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Abstract

Aims: The Glycemia Reduction Approaches in Diabetes - A Comparative Effectiveness 

(GRADE) trial is a randomized clinical trial comparing glycemic effects of four diabetes 

medications added to metformin in type 2 diabetes (T2D). Microvascular and macrovascular 

diseases are secondary outcomes. We evaluated the prevalence and risk factor relationships for 

microvascular and macrovascular complications in the GRADE cohort at study entry.

Methods: Complication prevalence and risk factors were analyzed based on data from screening 

in all consenting participants meeting GRADE eligibility. Logistic regression and Z-statistics were 

used to assess risk factor relationships with complications.

Results: We enrolled 5047 T2D participants [mean age 57 years; 36% female; mean knownT2D 

duration 4 years (all<10 years); mean HbA1c 8.0% (~64mmol/mol) at screening]. Urinary 

albumin/creatinine ratio (ACR) ≥30 mg/gram was present in 15.9% participants; peripheral 

neuropathy (by Michigan Neuropathy Screening Instrument) in 21.5%; cardiovascular autonomic 

neuropathy by electrocardiography-derived indices in 9.7%; self-reported retinopathy in 1.0%. 

Myocardial infarction ascertained by self-report or electrocardiogram was present in 7.3%, and 

self-reported history of stroke in 2.0%.

Conclusions: In the GRADE cohort with <10 years of T2D and a mean HbA1c of 8.0%, 

diabetes complications were present in a substantial fraction of participants, more so than might 

otherwise have been expected.
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INTRODUCTION

The morbidity and mortality associated with diabetes mellitus are driven by the associated 

microvascular and macrovascular complications [1–5], which contribute substantially to the 

cost of diabetes to health care systems [6]. While available evidence shows that glycemic 

control may account for ~ 50% of the risk of overall complications in patients with type 1 
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and type 2 diabetes [7, 8], glycemia most directly affects the risk of microvascular 

complications, with a more modest association with macrovascular disease [9, 10]. 

Nonglycemic risk factors such as hypertension, hyperlipidemia, and obesity also contribute 

to the risk of complications, with different epidemiologic relationships between glycemia 

and microvascular versus glycemia and macrovascular complications [4, 10–14].

The Glycemia Reduction Approaches in Diabetes - A Comparative Effectiveness (GRADE) 

Study is a prospective clinical trial designed to compare the glycemic effects of four 

randomly assigned diabetes medications added to metformin as second-line therapy in 

individuals with Type 2 diabetes (T2D) of less than 10 years of known diabetes duration 

[15]. Here we report the prevalence of diabetes-related microvascular and macrovascular 

complications in all consenting participants meeting GRADE eligibility at the time of 

eligibility screening, and their associations with risk factors.

MATERIAL AND METHODS

The overall design, methods of recruitment, and characteristics of the randomized GRADE 

cohort have been reported previously [15, 16]. In brief, 5047 consenting participants with 

T2D treated with metformin only, with HbA1c between 51 and 69 mmol/mol (6.8% and 

8.5%), and meeting other eligibility requirements were enrolled between 2013 and 2017 

(NCT01794143) [16]. All participating sites had Institutional Review Board approval and all 

participants provided a written consent. Participants who met screening criteria underwent a 

run-in period. Those who met central lab-measured HbA1c inclusion criteria at the end of 

run-in and adhered to study visit attendance and study-provided metformin were randomly 

assigned to one of four study medications. For the current analyses, we used laboratory 

values measured at the time of initial eligibility screening in all consenting participants 

meeting GRADE eligibility, prior to study-driven modification of diabetes medications 

including metformin.

