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The Diabetes Control and Complications Trial (DCCT, 1983–1993) showed that
intensive therapy (mean HbA1c 7.2%) compared with conventional therapy (mean
HbA1c 9.0%) markedly reduced the risks of retinopathy, nephropathy, and neuropathy, and these reductions in complications were entirely attributable, statistically, to the difference in mean HbA1c levels. The DCCT cohort has been
followed in the Epidemiology of Diabetes Interventions and Complications (EDIC)
study (1994 to date). Early in EDIC, mean HbA1c levels in the former intensively
and conventionally treated groups converged. Nevertheless, the beneﬁcial effects
of DCCT intensive versus conventional therapy on microvascular complications
not only persisted but increased during EDIC. The differences in complications
during EDIC were wholly explained, statistically, by differences between groups in
HbA1c levels during DCCT. These observations give rise to the concept of metabolic memory. Subsequent similar ﬁndings from the UKPDS gave rise to a similar
concept, which they called the legacy effect. In this report, we present the evidence to support metabolic memory as both a biological and epidemiological
phenomenon and discuss potential underlying mechanisms. We also compare
metabolic memory and the legacy effect and conclude that the two are likely biologically similar, with comparable effects on long-term outcomes. The long-term
inﬂuence of metabolic memory on the risk of micro- and macrovascular complications supports the implementation of intensive therapy, with the goal of maintaining near-normal levels of glycemia, as early and as long as safely possible in
order to limit the risk of complications.
The Diabetes Control and Complications Trial (DCCT) (1983–1993) (1) provided a
comprehensive study of type 1 diabetes complications and their relationship with
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an effect that persists for 10 or more
years after the initial period of glycemic
exposure, are presented. We also compare and contrast the manifestations of
metabolic memory in how they may differ from those of the legacy effect.
Finally, we review the current understanding of the potential mechanisms of
metabolic memory.
Methods
DCCT (1983–1993)

The design and methods of the DCCT
have been described in detail (1). Between
1983 and 1989, 1,441 subjects 13–39
years of age were recruited in 29 medical
centers in the U.S. and Canada. Of these,
715 were members of the primary prevention cohort with 1–5 years’ duration of
type 1 diabetes, no retinopathy, and albumin excretion rate (AER) <40 mg/24 h
and 726 were members of the secondary
intervention cohort with 1–15 years’ duration of diabetes, mild to moderate nonproliferative diabetic retinopathy, and AER
<200 mg/24 h. Subjects were free of
hypertension, symptomatic neuropathy,
and macrovascular disease and had calculated LDL cholesterol levels <190 mg/dL.
Owing to these exclusions, participants
were generally young and healthy with a
“glucocentric” risk proﬁle. The overall
mean HbA1c at baseline was 9.1%, 47%
were female, 14% were adolescents (age
13–18 years), and 96.5% were White.
Subjects were randomly assigned to
intensive therapy, with three or more
daily insulin injections or use of an insulin
pump, that aimed at normoglycemia with
avoidance of hypoglycemia, or to conventional therapy, usually with two daily insulin injections, aimed at the absence of
symptoms of hyperglycemia and frequent
or severe hypoglycemia. HbA1c was measured quarterly, retinopathy assessed
semiannually, and AER measured annually
from a 4-h timed urine collection. AER
and HbA1c were measured centrally, and
retinopathy was assessed by central grading of fundus photographs according to
the ﬁnal Early Treatment Diabetic Retinopathy Study (ETDRS) scale of severity
(10).
The principal outcome was a threestep or more (31 step) progression of
retinopathy on the ETDRS scale that
was conﬁrmed on two successive
6-monthly evaluations. Microalbuminuria was deﬁned as an AER $40 mg/
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24 h ($28 mg/min) and albuminuria as
AER $300 mg/24 h ($208 mg/min) during the DCCT. Additional descriptions of
methods are provided in the individual
cited references.
EDIC

