.017, �0.009) 14.5 (8.8, 20.2)

7% (53 mmol/mol) 7% (53 mmol/mol) 0.077

Estimated from a Cox PH model with Breslow estimate of the underlying hazard function for hypothetical patients with specified values of
HbA1c for years 1–10 and 11–20, the estimated difference and percent reduction in cumulative incidence, and the 95% CI compared with the
patient above. *Analyses used a Cox PH model based on 60 cases of CVD during years 1–10 of EDIC and 100 CVD events during years 11–20,
with the updated mean HbA1c during the 20 years as the only covariate. †Other scenarios could be compared directly. For example, the 7%,
7% vs. the 9%, 9% scenario shows a difference in 20-year cumulative incidence of 0.153 – 0.077 = 0.076, or a 49.7% reduction (= 100 �
[0.076 / 0.153]).
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(12). A 1% HbA1c reduction starting
from the time of diagnosis resulted in a
19% reduction in the risk of all-cause
mortality, whereas delaying the 1%
reduction 10–15 years later resulted in
only a 2.7% risk reduction. Likewise, the
corresponding myocardial infarction risk
reductions were 19.7% and 6.5% for an
immediate and later HbA1c reduction,
respectively.
EDIC was preceded by 10 years of fol-

low-up in DCCT (mean 6.5 years), and it
would be possible to also include this
period in the risk models. However, dur-
ing DCCT, only 15 patients experienced
a CVD event, and 6 experienced redu-
ced eGFR. These small numbers are
insufficient to accurately assess the rela-
tionship of each outcome with mean
HbA1c levels during DCCT. Thus, the
DCCT period and these small numbers
of events have been excluded.
We had also planned to present simi-

lar analyses of the cumulative incidence
of proliferative diabetic retinopathy.
However, the model-estimated cumula-
tive incidence function for retinopathy
differed from those for CVD and
reduced eGFR in Fig. 2 in that it did not
accurately fit the empirical cumulative
incidence function. In part, this is likely
a reflection of the substantial variation
in the number of retinal assessments
that were conducted every 4th year
during EDIC (one-fourth annually) as
well as in the entire EDIC cohort at
years 4 and 10. As a result, there were
�60% more retinal examinations during
the first 10-year period of EDIC than
during the second.

However, all the DCCT and EDIC out-
comes, including proliferative diabetic
retinopathy, have been shown to be
strongly associated with the updated
mean HbA1c (2,3). Therefore, all these
outcomes would likely be sensitive to
the pattern of HbA1c over time and
would be expected to show different
absolute risks for different HbA1c pat-
terns as shown for CVD and reduced
eGFR. Also, while prior reports from
DCCT and the early years of EDIC used
progression of subclinical outcomes
(e.g., microalbuminuria), with $20 addi-
tional years of follow-up in EDIC alone,
we have now accrued sufficient num-
bers to use the hard clinical outcome of
reduced eGFR.

The practical, clinical message of these
findings is that earlier metabolic control
has substantial long-term implications for
the health of people with type 1 diabetes.
This clinical message may be particularly
challenging since type 1 diabetes usually
presents during childhood and adolescence
when patients, their families, and health
care providers often struggle with the host
of new treatments and lifestyle adjust-
ments required to manage newly diag-
nosed diabetes. We hope that the clinical
import of initiating intensive therapy as
early in the course of type 1 diabetes as
safely possible will provide motivation to
patients, families, and their caregivers to
achieve an HbA1c in the target range as
early and as long as possible.

In conclusion, we examined patients
enrolled in DCCT with established type
1 diabetes and followed during EDIC.
Models estimated the risks of com-

plications that would be incurred by a
hypothetical patient with a mean HbA1c
at one value during the first 10 years of
EDIC follow-up and a mean HbA1c at
another value during the second 10-
year period. Computations then show
that a patient with a mean HbA1c of 7%
(53 mmol/mol) over the first 10 years
of EDIC followed by 9% (75 mmol/mol)
over the next 10 years will experience a
33% lower risk of CVD and 52% lower
risk of reduced eGFR at 20 years com-
pared with a patient with the first 10
years at 9% (75 mmol/mol) followed by
10 years at 7% (53 mmol/mol). These
benefits of earlier intensive therapy
occur even though both patients have a
mean HbA1c of 8% over 20 years. These
findings support implementing intensive
therapy as early as safely possible in
type 1 diabetes so as to reduce the risk
of eventual progression of long-term
complications.
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Table 2—Cumulative incidence of reduced eGFR (<60 mL/min/1.73 m2) by 20 years of EDIC follow-up

HbA1c years 1–10* HbA1c years 11–20*
20-Year cumulative

incidence
Difference
(95% CI)

Reduction, %
(95% CI)†
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} �0.036 (�0.047, �0.024) 19.8 (13.2, 26.7)

9% (75 mmol/mol) 7% (53 mmol/mol) 0.145

} �0.075 (�0.103, �0.053) 51.9 (44.5, 60.9)

7% (53 mmol/mol) 9% (75 mmol/mol) 0.069
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7% (53 mmol/mol) 7% (53 mmol/mol) 0.049

Estimated from a Cox PH model with Breslow estimate of the underlying hazard function for hypothetical patients with specified values of
HbA1c for years 1–10 and 11–20 and the estimated difference, percent reduction in cumulative incidence, and 95% CI compared with the
patient above. *Analyses used a Cox PH model based on 41 cases of reduced eGFR during years 1–10 of EDIC and 99 cases of reduced eGFR
during years 11–20, with the updated mean HbA1c having a separate coefficient value within the first and second 10 years. †Other scenarios
could be compared directly. For example, the 7%, 7% vs. the 9%, 9% scenario shows a difference in 20-year cumulative incidence of 0.181 –
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