2.1 Laboratory methods.

Screening HbA1c values were measured in local clinical laboratories at GRADE sites; these 

local HbA1c values were used in the current analyses. Total glycemic exposure was 

calculated as the screening HbA1c value multiplied by self-reported diabetes duration. Other 

laboratory measurements were performed by the Central Biochemistry Laboratory 

(Advanced Research and Diagnostic Laboratory, Department of Laboratory Medicine and 

Pathology, University of Minnesota), using standardized procedures and appropriate quality 

control surveillance. Serum and urine creatinine were measured by an enzymatic method 

(Roche Diagnostics, Indianapolis, IN) traceable to Isotope Dilution Mass Spectroscopy 

(IDMS). Plasma glucose was measured in EDTA plasma by a hexokinase method on the 

Roche cobas c501 chemistry analyzer (Roche Diagnostics, Indianapolis, IN). Insulin and C-

peptide were measured in EDTA plasma on the Roche cobas e601 immunoassay analyzer 

using a sandwich immunoassay (Roche Diagnostics, Indianapolis, IN). eGFR was calculated 

using the CKD-EPI equation [17]. Urine albumin was measured on a single sample using an 

immunoturbidimetric method (Roche Diagnostics, Indianapolis, IN). Cholesterol was 

measured using a cholesterol oxidase method (Roche Diagnostics, Indianapolis, IN). HDL-
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cholesterol was measured using the Roche HDL-Cholesterol 4th generation direct method 

(Roche Diagnostics, Indianapolis, IN). Triglycerides were measured using Triglyceride GB 

reagent (Roche Diagnostics, Indianapolis, IN). LDL was calculated using the Friedewald 

equation if the triglyceride concentration was <400 mg/dL (LDL-C = TC – HDL-C – 

triglyceride/5.0) [18].

2.2 Electrocardiograms:

Three consecutive 10-second 12-lead digitized electrocardiograms (ECGs) (GE MAC 1200 

electrocardiographs) were recorded in a standardized manner with the patient resting supine. 

These were read centrally using an automated process at the Epidemiological Cardiology 

Research Center (EPICARE; Wake Forest University School of Medicine, NC) using the 

2001 version of the GE Marquette 12-SL program (GE, Milwaukee, Wisconsin, USA). They 

were analyzed using the Minnesota criteria to ascertain prior Q-wave infarctions, and to 

extract indices of heart rate variability (HRV) as measures of cardiovascular autonomic 

neuropathy as also described below. ECG analyses were funded and implemented late in 

2013, resulting in missing baseline ECGs for 214 participants.

2.3 Complication Ascertainment and Outcomes Definitions:

Nephropathy was assessed using laboratory testing, as described above, and defined as the 

presence of either ACR≥30 mg/gram or eGFR<60 ml/min/m2/ 1.73 m2, in accordance with 

current definitions from national guidelines [3, 19].

Retinopathy was ascertained by self-report. Participants were asked whether they had been 

diagnosed with diabetic eye disease or had been treated with laser therapy, eye injections, or 

eye surgery for diabetic eye disease.

Diabetic peripheral neuropathy (DPN) was ascertained using the Michigan Neuropathy 

Screening Instrument (MNSI) as priorly reported [7, 20, 21]. It includes a 15-item 

interviewer-administered symptom questionnaire, plus a bilateral lower extremity clinical 

examination assessing ankle reflexes, vibration sensation at the great toes, and abnormalities 

in foot appearance including amputations. DPN was defined using a composite cut-off 

including both the MNSI questionnaire score and the clinical examination as previously 

reported [20].

Cardiovascular autonomic neuropathy (CAN) was defined using indices of HRV derived 

from standard 12-lead ECG recordings using the recently published cut-points defining 

abnormally low variability based on recently published population norms from the Multi-

Ethnic Study of Atherosclerosis (MESA) [22]. Two HRV indices were employed: standard 

deviation of normally conducted R-R intervals (SDNN) <8.2 ms, and root mean square of 

successive differences between normal-to-normal R-R intervals (rMSSD) <8 ms [22]. CAN 

was defined as the presence of abnormal values for both SDNN and rMSSD.

Myocardial infarction (MI) was ascertained by self-report (participants were asked, “Have 

you had a heart attack?”), and from automatically scored ECGs, as above. Stroke was 

ascertained by self-report (participants were asked, “Have you had a stroke?”).
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The number of evaluable subjects (denominators) for each complication varied owing to 

participants with missing data or technically inadequate samples.