DCCT randomized treatment and data collection ended in 1993, at which time 1,422
(99.4%) of the surviving 1,430 subjects completed a DCCT closeout assessment visit.
Thereafter, conventional treatment group
subjects were trained in intensive therapy
and all subjects were referred to their own
health care providers for diabetes care. EDIC
was initiated in 1994; 1,375 of the 1,425
surviving members (96%) enrolled and as of
2019 have been followed for an additional
26 years.
The DCCT methods of evaluation were
also employed during the EDIC study (5)
with central grading of fundus photographs and central laboratory measurements of AER and HbA1c. HbA1c was
measured annually during EDIC, and the
updated mean HbA1c over DCCT and
EDIC combined was calculated by
weighting the values by the months
since the last measurement; namely, 3
months during DCCT and 12 during EDIC.
Retinopathy was assessed every 4
years. During EDIC, further retinopathy
progression was deﬁned as a 31 step
progression of the level of retinopathy
from that at the end of the DCCT, which
did not need to be sustained at a subsequent visit as in the DCCT owing to less
frequent examinations. A 4-h timed urine
collection was obtained every other year.
Microalbuminuria was deﬁned as an AER
$30 mg/24 h during EDIC (the contemporaneously established deﬁnition) rather
than $40 mg/24 h as in the DCCT. Analyses of further progression of retinopathy
and new onset of nephropathy during
EDIC were adjusted for the values or status at DCCT closeout.
The statistical methods are described
in Supplementary Material.
DCCT Results
DCCT Treatment Group Differences and the
Role of Hyperglycemia in the Development
and Progression of Complications

The distribution of the mean HbA1c for
subjects in the intensive and conventional treatment groups over up to 9.5
years (mean 6.5 years) of treatment in
the DCCT and an additional 26 years of
follow-up in EDIC is shown in Fig. 1.
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levels of glycemia. The DCCT, a randomized controlled trial, tested the “glucose
hypothesis” that hyperglycemia is a
direct cause of the development and
progression of microvascular complications. Over its mean 6.5 years of therapy,
the DCCT convincingly demonstrated that
intensive treatment, which achieved glycemic levels as close to the nondiabetic
range as safely possible (i.e., HbA1c 7%),
reduced the risks of development and
progression of early stages of retinopathy, nephropathy, and neuropathy by
34%–76%, compared with conventional
treatment with its attendant higher levels
of glycemia (HbA1c 9%) (1). The risk for
microvascular complications was strongly
associated with HbA1c levels during DCCT,
and the reduction in complications with
intensive versus conventional therapy
was entirely attributable to the separation
between the two treatment groups in
mean HbA1c levels (2–4).
The DCCT was followed by the Epidemiology of Diabetes Interventions and
Complications (EDIC) observational study
of the DCCT cohort (1994 to date) (5).
During EDIC, HbA1c levels of the former
randomly assigned DCCT treatment
groups rapidly converged, yet the beneﬁcial effects of prior DCCT intensive versus
conventional treatment on diabetes complications persisted and even increased
(6–8). This gave rise to the concept
named “metabolic memory” (8) in which
a prior period of hyperglycemia increases
the long-term risk of complications. Conversely, a period of near-normal glycemia
produces long-term beneﬁcial effects on
complications, with such effects persisting even though subsequent levels of glycemia may have risen.
Approximately 5 years following the
initial observation of metabolic memory,
the UK Prospective Diabetes Study
(UKPDS) described a similar long-term
beneﬁt of former intensive versus conventional therapy in type 2 diabetes that
was referred to as a “legacy effect” (9).
There are subtle differences in the way
that the two terms have been applied.
Herein, we review the salient evidence
supporting the phenomenon of metabolic memory, describing the role of glycemia over time in the emergence and
progression of both micro- and macrovascular complications. Data supporting
the role of early glycemic levels as the
major mediator of the development and
progression of diabetes complications,

Lachin and Nathan

2218

Glycemia During DCCT and Risks During EDIC

preexisting duration of diabetes on
entry in the DCCT had the highest absolute risk of sustained 31 step retinopathy progression (rate per 100 patientyears) in both the conventional and
intensive treatment groups (2) (see
Supplementary Fig. 2). Although the
risks were markedly reduced with intensive therapy, they were not completely
eliminated. Thus, glycemic exposure
prior to entry into the DCCT appears to
have had a prolonged effect on the risk
of retinopathy progression in both treatment groups, and this risk was not
diminished until >4 years of intensive
therapy.
During the DCCT, the mean level of
HbA1c was the principal determinant of
risk of progression of complications. The
risk increased exponentially with increasing HbA1c and to the same degree in
both groups (2), with no glycemic
(HbA1c) threshold in the relationship
detectable above the nondiabetes range
of HbA1c (3). The difference in risk of outcomes with intensive versus conventional
treatment group was almost entirely
explained by the HbA1c differences
between the groups (4). For example,
compared with the conventional treatment group, the intensive group had a
73% reduction in the risk of sustained
31 step progression with a x2 test value

