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Abstract

BACKGROUND—The Diabetes Control and Complications Trial (DCCT) showed a beneficial
effect of 6.5 years of intensive glycemic control on retinopathy in patients with type 1 diabetes.

METHODS—Between 1983 and 1989, a total of 1441 patients with type 1 diabetes in the DCCT
were randomly assigned to receive either intensive diabetes therapy or conventional therapy aimed
at preventing hyperglycemic symptoms. They were treated and followed until 1993. Subsequently,
1375 of these patients were followed in the observational Epidemiology of Diabetes Interventions
and Complications (EDIC) study. The self-reported history of ocular surgical procedures was
obtained annually. We evaluated the effect of intensive therapy as compared with conventional
therapy on the incidence and cost of ocular surgery during these two studies.

RESULTS—Over a median follow-up of 23 years, 130 ocular operations were performed in 63 of
711 patients assigned to intensive therapy (8.9%) and 189 ocular operations in 98 of 730 patients
assigned to conventional therapy (13.4%) (P<0.001). After adjustment for DCCT baseline factors,
intensive therapy was associated with a reduction in the risk of any diabetes-related ocular surgery
by 48% (95% confidence interval [CI], 29 to 63; P<0.001) and a reduction in the risk of all such
ocular procedures by 37% (95% Cl, 12 to 55; P = 0.01). Forty-two patients who received intensive
therapy and 61 who received conventional therapy underwent cataract extraction (adjusted risk
reduction with intensive therapy, 48%; 95% CI, 23 to 65; P = 0.002); 29 patients who received
intensive therapy and 50 who received conventional therapy underwent vitrectomy, retinal-
detachment surgery, or both (adjusted risk reduction, 45%; 95% CI, 12 to 66; P = 0.01). The costs
of surgery were 32% lower in the intensive-therapy group. The beneficial effects of intensive
therapy were fully attenuated after adjustment for mean glycated hemoglobin levels over the entire
follow-up.

CONCLUSIONS—Intensive therapy in patients with type 1 diabetes was associated with a
substantial reduction in the long-term risk of ocular surgery. (Funded by the National Institute of
Diabetes and Digestive and Kidney Diseases and others; DCCT/EDIC Clinical Trials.gov numbers,
NCT00360893 and NCT00360815.)

Retinopathy, A Common Microvascular complication of type 1 diabetes, is a leading cause
of vision loss worldwide.! In the Diabetes Control and Complications Trial (DCCT),2 6.5
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years of intensive therapy aimed at achieving glycemia as close to the nondiabetic range as
safely possible, as compared with conventional therapy at the time, was associated with a
76% reduction in the onset of retinopathy and a 52% reduction in disease progression. In the
subsequent long-term observational follow-up, the Epidemiology of Diabetes Interventions
and Complications (EDIC) study,3 the patients in the intensive-therapy group had a durable
reduction in progression of microvascular and macrovascular complications despite similar
levels of glycemia in the two groups. This reduction persisted for 18 years in a phenomenon
that has been called metabolic memory.#-8 Maintenance of near-normal glycemia as safely
as possible has become the primary therapeutic goal in patients with type 1 diabetes.

Diabetes can cause vision loss by promoting sight-threatening conditions such as severe
retinopathy, cataracts, and glaucoma.®1% Ocular surgery may preserve vision or prevent loss
of vision in patients with these conditions. However, surgery may be associated with
increased morbidity and substantial societal, economic, and health care burdens. Given the
currently estimated 382 million persons with diabetes worldwide, 19 million to 38 million of
whom have type 1 diabetes,!! a reduction in the rate of ocular surgery would have a
substantial salutary effect.

We now report the incidence and costs of ocular surgery among patients in the intensive-
therapy and conventional-therapy groups for up to 27 years after the start of the original
DCCT.

Study Oversight

Patients

The methods of both studies have been described in detail previously.237 The DCCT and
EDIC studies were designed by their respective research groups. The data were collected at
the Biostatistics Center, George Washington University. The members of the writing
committee analyzed the data, wrote the manuscript, and vouch for the accuracy and
completeness of the data and analyses and for the fidelity of the study to the protocols
(available with the full text of this article at NEJM.org). The DCCT/EDIC Research Group
made the decision to submit the manuscript for publication.

The institutional review board or ethics committee at each participating center approved
both study protocols, and all patients provided written informed consent.

