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Abstract

Aims: Evaluate the relationship between measures of glycemia with β-cell function and insulin 

sensitivity in adults with early type 2 diabetes mellitus (T2DM).

Methods: This cross-sectional analysis evaluated baseline data from 3108 adults with T2DM <10 

years treated with metformin alone enrolled in the Glycemia Reduction Approaches in Diabetes: A 

Comparative Effectiveness (GRADE) Study. Insulin and C-peptide responses and insulin 

sensitivity were calculated from 2-hour oral glucose tolerance tests. Regression models evaluated 

the relationships between glycemic measures (HbA1c, fasting and 2-hour glucose), measures of β-

cell function and insulin sensitivity.

Results: Insulin and C-peptide responses were inversely associated with insulin sensitivity. 

Glycemic measures were inversely associated with insulin and C-peptide responses adjusted for 

insulin sensitivity. HbA1c demonstrated modest associations with β-cell function (range: r −0.22 

to −0.35). Fasting and 2-hour glucose were associated with early insulin and C-peptide responses 

(range: r −0.37 to −0.40) as well as late insulin and total insulin and C-peptide responses (range: r 

−0.50 to −0.60).

Conclusion: Glycemia is strongly associated with β-cell dysfunction in adults with early T2DM 

treated with metformin alone. Efforts to improve glycemia should focus on interventions aimed at 

improving β-cell function.
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1 Introduction

1.1 Impaired β-cell function and decreased insulin sensitivity are key factors in the 
pathogenesis and progression of type 2 diabetes mellitus (T2DM) 1.

As the β-cell becomes dysfunctional, it is unable to rapidly respond to changes in glucose 

concentrations and secrete adequate amounts of insulin to maintain normal glucose 

concentrations. In longitudinal studies, insulin responses to glucose deteriorate over time in 

those who progress to T2DM, while non-progressors continue to compensate for decreased 

insulin sensitivity by increasing insulin responses 2,3. The impairment in the insulin response 

is the result of β-cell dysfunction that precedes the detection of T2DM 2 and continues to 

progress after diagnosis 4. Using fasting measures, the UK Prospective Diabetes Study 

(UKPDS) found that despite glucose-lowering treatment, glycemic control deteriorated over 

time and was associated with deteriorating β-cell function 4.

1.2 Associations between progressively increasing glycemia and declining β-cell 
function in those with pre-diabetes are well recognized 5–7, being also associated with 
prospective risk of progression to overt T2DM 8,9.

These relationships have not been well evaluated in early diabetes (<10 years duration), with 

an assumption that glycemic elevations become dissociated from β-cell function as the latter 

declines. Evaluating the relationships between clinical measures of glycemia and estimates 
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of β-cell function and insulin sensitivity in those with early T2DM may therefore provide 

important information about the underlying pathophysiology of β-cell dysfunction. Such 

information may be informative regarding the potential for reversal or recovery of β-cell 

function in relation to improvements in glycemia.

1.3 Here we examine the relationships between measures of β-cell function and glycemia 
in a large cohort of adults with T2DM from the Glycemia Reduction Approaches in 
Diabetes: A Comparative Effectiveness (GRADE) Study.

According to study requirements, at baseline participants enrolled in the GRADE Study 

were being uniformly treated for their diabetes with metformin alone (11), and therefore 

analyses were not confounded by other glucose-lowering treatments. Glycemic measures 

and dynamic insulin and C-peptide responses to oral glucose from standardized 75-gram 

oral glucose tolerance tests (OGTTs) were assessed. C-peptide, which is co-secreted by the 

β-cell with insulin but is not impacted by extraction from the liver 10, was also measured as 

it provides a measure of the β-cell response with less variability 11. We hypothesized that 

measures of glycemia would be inversely associated with insulin and C-peptide responses 

adjusted for insulin sensitivity. We also sought to evaluate the strength of association 

between different measures of glycemia and β-cell response parameters derived from 

different time intervals during the OGTT.

2. Materials and Methods

2.1 This is a cross-sectional analysis of baseline data from participants with T2DM 
enrolled in the GRADE Study.

GRADE is an NIH-funded multicenter study designed to evaluate the effectiveness of four 

different glucose-lowering medications when added to metformin on glycemic control in 

adults with T2DM. Rationale and full details of the study design are available on the 

GRADE website (https://grade.bsc.gwu.edu/ancillary-study-info). The study is being 

conducted at 36 funded clinical centers with 9 additional sub-sites in the United States. All 

participants provided written informed consent and the study was approved by each site’s 

institutional review board.