of 96.7. Adjustment for the updated
mean HbA1c as a time-dependent covariate, i.e., assuming no difference between
groups in HbA1c over time, reduced the
group difference to x2 = 3.72, representing a 96.2% reduction in the x2 test value
[(100)(96.7 – 3.72)/96.7)]. Thus, the difference in mean glycemia between the
treatment groups statistically explained
virtually all of the beneﬁcial effects of
intensive therapy on retinopathy progression. Similarly for the other outcomes,
91.8%–99.9% of the risk reduction with
intensive versus conventional treatment
was explained by the group difference in
the mean HbA1c levels during the DCCT
(4) (Table 1).
EDIC Results
The Role of Prior DCCT Treatment Group
and HbA1c in Further Progression of Complications During the First 8 Years of EDIC
Follow-up

The DCCT closeout visit in 1993 constituted the baseline visit for EDIC. At that
time, participants had a mean age of 33
years and diabetes duration of 12 years.
Subsequently, the surviving DCCT cohort
has been followed with an annual
assessment visit during EDIC, herein up
to 26 years by 2019. Over this period,
on average, 93% of the survivors have
been followed annually.

Figure 1—The mean ± SE HbA1c over the average of 6.5 years of follow-up in the DCCT (9.5 years maximum) and up to 26 years of follow-up in
EDIC for subjects in the DCCT originally assigned to intensive and conventional treatment groups. Adapted with permission from the American Diabetes Association (25).
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During the DCCT, subjects in the intensive treatment group maintained a
mean HbA1c of 7.2% vs. 9.0% among
those in the conventional treatment
group.
Of note, the cumulative incidence of
sustained 31 step progression of retinopathy severity, the primary DCCT outcome, did not differ between treatment
groups in either the primary or secondary cohort during the ﬁrst 4 years of
treatment (1) (see Supplementary Fig.
1). Afterward, the cumulative incidence
in retinopathy in the conventional treatment group increased at a much higher
rate than that in the intensive treatment group, ultimately with a 76%
(Supplementary Fig. 1A) and 54%
(Supplementary Fig. 1B) risk reduction
in the primary and secondary cohorts,
respectively. Thus, the implementation
of a difference in levels of glycemia may
not result in a discernible difference in
risks of microvascular complications for
several years. In retrospect, this may be
the ﬁrst suggestion of metabolic memory. The same delayed effect of glycemic
separation was also observed for other,
more severe levels of retinopathy (10).
While the history of pre-DCCT HbA1c
levels was unknown, it is noteworthy
that subjects within the highest
quintiles of HbA1c and the longest
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Table 1—Adjusted risk reduction with intensive versus conventional treatment in DCCT combined primary and secondary
cohorts and % of the group test value explained by the log of the current mean HbA1c
Complication

Risk reduction, % (95% CI)

P value

% explained by HbA1c

57 (48, 65)
73 (65, 80)
64 (42, 77)
61 (34, 77)
29 ( 5, 52)

<0.0001
<0.0001
<0.0001
0.0003
0.084

95.8
96.2
99.9
99.5
99.9

40 (23, 53)
59 (28, 77)
68 (50, 80)

<0.0001
0.0016
<0.0001

99.2
96.7
91.8

a

Retinopathy
Single 31 step progression
Sustained 31 step progression
SNPDR
Any laser
CSME
Nephropathyb
Microalbuminuriac
Albuminuria
Neuropathy at 5 yearsd

During EDIC, the mean of the annual
HbA1c values in the two groups became
almost identical, with values of 8.2% vs.
8.0% over the ﬁrst 8 years of follow-up
in the former conventional and intensive treatment groups, respectively (Fig.
1). This negligible difference in HbA1c
between the original DCCT treatment
groups during EDIC has persisted to
date. Since the difference in progression
of complications in the intensive versus
conventional treatment groups during
DCCT was closely tied to the differences
in HbA1c, it was reasonable to expect
that the merger of the HbA1c levels
would result in similar rates of progression of complications during EDIC.
However, analyses showed that prior
intensive versus conventional therapy

during DCCT actually reduced the risk of
3+ steps further progression of retinopathy during the ﬁrst 4 years of EDIC from
the level present at the end of the DCCT
by 72% (P < 0.001) (6). Prior intensive
therapy also reduced the risks of new
severe nonproliferative retinopathy, clinically signiﬁcant macular edema, and any
laser therapy by 76%, 77%, and 77%,
respectively; all P < 0.002. Subsequent
analyses showed similar persistent effects
of intensive versus conventional therapy
on progression of nephropathy over these
4 years (7).
Further analyses after 8 years of EDIC
follow-up showed increasing treatment
group differences in the risk of further
progression of retinopathy by at least 3
steps from the level at DCCT closeout