From 1983 through 1989, the original, randomized trial (DCCT) enrolled 1441 patients with
type 1 diabetes who were 13 to 39 years of age. A total of 711 patients were randomly
assigned to receive intensive therapy (aimed at lowering glycemia as close to the
nondiabetic range as safely possible), and 730 patients were assigned to receive
conventional therapy (aimed at preventing symptoms of hyperglycemia and hypoglycemia
with no specific glucose targets).?

The primary-prevention cohort (726 patients) had diabetes for 1 to 5 years, an albumin
excretion rate of less than 40 mg per 24 hours, and no retinopathy detected by means of

N Engl J Med. Author manuscript; available in PMC 2015 October 30.


http://NEJM.org

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 3

stereoscopic fundus photography. The secondary-intervention cohort (715 patients) had
diabetes for 1 to 15 years, mild-to-moderate nonproliferative diabetic retinopathy, and an
albumin excretion rate of up to 200 mg per 24 hours.

The DCCT ended in 1993, after an average of 6.5 years of treatment. The patients in the
conventional-therapy group were offered intensive therapy and were instructed in its use,
and all patients were referred to their health care providers for diabetes care.? In 1994, a
total of 1375 of the 1428 surviving patients (96%) enrolled in the observational study
(EDIC), with annual follow-up examinations and periodic evaluation of complications of
diabetes.3 Here, we present data obtained over a total of up to 27 years (through 2010), with
a median of 23 years of follow-up.

Ocular Operations

Ocular surgical procedures were self-reported annually. Surgical details were acquired with
the use of structured interviews by the study coordinator and were reviewed by the site
principal investigator.

Ophthalmologists who were unaware of the DCCT treatment assignments and the glycated
hemoglobin levels of the patients later reviewed the surgical reports to classify all operations
as being either substantially diabetes-related (e.g., cataract extraction) or not substantially
diabetes-related (e.g., elective refractive operations or oculoplastic procedures). Diabetes-
related operations were further classified as being cataract extraction; vitrectomy, retinal-
detachment surgery, or both (these two procedures are often performed together); glaucoma-
related surgery (including laser treatment, filtering surgery, cyclocryotherapy, and other
operative procedures to lower intraocular pressure); cornea-related or lens-related surgery
(including corneal transplantation or yttrium- aluminum-garnet [YAG] posterior
capsulotomy); or enucleation. Previous studies showed that intensive therapy significantly
reduced the risks of laser therapy or anti-vascular endothelial growth factor injections for
macular disease or proliferative retinopathy’; these treatments were not included as
“surgery” here.

Retinopathy and Visual Acuity

Standardized seven-field fundus photographs were obtained every 6 months during the
DCCT and every fourth year during the EDIC study, with approximately 25% of the patients
having photographs obtained each year (see the Supplementary Appendix, available at
NEJM.org). In addition, photographs were obtained in the complete cohort during years 4
and 10 of the EDIC study.

Photographs were graded centrally with the use of the Early Treatment Diabetic Retinopathy
Study (ETDRS) scalel? and DCCT methods.? Graders were unaware of the therapy
assignments of the patients. Visual acuity was measured by certified examiners on the basis
of the ETDRS charts and procedures.12
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Biomedical Evaluations

Each patient underwent an annual examination that assessed demographic characteristics
and clinical history. Blood pressure and glycated hemoglobin levels3 were measured
quarterly during the DCCT and annually thereafter. The albumin excretion rate and plasma
lipid concentrations were measured yearly during the DCCT and every other year
thereafter.8 The estimated glomerular filtration rate (GFR) was calculated from serum
creatinine levelsl4 that were measured annually. A central biochemistry laboratory
performed all laboratory measurements.

Classification of nephropathy was based on an impaired GFR of less than 60 ml per minute
per 1.73 m2 of body-surface area on two or more consecutive visits, microalbuminuria
(albumin excretion rate, 230 mg per 24 hours on two or more consecutive visits), or
macroalbuminuria (single albumin excretion rate, =300 mg per 24 hours).1°> Confirmed
clinical neuropathy, defined as the presence of both definite clinical neuropathy and
abnormal nerve conduction, was assessed at baseline and at 5 years in the DCCT and at 13
years or 14 years in the EDIC study.16

Statistical Analysis

The primary outcome was the time from randomization in the DCCT to the annual visit at
which a diabetes-related ocular operation was first reported or the time to the last study visit
or death, if no surgery was performed. For the purpose of these analyses, patients who had
one or more ocular operations were categorized as patients with “any” surgery. In addition,
the total number of operations (“all”’) were analyzed.