2.4 Statistical Methods:

Discrete variables were summarized using counts and percentages, while continuous 

variables were summarized using means and standard deviations. The association between 

risk factors and outcomes was assessed separately by specific complication. Owing to small 

numbers, American Indian/Alaska Native, Asian, Native Hawaiian or Pacific Islander and 

multiple race categories (including unknown/not reported) were combined, and race was 

evaluated as three categories (White/African American/Other). Ethnicity was defined as 

Hispanic/Non-Hispanic. Odds ratios for the association between risk factors and outcomes 

were obtained using logistic regression models adjusted for age and sex, with additional 

adjustment for antihypertensive medications or lipid lowering agents for evaluation of blood 

pressure and lipid associations, respectively. The odds ratio (OR) for a continuous risk factor 

was expressed per 1 unit increment in that factor, such that the odds ratio per x units change 

in that risk factor is (OR)x. The accompanying p value expresses whether this regression 

coefficient differs from zero. Statistical significance was set at p<0.05 without adjustment 

for multiple comparisons.

We were interested in providing a quantitative comparison of the strength of association of 

risk factors with various complications. For a quantitative risk factor (such as age), odds 

ratios can be made as large or small as desired by changing the units of that risk factor (e.g., 

per 1 day, 1 year, or per 10 years of age). In contrast, Wald Z-test values, calculated as the 

ratio of the estimate (log odds ratio in a logistic regression) to its standard error, are unitless, 

but directional such that positive Z-values correspond to direct associations, and negative Z-

values corresponding to inverse associations. In addition, as any Z statistic with an absolute 

value of 3.89 or larger has P<0.0001, reporting Z values better presents information about 

the association under evaluation than is possible in simply reporting “p<0.0001”. Therefore, 

Z-values were used to present comparisons of the relative magnitude of risk factor 

associations with a given complication and were depicted using spider-plots.

RESULTS

General characteristics of the GRADE cohort have been previously presented in detail [16]. 

The average (mean ±SD) known diabetes duration by self-report was 4.0±2.7 years. Table 1 

presents the prevalence (count (%) and denominator) of diabetes-related microvascular and 

macrovascular complications. For each complication, the summary statistics for selected 

demographic and risk factors among the cases is presented, as well at the summary statistics 

for the complete cohort. Micro- and macrovascular complications are assessed in relation to 

a more comprehensive set of demographic, laboratory and clinical measures in Supplemental 

Tables 1 and 2. Supplemental Table 3 presents assessment of prevalence by individual 

component measures of complications against the more comprehensive set of risk factors.

As shown in Table 1, the prevalence of complications ranged from 7.3% (myocardial 

infarction, ascertained in 4.1% by self-report and 3.2% by ECG measurement) to 21.5% 

(peripheral neuropathy, ascertained by the MNSI). The combined prevalence of nephropathy 
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was 18%, principally based upon elevated single measures of urine albumin/creatinine ratio 

(15.9%) rather than reduced eGFR (2.4%) (Supplemental Table 3). Self-reported retinopathy 

was present in 1% of the cohort, and self-reported stroke was present in 2%.

Figure 1 presents spider plots demonstrating associations among risk factors and 

complications for participants. These plots provide a visual quantification of the magnitude 

of associations, summarizing details provided in the tables. Stronger associations are 

reflected by larger Z scores. Age was directly associated with prevalence of complications, 

with very high Z scores (Figure 1A). Female sex was associated with lower prevalence of 

complications, with a strong protective effect for myocardial infarction (Z= −5.9). Compared 

to White race, African American race was associated with a lower CAN prevalence (Z= − 

4.3). Those in the “Other” race category were also less likely to have CAN (Z= −2.2) but 

had a higher prevalence of nephropathy (Z= +2.2).

There were no associations between any of the assessed complications and diabetes 

duration, HbA1c at the time of eligibility screening, or the calculated total glycemic 

exposure estimate based on years since self-reported diagnosis (Figure 1B, Tables 1). 

Obesity measures were directly associated with nephropathy, DPN and CAN but not with 

stroke or myocardial infarction (Figure 1B, Table 1).