and the development of macroalbuminuria (AER >300 mg/24 h) among those
free of albuminuria at the end of the
DCCT (8) (Fig. 2). For both retinopathy
and nephropathy, the risk reduction with
intensive therapy during EDIC was greater
than that initially observed during DCCT
(6–8). The vast majority of the differences
in complications between the former
DCCT intensive and conventional treatments over the ﬁrst 8 years in EDIC was
attributable to the original treatment
group differences in the mean level of
HbA1c during the DCCT (Table 2).
Metabolic Memory

The ﬁndings during the DCCT and the
ﬁrst 8 years of EDIC led to the hypothesis that pathologic changes persist

Figure 2—Cumulative incidence of further progression of retinopathy by at least 3 steps from the level at the end of the DCCT during the subsequent 8 years of follow-up during EDIC. Subjects experiencing laser therapy during the DCCT were excluded from analysis. Cumulative incidence of
new albuminuria (AER >300 mg/24 h) during 8 years of follow-up during EDIC. Subjects developing albuminuria during the DCCT were excluded
from analysis. Reprinted with permission from the Journal of the American Medical Association (9).

Downloaded from http://diabetesjournals.org/care/article-pdf/44/10/2216/632242/dc203097.pdf by guest on 17 January 2022

CSME, clinically signiﬁcant macular edema; SNPDR, severe nonproliferative diabetic retinopathy. aFrom a relative risk (hazards) estimate in a
proportional hazards model adjusted for the ETDRS level of retinopathy at baseline and the pre-DCCT glycemic exposure represented by the
preexisting duration of diabetes separately for the primary and secondary cohorts and the level of log(HbA1c) on eligibility screening. bFrom a
Cox proportional hazards model adjusted for primary vs. secondary cohort on entry, the log(AER) on entry, and the pre-DCCT glycemic exposure. Microalbuminuria, AER >40 mg/24 h; albuminuria, AER >300 mg/24 h. cSubjects with microalbuminuria on entry deleted from analysis.
d
From an odds ratio in a logistic regression model, adjusted for primary vs. secondary cohort and the pre-DCCT glycemic exposure represented by the preexisting duration of diabetes separately for the primary and secondary cohorts and the level of log(HbA1c) on eligibility
screening.
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How Long Does Metabolic Memory Persist?

We assessed the longevity of the metabolic memory effect by examining the
DCCT/EDIC outcomes over 26 years of
EDIC follow-up (Table 3). Figure 3 presents
the incidence and cumulative incidence
curves for further 31 step progression of
retinopathy. (Curves for other outcomes
are presented in Supplementary Material.)
The smoothed incidence (hazard)
function of further 31 step progression
over these 26 years yields an aggregate
44% reduction in the risk (incidence)
(P < 0.0001) (Table 3). During the ﬁrst
5 years of EDIC, the incidence of further
retinopathy progression (Fig. 3, left) was
up to three times higher in the former
conventional than in the intensive treatment group. However, over the subsequent 5–10 years of follow-up, the
difference in risk narrowed (11), the
incidences in the two groups being
nearly identical over the subsequent
11–26 years of follow-up, reﬂecting a
waning of metabolic memory.
A further analysis of retinopathy progression over the ﬁrst 10 years of EDIC,
with the end of DCCT serving as the
baseline, showed a 52% risk reduction in
the original intensive therapy group (P <
0.0001) (11), whereas an analysis over
11–26 years of follow-up showed only an
18% reduction (P = 0.18). Clearly, the biological effect of metabolic memory
waned after year 10 of EDIC. Nevertheless, there was a continuing expanding
reduction in the cumulative incidence
(epidemiologic metabolic memory) over
the latter period (Fig. 3, right).