Cataract extraction and vitrectomy, retinal-detachment surgery, or both were analyzed
separately owing to their high frequency. The cumulative incidence of each outcome was
estimated by means of Gray’s method, accounting for death as a competing risk.1”

Cox proportional-hazards models were used to assess the effects of the covariates on the
cause-specific hazard of ocular surgery.18 The robust estimation of the covariance matrix
according to the method of Lin and Wei was used to compute confidence limits and P values
that are valid when proportional-hazards assumptions are violated.1® Poisson regression
models with the robust covariance matrix estimate assessed the risk of all operations,
allowing for multiple operations for each patient.18

The cost of ocular surgery was calculated in 2010 U.S. dollars with the use of the medical
care Consumer Price Index2%:21 and with the use of discounted dollars to account for a
yearly inflation rate of 3%. Costs were available only for cataract extraction, vitrectomy, and
glaucoma-related operations.

All analyses were conducted with the use of SAS software, version 9.2 (SAS Institute).22
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Results

Characteristics of the Patients

Baseline characteristics of the patients in the DCCT are provided in Table S1 in the
Supplementary Appendix. The mean age of the patients was 27 years, the mean duration of
diabetes was 6 years, and the mean glycated hemoglobin level was 9.1%. More than 80% of
the patients had corrected visual acuity of 20/20 or better.

Ocular Operations

In the combined studies, with a median follow-up of 23 years (interquartile range, 22 to 25),
a total of 161 patients reported 319 diabetes-related ocular operations (Table 1), 1132
completed follow-up without undergoing ocular surgery, 72 were lost to follow-up, and 76
died. Only 6 of the operations occurred during the DCCT (1 glaucoma-related procedure, 2
cataract extractions, 2 vitrectomies, and 1 enucleation).

Sixty-three patients in the former intensive-therapy group and 98 patients in the former
conventional-therapy group underwent at least 1 diabetes-related ocular operation (3.95
operations vs. 6.24 operations per 1000 patient-years), corresponding to a risk reduction of
48% (95% confidence interval [CI], 29 to 63; P<0.001 in the intensive-therapy group). The
20-year cumulative incidence of diabetes-related ocular surgery was 5.9% in the intensive-
therapy group and 9.8% in the conventional-therapy group (Fig. 1A). Fewer total operations
were performed in patients in the intensive-therapy group than in patients in the
conventional-therapy group (130 vs. 189 operations), corresponding to a risk reduction of
37% (95% Cl, 12 to 55; P = 0.01 in the intensive-therapy group) (Table 1).

A total of 42 patients in the intensive-therapy group and 61 in the conventional-therapy
group underwent cataract extraction, the most frequent type of ocular surgery (risk reduction
with intensive therapy, 48%; 95% CI, 23 to 65; P = 0.002) (Table 1 and Fig. 1B). Of these
patients, 27 in the intensive-therapy group and 29 in the conventional-therapy group
underwent cataract extraction in both eyes, and 2 in the intensive-therapy group and 1 in the
conventional-therapy group concurrently had other ocular operations. Overall, 69 cataract
extractions were performed in the intensive-therapy group as compared with 90 in the
conventional-therapy group (risk reduction with intensive therapy, 35%; 95% ClI, 5 to 56; P
= 0.03).

The second most frequently reported operations were categorized as “vitrectomy, retinal-
detachment surgery, or both.” A total of 29 patients in the intensive-therapy group and 50
patients in the conventional-therapy group underwent at least one of these procedures; this
corresponds to a risk reduction of 45% (95% ClI, 12 to 66; P = 0.01) in the intensive-therapy
group (Table 1 and Fig. 1C). Overall, 42 such operations were performed in the intensive-
therapy group, versus 75 operations in the conventional-therapy group (risk reduction with
intensive therapy, 45%; 95% CI, 10 to 66; P = 0.02).

Less frequently performed operations included glaucoma-related procedures (in 9 patients in
the intensive-therapy group and 14 in the conventional-therapy group), cornea-related
operations (2 patients vs. 3 patients), enucleation (1 patient in each group), and YAG
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posterior capsulotomy (3 patients vs. 4 patients). There were no between-group differences
in non—diabetes-related ocular operations, including elective surgery to correct refractive
error (in 24 patients vs. 22 patients) and oculoplastic surgery (7 patients in each group)
(Table 1).