Associations of complications with blood pressure and lipids levels, and smoking are 

presented in Figure 1C and in Table 1. Systolic and diastolic blood pressure were directly 

associated with nephropathy, but not with DPN, myocardial infarction, or stroke. Diastolic 

blood pressure was directly associated with CAN (Table 1). In contrast, the presence of 

diagnosed hypertension or self-reported use of blood pressure lowering medications were 

strongly and directly associated with nephropathy (Z= +7.2 and +6.6, respectively), DPN 

(Z=+3.3 and +2.9, respectively), and myocardial infarction (Z= +6.8 and +6.9, respectively) 

(Supplemental Tables 1 and 2). These associations were much stronger than associations for 

blood pressure values as continuous measures.

These lipid and blood pressure values, and their associations with complications detailed 

above, were observed in the context of reasonably high prevalence of appropriately targeted 

medications. For example, use of Renin-Angiotensin System inhibitors [angiotensin receptor 

blockers (ARBs) or angiotensin converting enzyme (ACE) inhibitors] by self-report was 

58%, calcium channel blockers was 14%, and statin use was 64%. Medication use was 

higher among the participants with prevalent diabetes complications. For example, 69% of 

the participants with nephropathy were on either ARBs or ACE inhibitors (20% on ARBs, 

50% on ACE inhibitors, and 1% on both). Likewise, of the participants with an MI, 91% 

were on antihypertensive medications, and 83% were on statins. Of the participants with a 

stroke, 91% were on antihypertensive medications, and 79% were on statins.

Associations of complications with lipoproteins and with metabolic syndrome, defined using 

ATP III criteria [23], are presented in Figure 1C and in Supplemental Tables 1 and 2. LDL-

cholesterol was not associated with myocardial infarction after adjustment for use of lipid 

lowering medications. HDL-cholesterol was inversely associated with nephropathy (Z=− 

3.3), DPN (Z= −4.7), CAN (Z= −2.0) and MI (Z= −3.1). Triglycerides were strongly 
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associated with nephropathy (Z= +6.4), DPN (Z= +4.3) and CAN (Z= +5.8), but not with 

myocardial infarction or stroke. The metabolic syndrome, present in 91% of the cohort, was 

directly associated with nephropathy (Z= +3.6), DPN (Z= +2.4), and myocardial infarction 

(Z= +2.7), concordant with the underlying lipid and blood pressure relationships described 

above.

Table 2 presents the nephropathy-related variables according to KDIGO categories to 

describe our cohort using this classification system. This demonstrates that in this cohort 

more participants presented with elevated ACR than reduced eGFR, although more 

advanced proteinuria (≥300 mg/g) was present in only few cases (1.66%).

DISCUSSION

We report the prevalence of microvascular and macrovascular complications in eligible 

GRADE participants at the time of eligibility screening, prior to initiation of any protocol-

driven changes in treatment. At screening, the GRADE cohort had an average of known 

diabetes duration of 4 years, HbA1c ~8.0% (~64 mmol/mol), and was obese with an average 

BMI of 34.3 kg/m2. Some distinctive characteristics of this cohort are driven by the facts 

that the known diabetes duration and HbA1c were restricted by trial inclusion/exclusion 

criteria: duration <10 years and HbA1c 51–69 mmol/L (6.8% – 8.5%) at the end of run-in, 

as well as absence of any major CVD events within prior year or history of congestive heart 

failure NYHA 3 or greater. However, the GRADE cohort is similar to other contemporary 

US diabetes populations in terms of obesity (BMI ~34 kg/m2), smoking (46% current or 

past), and treatment with blood pressure medications (69%) and lipid lowering medications 

(66%). [16, 19, 24]

Diabetes-associated complications were observed in our cohort, with prevalence of directly 

ascertained complications ranging from 7% (for myocardial infarction) to 21.5% (for 

diabetic peripheral neuropathy assessed with the Michigan Neuropathy Screening 

Instrument).