Note that the area under the incidence curve (AUC) is substantially different between the treatment groups up
to 10 years. Thereafter the increment in
the AUC beyond 10 years is the same
in the two groups. Thus, the AUC up to
10 years following the end of DCCT differs between groups but thereafter
increases by about the same amount
over time in each group, such that the
cumulative incidence in the conventional group continues to increase faster
than in the intensive group. Indeed,
even if the incidences beyond 26 years
of follow-up remain equal in the two
groups, the cumulative incidence in the
intensive group will never catch up with
that in the conventional group.
Thus, the biological manifestations of
metabolic memory on the risk of further
retinopathy progression appear to be
operant for at least 10 years after
the end of the DCCT, with attenuation
(metabolic amnesia) occurring thereafter. Nevertheless, the epidemiological
manifestations reﬂect a continuing beneﬁcial effect on cumulative incidence,
translating into a continued beneﬁt in
the population.
Table 3 provides a summary of similar
analyses for other outcomes. For microand macroalbuminuria, over all of EDIC,
there were 29% and 47% risk reductions
with intensive therapy, respectively,
with higher (54% and 73%) risk reductions during years 1–10 (12) and lesser,
nonsigniﬁcant, risk reductions during
years 11–26. By visual inspection of

Table 2—Adjusted odds reduction of complications at EDIC years 4 and 8 in the former DCCT intensive versus conventional
treatment groups in the DCCT combined primary and secondary cohorts and % of group test value explained by the log of
the current mean HbA1c†
Complicationa
Retinopathy at 4 yearsb
Further 31 step progression
New SNPDRc
New laser
New CSMEc
Nephropathy at 8 yearsd: new albuminuria

Odds reduction, % (95% CI)
72
76
77
77
84

(59,
(52,
(45,
(52,
(67,

81)
88)
91)
89)
92)

P value

% explained by DCCT HbA1ce

<0.001
<0.001
0.002
<0.001
0.0016

97.7
98.8
94.3
98.0
98.8

P value: the likelihood ratio x2 test statistic value. CSME, clinically signiﬁcant macular edema; SNPDR, severe nonproliferative diabetic retinopathy. †From 6,8,11,12. aLogistic regression model adjusted for primary vs. secondary cohort and diabetes duration on DCCT entry, separately
for each, and the level of HbA1c on eligibility screening. bAdjusted for the ETDRS level of retinopathy at the close of the DCCT. Subjects with
prior laser therapy were excluded. cSubjects with a history of this level of retinopathy during the DCCT were excluded. dAlso adjusted for the
log(AER) at the close of the DCCT. Subjects with each level of nephropathy during the DCCT were excluded from analysis. For these renal outcomes during EDIC, events were deﬁned from assessments at year 1 or 2 of EDIC and at years 3–4, 5–6, and 7–8, as the measurements were
performed in one-half of the cohort every year. eThe percentage of an effect (e.g., DCCT treatment group) mediated (explained) by another
factor (e.g., DCCT mean HbA1c) is computed as the percentage reduction in the magnitude of the effect test statistic from a regression model
without and then with adjustment for the other factor.
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beyond a period of hyperglycemia that
contribute to the long-term risk of complications, a phenomenon termed metabolic memory (8). Further analyses
showed that metabolic memory has
two principal manifestations. One is a
biological effect on the day-to-day incidence (risk or hazard) of progression
that is a manifestation of underlying
biological effects associated with the
history of prior poor glycemic control.
The other is an epidemiological effect
on the cumulative incidence of progression that reﬂects the population public
health impact on the absolute risk of
progression expressed as the number or
percentage of subjects with progression
over a speciﬁed period of time. In the
cumulative incidence calculations, the
prior differences in incidence (risk) are
perpetuated into the future.
There is also a statistical relationship
between the past incidence and the
cumulative incidence at a given point in
time. The cumulative incidence at any
time t, say Pt, a proportion, is a direct
exponential function of the area under
the incidence curve up to time t,
(AUCt), where Pt = 1 exp( AUCt). As
an analogy to banking, incidence,
reﬂecting the biological manifestations
of metabolic memory, is like the interest
rate compounded daily, whereas the
cumulative incidence, reﬂecting the epidemiological manifestations of metabolic memory, is the total accrued value
(your bank account balance) at a point
in time.
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Table 3—The % reduction in the hazard rate (95% CI) and P value for the assessment of the difference between the original
DCCT intensive versus conventional treatment groups for complications during EDIC follow-up‡
Over 26 years of EDIC
follow-up

EDIC years 1–10

EDIC years 11–26

Approximate year
of equivalence

31 step progression (11)
PDR (11)