The inflation-adjusted costs in 2010 dollars for all cataract extraction, vitrectomy, and
glaucoma-related operations were 32% lower in the intensive-therapy group than in the
conventional-therapy group ($429,469 vs. $634,925). The surgery-specific and total
unadjusted and adjusted costs are provided in Table S2 in the Supplementary Appendix.

Baseline Factors

In separate Cox proportional-hazard models adjusted only for treatment group, the variables
of female sex, increasing age, longer duration of diabetes, increasing levels of glycated
hemoglobin, secondary versus primary cohort, and visual acuity worse than 20/20 (in 16%
of patients) versus 20/20 or better were each strongly associated with a higher risk of any
surgery (Table 2). However, sex and visual acuity were not associated with the risk of
vitrectomy, retinal-detachment surgery, or both. In a joint multivariate model, similar
associations were observed except that primary versus secondary cohort had no effect after
adjustment for the other factors (principally, the duration of diabetes that differed according
to design between the cohorts) (Table 2).

The incidence of operations in the secondary cohort was approximately twice that in the
primary cohort (Table S3 in the Supplementary Appendix), but the risk reductions with
intensive therapy versus conventional therapy were not significantly different between the
cohorts (P = 0.65). For all operations and each specific type, the risk reduction with
intensive therapy versus conventional therapy was nominally greater among men than
among women (Table S4 in the Supplementary Appendix); however, the difference between
the sexes was only significant for vitrectomy, retinal-detachment surgery, or both (P = 0.02).

There was also a significant treatment-group interaction with baseline age for any surgery (P
= 0.04), such that as age increased, the risk reduction with intensive therapy increased (Fig.
2A). This effect was largely driven by a stronger interaction with age for vitrectomy, retinal-
detachment surgery, or both (P = 0.006) (Fig. 2B).

Role of Glycemia and Other Complications

Table 3 shows the association of the updated time-weighted DCCT/EDIC mean glycated
hemoglobin level (i.e., the mean level up to the current year of follow-up) and progression
of diabetes complications (as time-varying covariates) with the risk of any surgery, the risk
reduction with intensive treatment after adjustment for each factor, and the extent to which
the between-group difference in the factor explains the between-group difference in the risk
of surgery. The risk of any surgery was 1.88 times higher for each 10% increase in the
DCCT/EDIC mean glycated hemoglobin level, and the risk reduction with intensive therapy
was eliminated completely after adjustment for the glycated hemoglobin level. This
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indicates that differences in the mean glycated hemoglobin levels during the study explained
virtually all the benefit of intensive therapy.

The risk of any surgery with the presence of at least moderate nonproliferative diabetic
retinopathy was 4.5 times higher than the risk of surgery with mild nonproliferative
retinopathy or no diabetic retinopathy. The between-group difference in the incidence of
nonproliferative diabetic retinopathy explained 88.5% of the between-group difference in
the risk of surgery, and the risk reduction with intensive therapy became insignificant after
adjustment for nonproliferative retinopathy. The development of clinically significant
macular edema, nephropathy, neuropathy, and hypertension and the use of inhibitors of the
renin-angiotensin—aldosterone system were all significantly associated with the risk of
surgery, but the difference between treatment groups remained significant after adjustment
for each of these factors (i.e., none of them alone explained the between-group difference in
risk) (Table 3).

Nearly identical results were observed in similar analyses of cataract-extraction surgery
(Table S5 in the Supplementary Appendix), with the glycated hemoglobin level or
development of nonproliferative diabetic retinopathy explaining most of the between-group
difference. All factors were also associated with the risk of vitrectomy, retinal-detachment
surgery, or both, and the between-group difference was no longer significant after
adjustment for many of these factors owing to the smaller number of such operations (Table
S5 in the Supplementary Appendix).

Discussion

Over a median of 23 years of follow-up in patients with type 1 diabetes, an initial average
period of 6.5 years of intensive, as compared with conventional, diabetes therapy was
associated with a 48% reduction in the long-term risk of any patient undergoing one or more
diabetes-related ocular procedure (P<0.001) and a 37% reduction in all ocular procedures
(total operations in either eye) (P=0.01). These effects were related to improved glycemic
control with intensive therapy. The long-term benefit of early implementation of intensive
therapy with respect to the risk of ocular surgery is similar to previously reported long-term
benefits with respect to the risk of nephropathy®23 and is another manifestation of metabolic
memory.