The observed rate of diabetic nephropathy in this cohort was 18.1%. This rate is principally 

driven by modestly elevated albumin/creatinine ratios and the systematic exclusion of 

participants with serum creatinine >1.4 mg/dl in women and >1.5 mg/dl in men by study 

design. These measurements were not confirmed using repeat testing, and therefore may 

overestimate the prevalence of albuminuria [25–27]. Conversely, given the high prevalence 

of guideline-driven blood pressure lowering medications [16], this could be an 

underestimate. This observed prevalence is higher than the ~6% prevalence seen in the pre-

diabetic population in the Diabetes Prevention Program [27, 28] but is comparable to 

prevalence reported in populations with established T2D [29–33]. Expected associations 

with obesity, blood pressure, and lipids were observed. Only a very small subset of this 

population (1.66%) had evidence of more advanced albuminuria defined as ACR ≥ 300 mg/g 

at study entry (Table 2). GRADE selection criteria largely excluded individuals with stage 3 

chronic kidney disease (G3), but the majority of those with abnormal proteinuria (A2 or 

greater) had eGFR exceeding 60 ml/min/1.73 m2.
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We observed a 21.5% prevalence of DPN in GRADE ascertained using the validated MNSI, 

administered by trained certified personnel. The MNSI has been successfully used in large 

cohorts with T2D and T1D [7, 20, 21]. This prevalence is consistent with that found in other 

cohorts of patients with newly diagnosed T2D or prediabetes, such as the Danish arm of the 

Anglo-Danish-Dutch study of Intensive Treatment of Diabetes in Primary Care 

(ADDITION; 13% among those with screen-detected diabetes), the San Luis Valley Study 

(11% prediabetes, 26% diabetes), and MONICA/KORA (13% prediabetes, 28% diabetes), 

although there were some variations in the scoring algorithm(s) or outcome measures used 

to define DPN among these other cohorts[34–36]. In the GRADE cohort, age was the 

strongest risk factor for DPN, but other non-glycemic variables were also strongly associated 

including obesity, hypertension, and low HDL-cholesterol and high triglycerides. These 

observations are concordant with data from other contemporary cohorts with T2D or obesity 

[34–37].

CAN was ascertained based on indices of HRV derived from standard 12-lead ECG 

recordings using the recently published cut-points defining abnormally low variability as 

described [22]. Indices of HRV obtained from 10-second 12-lead ECGs recordings have 

been used successfully in several other large cohorts and demonstrated to be accurate 

predictors for mortality and cardiovascular risk [21, 36]. The CAN prevalence found in the 

GRADE cohort is comparable with reports from other cohorts with early T2D such as the 

ADDITION study, which reported prevalence of 9.0% after approximately six years follow-

up and 15% after thirteen years of follow-up [34]. The risk factors most strongly associated 

with the presence of CAN were age, obesity, blood pressure and dyslipidemia, consistent 

with others [38]. The observation of lower prevalence of CAN in non-White races in the 

GRADE cohort adds to an inconsistent body of literature on race/ethnicity differences, with 

population-based studies reporting lower, matching, or higher rates of CAN and other 

complications in non-White race groups [39–41].

Myocardial infarction was assessed by a combination of self-report (5.1% prevalence) and 

automated detection of Q waves on ECG readings (3.2% prevalence), with a combined 

prevalence of 7.3%. Age and sex exhibited expected relationships with this outcome. 

Hypertension (Z= +6.8) and smoking (Z= +4.7) were also associated as expected, but among 

the continuous variables, only HDL cholesterol values were associated after adjustment for 

statin exposures with prior myocardial infarction in this cohort. The associations between 

blood pressure variables and myocardial infarction were modest compared with strong blood 

pressure effects on nephropathy, and blood pressures levels were not associated with self-

reported stroke.

Notably, in our analyses, glycemia assessed by HbA1c measured in the local laboratory at 

the time of eligibility screening was not associated with any of the assessed complications. 