44 (35, 53), P < 0.0001
40 (23, 52), P < 0.0001

52 (42, 60), P < 0.0001
55 (36, 69), P < 0.0001

18 ( 10, 39), P = 0.18
19 ( 13, 42), P = 0.21

11
17

Ocular surgery (13)†

35 (19, 49), P < 0.001

23

Outcome (reference)*

40 (25, 51), P < 0.001

59 (29, 77) P = 0.002

Microalbuminuria (12)

29 (9, 45), P = 0.007

54 (35, 67), P < 0.0001

16 ( 70, 21), P = 0.46

9

Macroalbuminuria (12)

47 (26, 63), P < 0.001

73 (52, 84), P < 0.001

7 ( 52, 42), P = 0.78

10

Any CVD (14)†

12 ( 12, 32), P = 0.286

41 (5, 64), P = 0.029

2 ( 37, 24), P = 0.912

12

MACE (14)†

15 ( 20, 40), P = 0.348

41 (11, 81), P = 0.024

6 ( 56, 29), P = 0.789

11

the incidence curves for micro and macroalbuminuria, the incidences are equivalent for about 9–10 years, at which
time metabolic amnesia occurs. However, owing to the biological effects of
metabolic memory evident over the ﬁrst
10 years of EDIC, there is a continuing
epidemiological beneﬁt (difference in
cumulative incidence) over the remainder of EDIC (see Supplementary Fig. 3 in
Supplementary Material).
Clinical Consequences of Metabolic Memory: The Cumulative Effect on More Severe
Complications

Previous analyses of other more severe outcomes (ocular surgery [13] and any cardiovascular disease [CVD] and major adverse
cardiovascular event [MACE] [14,15]) used

the total experience over DCCT and EDIC
combined so as to increase power. Updated
analyses presented here only include cases
that occurred during EDIC so as to provide
a precise assessment of metabolic memory
(and subsequent amnesia).
Over the 26 years of EDIC (Table 3),
there was a substantial 40% reduction
in the risk of ocular surgery with intensive versus conventional therapy. The
risk over the ﬁrst 10 years in EDIC was
reduced by 59% and over the subsequent 16 years was reduced by 35%,
the difference being signiﬁcant over
both periods. By visual inspection, the
(biological) metabolic memory for ocular surgery did not wane until 23 years
of EDIC follow-up. Likewise, there was a
40% reduction in the risk of develop-

ment of proliferative diabetic retinopathy, with a 55% risk reduction over the
ﬁrst 10 years of EDIC, but only 19%
over the next 16 years (P = 0.21) and
waning by 17 years.
The updated analyses herein over 26
years of EDIC follow-up no longer show
an overall signiﬁcant risk reduction in
CVD or MACE with intensive versus conventional therapy, the respective risk
reductions being 12% and 15%. While
the analysis over the ﬁrst 10 years of
EDIC alone showed a signiﬁcant 41%
reduction in the risk of both outcomes
(P < 0.03 for both), over 11–26 years of
EDIC the metabolic memory had
completely waned, with risk reductions
of 2% and 6% (Table 3). Nevertheless, the cumulative incidence (or epide-

Figure 3—The smoothed estimate of the day-to-day incidence (hazard) rate of sustained 31 step progression of retinopathy within the former
intensive vs. conventional treatment groups over 26 years of EDIC follow-up (left), which represents biological metabolic memory, and the cumulative incidence of 31 step progression (right), representing epidemiological metabolic memory or the legacy effect. The cumulative incidence functions were computed using the Turnbull estimate for interval-censored data, smoothed using natural cubic splines, and differentiated to yield the
smooth hazards estimate.
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‡Complications with up to 26 years’ EDIC follow-up: 31 step further progression of retinopathy, proliferative diabetic retinopathy (PDR), ocular
surgery, microalbuminuria (sustained AER >30 mg/24 h), macroalbuminuria (AER >300 mg/24 h), any CVD event, and MACE. Also shown is
the approximate time in EDIC at which the incidence rate equated (i.e., waned) by visual inspection. Any CVD deﬁned as MACE or conﬁrmed
angina or revascularization (angioplasty, stent, or bypass) or “silent” myocardial infarction based on a centrally read electrocardiogram. All
CVD events were adjudicated by a committee masked to treatment assignment and HbA1c values. Weibull regression models for interval-censored data were used for analyses of 31 step progression and proliferative diabetic retinopathy and Cox proportional hazards models for
other outcomes. For each outcome, separate models assessed associations over all 26 years, just the ﬁrst 10 years of follow-up, and years
11–26. *For each outcome the references cited presented the most recent assessments of metabolic memory at the time of those analyses.
All analyses have been updated here to include outcomes through year 26 of EDIC. †For these outcomes, the prior published article did not
present separate analyses within the ﬁrst and second EDIC periods.
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miological manifestation of metabolic
memory) within the conventional group
remained higher than that in the intensive group over years 11–26 but with a
small, 1%–4%, difference between the
curves. Of note, the increasing application of improved methods of reducing
CVD risk, such as more aggressive
control of blood pressure and use
of statins, may also have played a role
in reducing the relative beneﬁcial
effects of the original glycemic separation (16).
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Type 4 collagen has a very long halflife, estimated at 15 years, and the formation of other long-lived glycated proteins
during the DCCT could be the mechanism
by which the difference in HbA1c between
treatment groups during the DCCT had
such persistent long-term effects on
microvascular complications. That CML is
a product of lipoxidation as well as glycoxidation suggests that hyperglycemia and
associated metabolic derangements may
lead to complications.