2.2. Participants

2.2.1 Participants were eligible to enroll in the GRADE Study if they were ≥30 
years of age (≥20 years of age if Native American) at the time of T2DM 
diagnosis, had been diagnosed less than 10 years prior to screening for the 
study, had an HbA1c between 6.8–8.5% (51–69 mmol/mol), and were taking at 
least 1000 mg of metformin per day at the end of a run-in period.—Exclusion 

criteria included: suspected type 1 diabetes, treatment with glucose-lowering medications 

other than metformin within the past 6 months, ongoing use of medications that could 

impact glucose metabolism such as systemic corticosteroids, significant medical illness, or 

organ failure 12.

2.2.2 A total of 5047 adults were enrolled into the GRADE Study and 
completed the baseline visit prior to treatment randomization.—Insulin has not 
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yet been measured in any of the samples from subjects randomized to the glargine group 

(n=1263) due to difficulties in measuring insulin with immunoassays in patients treated with 

glargine. Thus, this group was excluded from this analysis. Also excluded were 321 

participants with incomplete glucose data, 350 with incomplete insulin data and 5 with 

incomplete C-peptide data. Thus, data from a total of 3108 were available for this analysis.

2.3 Study Procedures:

Eligible participants were enrolled and participated in a 4–8 week run-in period during 

which their metformin dose was increased to the target dose of 2000 mg per day, as 

tolerated. At the end of run-in, participants returned after an overnight fast of at least 8 hours 

and underwent a standard 75-gram OGTT. Metformin was not taken on the morning of the 

test. Participants consumed the glucose drink within 5 minutes and blood samples were 

drawn at 0, 30, 60, 90 and 120 minutes relative to the start of glucose ingestion. Blood 

samples for glucose, insulin and C-peptide were separated on-site with serum and plasma 

aliquoted into cryovials, frozen and shipped on dry ice to the central laboratory where they 

were assayed.

2.4 Assays:

HbA1c was measured in EDTA whole blood on the Tosoh HPLC Glycohemoglobin 

Analyzer (Tosoh Medics, Inc., San Francisco, CA) using an automated high-performance 

liquid chromatography method. This method is calibrated against the National 

Glycohemoglobin Standardization Program (NGSP) standards. Plasma glucose was 

measured in EDTA plasma with 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 46250).

2.5 Calculations:

Insulin sensitivity (HOMA2-S) was calculated using the HOMA2 Calculator version 2.2.3 

(Diabetes Trials Unit, University of Oxford, Oxford, UK) 13,14 The Matsuda index of insulin 

sensitivity was calculated as 104/(I0 × G0 × Im × Gm)½, where G0 and Gm are the fasting and 

mean glucose in mg/dL and I0 and Im are the fasting and mean insulin in mIU/L 15. The 

insulinogenic index (IGI), a measure of the early insulin response, was calculated as the 

change in insulin divided by the change in glucose from 0 to 30 minutes. A similar C-

peptide index (CPI) for the early response was calculated as the change in C-peptide divided 

by the change in glucose from 0 to 30 minutes. For each OGTT the mean incremental area 

under the curve (incAUC) for glucose, insulin and C-peptide was calculated as the AUC/120 

minus the fasting value. The ratios of total incAUC insulin and C-peptide responses were 

divided by the total incAUC glucose (incAUCins/incAUCglu and incAUC-CP/incAUCglu) 

to reflect total insulin and C-peptide responses to glucose over the OGTT. The late insulin 

response was calculated as 100 × (InsulinAUC60–120/60-I0)/GlucoseAUC60–120/60-G0). An 

estimate of insulin clearance was calculated as fasting C-peptide divided by fasting insulin.
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2.6 Statistical Analysis

2.6.1 Participant characteristics were summarized using means and 
standard deviations for quantitative variables and counts and column 
percentages for qualitative variables.—Comparisons across HbA1c sub-groups use 

the Χ2-test of independence for qualitative variables and the F-test for quantitative variables. 