Separate (but not joint) models showed that the risk of ocular surgery was associated with
the development of hypertension and worsening of retinopathy, neuropathy, and
nephropathy. In a joint model, this risk was associated with baseline age, duration of
diabetes, and glycated hemoglobin level, but not sex. The primary determinant of risk was
the mean glycated hemoglobin level since randomization, which was associated with a risk
that was 1.88 times higher for each 10% increase in the mean glycated hemoglobin level.
The treatment-group differences in glycated hemoglobin levels completely explained the
between-group differences in the risk of surgery. Differences in the severity of
nonproliferative diabetic retinopathy also explained most, but not all, of the between-group
difference in risk.
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With intensive therapy, the risk of any cataract surgery was significantly reduced by 48%,
and the risk of vitrectomy, retinal-detachment surgery, or both was significantly reduced by
45%; the risks of all such operations were reduced by 35% and 45%, respectively.
Vitrectomy is performed in patients with diabetes primarily for advanced indications, such
as vitreous hemorrhage and retinal detachment.

Cataract extraction is the most common ophthalmologic surgery performed in the United
States and many other countries worldwide.24 Between 2009 and 2010, 3.1 million cataract
extractions were performed in the United States. This procedure was the top surgical
expenditure for Medicare, with charges exceeding $2 billion.2> Although the development
of cataracts and the need for cataract surgery are not specific to diabetes, they are more
frequent in patients with diabetes,26 and surgery for cataracts occurs at a younger age in
patients with this condition.2” In the Wisconsin Epidemiologic Study of Diabetic
Retinopathy,28 elevated glycated hemoglobin levels were associated with an increased risk
of cataract surgery among persons with type 1 diabetes. In a case—control study involving
patients with type 2 diabetes,29 elevated glycated hemoglobin levels were associated with
the prevalence of posterior subcapsular cataract and in a third study with an increased
incidence of lens opacities and cataract progression.30

Cataract progression in patients with diabetes has been linked to the presence of advanced
glycation end products.31-33 Levels of these end products are increased in human
cataractous lenses, and they may be involved in the pathogenesis of cataracts.3234 Thus, a
potential mechanism underlying the new finding that improved glycemic control reduces the
risk of cataract surgery might involve differing concentrations of advanced glycation end
products as a result of the initial 6.5 years of intensive therapy versus conventional therapy.
Indeed, in a small DCCT ancillary study, skin collagen glycation was strongly associated
with progression of retinopathy and nephropathy.35:36

Given that the worldwide prevalence of type 1 diabetes is approaching 38 million persons,
the potential benefits of intensive therapy to reduce morbidity and health care costs are
substantial. Indeed, in the current study, the inflation-adjusted costs of cataract extraction,
vitrectomy, and glaucoma-related operations were 32% lower in the intensive-therapy group
than in the conventional-therapy group.

A limitation of our study is that the incidence of ocular surgery was self-reported by
patients. Annual follow-up with structured data acquisition, however, allowed repeated
review of prior responses to elicit previously omitted information. Furthermore, a panel of
ophthalmologists who were unaware of the treatment-group assignments reviewed reports of
ocular operations, and investigators at study sites were contacted whenever additional
information was needed for clarification. Finally, we had previously found that the DCCT/
EDIC cohort was extremely accurate in self-reporting other eye procedures, such as
photocoagulation.3”

This study was also limited to the evaluation of patients with type 1 diabetes. Thus, it
remains unknown whether similar benefits of an intensive-therapy regimen would accrue in
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patients with type 2 diabetes, which has a worldwide prevalence that is 10 to 20 times as
high as that of type 1 diabetes.

In conclusion, intensive insulin therapy during the DCCT was associated with a substantial
reduction in the long-term risk of ocular surgery among patients with type 1 diabetes.
Reduced glycated hemoglobin levels account for essentially all the benefits of intensive
therapy versus conventional therapy, and these results highlight the importance of early,
intensive diabetes control. Intensive diabetes therapy has the potential to reduce
substantially the morbidity and the extensive societal, economic, and health care burdens of
ocular surgery among patients with type 1 diabetes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cumulative Incidence of Diabetes-Related Ocular Surgery, According to Treatment

Group and Type of Surgery
Cl denotes confidence interval.

N Engl J Med. Author manuscript; available in PMC 2015 October 30.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Page 13
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Figure 2. Risk Reduction in the Intensive-Therapy Group versus the Conventional-Ther apy
Group, asa Function of Age at Baselinein the DCCT, According to Type of Surgery

Dashed lines indicate 95% confidence intervals.
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