Potential Mechanisms for Metabolic Memory

DCCT/EDIC investigators have also
conducted two ancillary studies to
search for pathophysiologic explanations or mechanisms for metabolic
memory. One explored the formation
of glycated proteins with slow turnover (17,18) and the other epigenetics (19). Several reviews (20,21)
have examined and proposed other
putative mechanisms of metabolic
memory, including potential effects
of oxidative stress in addition to
advanced glycation and epigenetics.
Glycation and Glycoxidation.

In a sample of 216 DCCT subjects, a skin
biopsy was obtained 1 year before the
end of the DCCT and advanced glycation
end product (AGE) formation was measured in dermal collagen (17). Levels of
furosine (glycated collagen) and carboxymethyl-lysine (CML), among others, were
signiﬁcantly lower in the intensive than
in the conventional treatment group.
When examined jointly with the DCCT
HbA1c, the levels of the AGEs were significantly and more strongly associated with
complications than the DCCT mean
HbA1c (18). The collagen AGE levels
explained 97.7% of the original DCCT
group difference in the risk of retinopathy progression at 4 years of EDIC and
94.5% of the association of the DCCT
mean HbA1c with the risk of such progression. More importantly, while the
DCCT mean HbA1c was strongly associated with progression of retinopathy and
nephropathy at 10 years of EDIC followup, these associations were negated
completely after adjustment for dermal
furosine and CML levels (P = 0.987 for
retinopathy and 0.964 for nephropathy)
(18).

Epigenetics is another potential mechanism for metabolic memory that has
been supported recently by another
DCCT/EDIC ancillary study (19). That study
assessed the association of epigenetic
DNA methylation (DNAme) with metabolic memory in 499 randomly selected
DCCT participants who were followed during EDIC. DNAme was measured in the
blood DNA of saved genetic samples collected at DCCT closeout, and we assessed
its association with the past history of glycemia and with subsequent development
of complications over an 18-year period
of follow-up in EDIC. DNAme was associated with the mean HbA1c during DCCT
at 186 cytosine-guanine dinucleotides
(CpGs) at a false discovery rate <15%,
including 43 at a false discovery rate
<5%, many of which were located in
genes related to complications. Further
exploratory studies of biological function
showed that these CpGs were enriched
in binding sites for the C/EBP transcription factor, as well as enhancer/transcription regions in blood cells and hematopoietic stem cells, and open chromatin
states in myeloid cells. Further mediation
analyses showed that several CpGs in
combination explained 68%–97% of the
association of mean DCCT HbA1c with the
risk of complications during EDIC. Thus,
prior history of hyperglycemia may induce
persistent DNAme changes at key loci,
including TXNIP, in various target cells,
and in hematopoietic stem cells, which
are epigenetically retained in differentiated myeloid (and other) cells. These epigenetic modiﬁcations may facilitate
metabolic memory, probably through
modifying enhancer activity at nearby
genes. The results suggest that DNAme
may play a role in mediating the association between HbA1c and the future development of complications.