This is in contrast to a well-established literature demonstrating relationships between 

glycemia or glycemic exposure and various diabetes-related complications [7–10]. The short 

known duration of diagnosed diabetes, the relatively low total glycemic exposure, and the 

narrow range of glycemia owing to the eligibility criteria, namely HbA1c between 51 and 69 

mmol/mol (6.8% and 8.5%) may have contributed to the failure to demonstrate an 

association of glycemia with the assessed complications. Self-reported duration of diabetes 
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plus uncertainty and variability in the timing of diagnosis relative to timing of disease onset 

limits interpretation of this observation.

The time course of glycemia in the pre-screening window is unknown. However, the 

eligibility screening HbA1c best reflects the status of each patient over the period since 

diagnosis and prior to intervention. After, screening subjects were enrolled into a run-in 

period where the metformin dose was titrated upwards resulting in a decline in HbA1c. 

However, this screening HbA1c was measured at each clinical center local laboratory. 

Heterogeneity among local laboratory distributions, and random variation within 

laboratories could have dampened the association of the screening HbA1c with 

complications.

These observations allow us to focus on the relevance and impact of the non-glycemic risk 

factors for the assessed complications; traditional non-glycemic risk factors confer risk for 

diabetes-related complications in early type 2 diabetes, even in the absence of a strong 

relationship with glycemia. This message has been implicit in risk equations, for example 

the RECODe equation [42], where the contributions of risk factors other than glycemia can 

be quantified. These observations highlight the importance of a multifactorial approach to 

risk management in type 2 diabetes [43].

Strengths of this study include the objective ascertainment of nephropathy, peripheral 

neuropathy, and cardiovascular autonomic neuropathy. Ascertainment of prior Q-wave 

myocardial infarction was supplemented with self-reported events, confirming and extending 

the prevalence estimate. Weaknesses include the ascertainment of stroke and particularly 

retinopathy by self-report; prior studies have shown that self-report of retinopathy is 

insensitive to mild disease evident on retinal evaluations but not requiring ocular 

intervention [44, 45]. Other weaknesses include the fact that true diabetes duration is 

unknown, and the fact that these cross-sectional analyses of prevalent medical conditions 

and treatments are uninformative regarding temporal sequences and therefore cannot be used 

for inferences of causality.

In summary, in the GRADE cohort we observed rates of traditional diabetes-related 

complications ranging from 7–21%. These complications overall exhibited expected 

relationships with non-glycemic risk factors. The observed lack of association with glycemia 

measures is likely attributed to the constraints on diabetes duration and glycemia imposed by 

study enrollment criteria, but these observations highlight the relevance of non-glycemic risk 

factors even for complications traditionally viewed as glucose-related.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• In the GRADE cohort prevalence of diabetes-related complications at 

baseline ranged from 7–21%.

• These complications overall exhibited expected relationships with non-

glycemic risk factors.

• Expected relationships with glycemia were not seen, likely owing to study 

enrollment criteria.

• These observations provide a baseline for observations of randomized 

treatment effects.
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Figure 1. 
Spider plots presenting absolute Z-scores relating risk factors (lines within the plots) with 

complications (on the rays), allowing assessment of relative strengths of risk factor 

associations across the various complications. The grey circles describe z-scale values; z-

values larger than 1.96 in absolute value (outside the black circle) are considered nominally 

significant. Panel A, associations of age, sex and race with individual micro- and 

macrovascular complications in logistic regression models. The model evaluating age was 

adjusted for sex, and vice versa; the model evaluating race was adjusted for sex and race. 

Panel B, associations of HbA1c and known diabetes duration with individual micro- and 

macrovascular complications in logistic regression models adjusted for age and sex. Panel C, 

associations of body mass index (BMI), smoking, hypertension and non-HDL cholesterol 

(non-HDLc) with individual micro- and macrovascular complications in logistic regression 

models adjusted for age and sex. Absolute Z values are presented as the measure of strength 

of association. The Z-score for non-HDLc was obtained from logistic regression models 

adjusted for lipid-lowering agents. This presentation compares strengths of association; 

magnitude and directionality of these relationships are found in Table 1 and Supplemental 

Tables 1 and 2. Note that the scales in the three panels are different.
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