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Figure 419-1 Relationship of glycemic control and diabetes
duration to diabetic retinopathy. The progression of retinopathy in
individuals in the Diabetes Control and Complications Trial is graphed
as a function of the length of follow-up with different curves for different hemoglobin A1c (HbA1c) values. (Adapted from The Diabetes Control
and Complications Trial Research Group: Diabetes 44:968, 1995.)
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CHAPTER 419 Diabetes Mellitus: Complications

hemoglobin A1c (HbA1c). Other factors such as dyslipidemia and hypertension also play important roles in macrovascular complications.
The Diabetes Control and Complications Trial (DCCT) provided
definitive proof that reduction in chronic hyperglycemia can prevent
many complications of type 1 DM (Fig. 419-1). This large multicenter
clinical trial randomized more than 1400 individuals with type 1 DM
to either intensive or conventional diabetes management and prospectively evaluated the development of diabetes-related complications
during a mean follow-up of 6.5 years. Individuals in the intensive
diabetes management group received multiple administrations of
insulin each day (injection or pump) along with extensive educational,
psychological, and medical support. Individuals in the conventional
diabetes management group received twice-daily insulin injections
and quarterly nutritional, educational, and clinical evaluation. The
goal in the former group was normoglycemia; the goal in the latter
group was prevention of symptoms of diabetes. Individuals in the
intensive diabetes management group achieved a substantially lower
HbA1c (7.3%) than individuals in the conventional diabetes management group (9.1%). After the DCCT results were reported in 1993,
study participants continue to be followed in the Epidemiology of
Diabetes Intervention and Complications (EDIC) trial, which recently
completed 30 years of follow-up (DCCT + EDIC). At the end of the
DCCT phase, study participants in both intensive and conventional
arms were offered intensive therapy. However, during the subsequent
follow-up of more than 18 years, the initial separation in glycemic control disappeared with both arms maintaining a mean HbA1c of 8.0%.
The DCCT phase demonstrated that improvement of glycemic
control reduced nonproliferative and proliferative retinopathy (47%
reduction), microalbuminuria (39% reduction), clinical nephropathy
(54% reduction), and neuropathy (60% reduction). Improved glycemic
control also slowed the progression of early diabetic complications.
During the DCCT phase, weight gain (4.6 kg) and severe hypoglycemia
(requiring assistance of another person to treat) were more common
in the intensive therapy group. The benefits of an improvement in
glycemic control occurred over the entire range of HbA1c values (Fig.
419-1), indicating that at any HbA1c level, an improvement in glycemic
control is beneficial. The results of the DCCT predicted that individuals in the intensive diabetes management group would gain 7.7 additional years of vision, 5.8 additional years free from end-stage renal
disease (ESRD), and 5.6 years free from lower extremity amputations.
If all complications of DM were combined, individuals in the intensive diabetes management group would experience 15.3 more years
of life without significant microvascular or neurologic complications
of DM, compared to individuals who received standard therapy. This
translates into an additional 5.1 years of life expectancy for individuals
in the intensive diabetes management group. The 30-year follow-up
data in the intensively treated group show a continued reduction in
retinopathy, nephropathy, and cardiovascular disease. For example,
individuals in the intensive therapy group had a 42–57% reduction in

cardiovascular events (nonfatal myocardial infarction [MI], stroke, or 2423
death from a cardiovascular event) at a mean follow-up of 17 years,
even though their subsequent glycemic control was the same as those
in the conventional diabetes management group from years 6.5–17.
During the EDIC phase, less than 1% of the cohort had become blind,
lost a limb to amputation, or required dialysis.
The United Kingdom Prospective Diabetes Study (UKPDS) studied
the course of >5000 individuals with type 2 DM for >10 years. This
study used multiple treatment regimens and monitored the effect of
intensive glycemic control and risk factor treatment on the development of diabetic complications. Newly diagnosed individuals with type
2 DM were randomized to (1) intensive management using various
combinations of insulin, a sulfonylurea, or metformin or (2) conventional therapy using dietary modification and pharmacotherapy
with the goal of symptom prevention. In addition, individuals were
randomly assigned to different antihypertensive regimens. Individuals
in the intensive treatment arm achieved an HbA1c of 7%, compared to
a 7.9% HbA1c in the standard treatment group. The UKPDS demonstrated that each percentage point reduction in HbA1c was associated
with a 35% reduction in microvascular complications. As in the DCCT,
there was a continuous relationship between glycemic control and
development of complications. Improved glycemic control also reduced
the cardiovascular event rate in the follow-up period of >10 years.
One of the major findings of the UKPDS was that strict blood pressure control significantly reduced both macro- and microvascular
complications. In fact, the beneficial effects of blood pressure control
were greater than the beneficial effects of glycemic control. Lowering
blood pressure to moderate goals (144/82 mmHg) reduced the risk of
DM-related death, stroke, microvascular endpoints, retinopathy, and
heart failure (risk reductions between 32 and 56%).
Similar reductions in the risks of retinopathy and nephropathy
were also seen in a small trial of lean Japanese individuals with type
2 DM randomized to either intensive glycemic control or standard
therapy with insulin (Kumamoto study). These results demonstrate
the effectiveness of improved glycemic control in individuals of different ethnicity and, presumably, a different etiology of DM (i.e.,
phenotypically different from those in the DCCT and UKPDS). The
Action to Control Cardiovascular Risk in Diabetes (ACCORD) and
Action in Diabetes and Vascular Disease: Preterax and Diamicron MR
Controlled Evaluation (ADVANCE) trials also found that improved
glycemic control reduced microvascular complications.
Thus, these large clinical trials in type 1 and type 2 DM indicate
that chronic hyperglycemia plays a causative role in the pathogenesis
of diabetic microvascular complications. In both the DCCT and the
UKPDS, cardiovascular events were reduced at follow-up of >10 years,
even though the improved glycemic control was not maintained. The
positive impact of a period of improved glycemic control on later disease has been termed a legacy effect or metabolic memory.
A summary of the features of diabetes-related complications
includes the following. (1) Duration and degree of hyperglycemia correlate with complications. (2) Intensive glycemic control is beneficial
in all forms of DM. (3) Blood pressure control is critical, especially in
type 2 DM. (4) Survival in patients with type 1 DM is improving, and
diabetes-related complications are declining. (5) Not all individuals
with diabetes develop diabetes-related complications. Other incompletely defined factors appear to modulate the development of complications. For example, despite long-standing DM, some individuals
never develop nephropathy or retinopathy. Many of these patients
have glycemic control that is indistinguishable from those who develop
microvascular complications, suggesting a genetic susceptibility for
developing particular complications.
MECHANISMS OF COMPLICATIONS
Although chronic hyperglycemia is an important etiologic factor leading to complications of DM, the mechanism(s) by which it leads to
such diverse cellular and organ dysfunction is unknown. An emerging
hypothesis is that hyperglycemia leads to epigenetic changes (Chap.
82) that influence gene expression in affected cells. For example, this
may explain the legacy effect or metabolic memory mentioned above.
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