Approximately 5 years after the description of metabolic memory by DCCT/
EDIC (8), the UKPDS in type 2 diabetes
described a similar phenomenon that
they termed a legacy effect (10). The
UKPDS intervention trial compared intensive therapy with sulfonylurea or insulin
versus conventional therapy in nonobese
patients with recent-onset diabetes who
were treated for 6–20 years (median 10
years), ending in 1997. The intensive
group maintained an HbA1c 0.9% lower
than did the conventional group and at
study end had a signiﬁcantly lower risk of
any diabetes-related end point, the primary outcome (12% risk reduction, P =
0.03), and an almost signiﬁcant reduction
in the risk of myocardial infarction (16%
risk reduction, P = 0.052).
Following the end of the intervention
trial, a 10-year observational follow-up
was launched (10). During the ﬁrst year
following the active interventions (1998),
the HbA1c levels in the former intensive
and conventional groups merged and
remained equal over the next 9 years,
analogous to the EDIC experience. After
the additional 10 years (2007), with a
combined follow-up of up to 30 years,
the risk reduction for any diabetes-related
end point with the original intensive versus conventional treatment remained signiﬁcant (9%, P = 0.04) and that for
myocardial infarction became signiﬁcant
(15%, P = 0.01).
The UKPDS (10) did not present an
analysis of the cumulative incidence of
new events during the 10-year followup. However, the risk reductions over
the 30 years of treatment and extended
follow-up (9% and 15%, respectively)
are close to those over the 20-year
treatment phase (12% and 16%). Under
a proportional hazards model this
implies that the cumulative incidence
function over the 10-year follow-up
would continue to increase and widen
between groups, as was observed in
the analyses of metabolic memory.
The UKPDS referred to these long-term
differences as a legacy effect (10), stating,
“Beneﬁts persisted despite the early loss
of within-trial differences in glycated
hemoglobin levels between the intensivetherapy group and the conventional-therapy group—a so-called legacy effect.”
This description is clearly similar to that
used previously to refer to metabolic
memory. Thus, both “metabolic memory”
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Other Results

The Legacy Effect
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and “legacy effect” represent persistent
long-term effects of the past history of
glycemia on the risks of progression of
complications, potentially mediated by
the same biological mechanisms.
Discussion

metabolic memory effect can be manifest by an eventual decline in the risk in
the former conventional group resulting
from a lowered HbA1c to 8%, an eventual increase in the risk in the former
intensive group resulting from an
increased HbA1c, or both.
It is not clear how or whether these
ﬁndings could ever be replicated in an
epidemiologic surveillance study. Subjects would need to have a $1%
change (either up or down) in HbA1c
values at a speciﬁc time, without any
uniform intervention, and would need
to have the change maintained over
time with prolonged surveillance of outcomes before and after the change
point.
Nevertheless, in a recent review, Miller
and Orchard (25) presented additional
analyses of the Pittsburgh Epidemiology
of Diabetes Complications (EDC) cohort
and concluded that “there is no need to
invoke a ‘metabolic memory’ phenomenon to explain the persistence of a lower
incidence of complications in the DCCT
intensive therapy group compared with
conventional therapy group, which can
be fully explained by cumulative glycemic
exposure.” The fundamental issue is the
assertion that the risk of outcomes is
dependent solely on the cumulative level
of glycemia and that the pattern of glycemia is irrelevant, i.e., whether the cumulative level “results from a high exposure
for a short time or a lower exposure for a
longer time.” We took exception to this
statement (26), noting that cumulative
glycemic exposure includes long-term
effects, such as metabolic memory, and
as a result early implementation of intensive therapy will have greater beneﬁcial
long-term effects. Miller and Orchard
then replied (27) that owing to a greater
period of diabetes prior to entry in their
cohort compared with that for the DCCT
cohort (18 vs. 4 years, respectively) it is
not feasible to replicate the DCCT/EDIC
experience.
In support of the metabolic memory
phenomenon, an independent analysis
of the publicly available DCCT data (28)
derived and applied a mathematical
model to explore metabolic memory
and determine its “shape” over time.
The authors endorsed the existence of
metabolic memory and concluded that
its duration was as long as 8 years.
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Conclusion

Considering our current understanding of the central role of glycemia in
the pathogenesis of microvascular
and cardiovascular complications in
type 1 diabetes, no one would intentionally replicate the sequence of
intensive therapy during DCCT followed by less aggressive care in
EDIC. However, our discovery of metabolic memory and its long-term
aggregate expression further reinforces our original recommendation
that individuals with type 1 diabetes
should implement intensive insulin
therapy as early and as long as safely
possible from the time of diagnosis.
Recognizing the toxic and prolonged
effects of early periods of hyperglycemia provides the rationale for this
approach, as it maximizes the beneﬁts of intensive therapy. Moreover,
the prolonged beneﬁt of early tight
glycemic control may buffer the
adverse effects of any subsequent
periods of hyperglycemia.
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