As HOMA2-S is based in part on the fasting glucose concentration, correlations are not 

reported for this pair of variables.

2.6.2 Insulin, HOMA2-S, the Matsuda index, insulinogenic and C-peptide 
indices, the late insulin response and the ratios of incremental insulin and C-
peptide AUC to incremental glucose AUC included extreme outliers.—To reduce 

the influence of outliers on analyses, these variables were Winsorized, i.e. values above or 

below specified cutoffs were replaced by the cutoffs. For each variable, the Winsorization 

upper (lower) cutoff was set to the median plus (minus) 8.9 times the distance from the 

median to the upper (lower) quartiles. For a normally distributed variable, this would result 

in cutoffs 6 standard deviations above and below the mean. The number of Winsorized 

values ranged from 5 (0.2%) for insulin at 30 minutes to 26 (0.8%) for the late insulin 

response.

2.6.3 Scatterplots are presented with lowess smoothing. Spearman 
correlations are reported as unadjusted, and then adjusted for sex, age, race, 
BMI, eGFR, metformin dose and diabetes duration.—The adjusted Spearman 

correlations are calculated as the Pearson correlations between the residuals of models with 

a rank transformed dependent variable. Correlation values are only shown if they are 

nominally significant at the 0.05 level and at least 0.1 in absolute value. Finally, two 

correlations were considered to differ (i.e. were relatively stronger or weaker) if their 

difference was statistically significant at the 0.05 level and the two correlations differed by 

0.05 or more.

3. Results

3.1 Participant Characteristics

3.1.1 Table 1 provides descriptive details on the baseline characteristics for 
all participants and participants grouped by clinically-related HbA1c values.—
The cohort was majority male, middle aged, and obese, and had T2DM for an average of 

4.0±2.8 years. The cohort was racially diverse with the majority White. Most participants 

were taking the study-targeted maximum dose metformin of 2000 mg per day at the time of 

the OGTT.

3.2 Relationship between Insulin Sensitivity and Insulin and C-peptide Responses

3.2.1 Insulin and C-peptide responses to glucose were inversely associated 
with insulin sensitivity estimated using either HOMA2-S or Matsuda Index 
(Figure 1).—This inverse relationship was much flatter for C-peptide than for insulin. 

Based on this relationship, insulin and C-peptide responses were adjusted for insulin 

sensitivity in statistical models to assess β-cell function.
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3.3 Relationship between Glycemic Measures, Insulin Sensitivity and β-cell Responses

3.3.1 Figure 2 shows the unadjusted associations of measures of glycemia 
with measures of insulin sensitivity and insulin and C-peptide responses.—
Figure 3 shows the correlation coefficients after adjusting for age, sex, race, BMI, eGFR, 

metformin dose, diabetes duration and HOMA2-S.

3.3.2 There were significant but weak inverse relationships for HbA1c with 
HOMA2-S (r=−0.082, p<0.001) and the Matsuda index (r=−0.073, p<0.001).—
Stronger associations were observed for the relationships for fasting glucose with HOMA2-

S (r=−0.24, p<0.001) and Matsuda Index (r=−0.256, p<0.001). Of note, both HOMA2-S and 

Matsuda Index include fasting glucose as part of their calculation. Two-hour glucose was not 

associated with HOMA2-S (r=0.044, p=0.14) or the Matsuda Index (r=−0.01, p=0.57) in the 

unadjusted models, but the association with Matsuda Index reached significance in the fully 

adjusted model (r=−0.13, p<0.001). The fasting C-peptide/insulin ratio, an estimate of 

insulin clearance, was only weakly associated with HbA1c (r=−0.045, p=0.013), fasting 

glucose (r=0.107, p<0.001) and 2-hour glucose (r=0.08, p<0.001).

3.3.3 All insulin and C-peptide response measures were inversely associated 
with HbA1c and with fasting and 2-hour glucose concentrations (Figure 2).—
No threshold or inflection point was apparent, but values appear to plateau when HbA1c 

reaches 7.2%, which is at the lower end of the eligibility criteria (6.8–8.5%). Adjustment for 

insulin sensitivity with HOMA2-S strengthened the relationship with HbA1c, but the 

changes were small and adjustment with Matsuda Index instead of HOMA2-S produced 

similar results (data not shown).

3.3.4 Figure 3 depicts the correlation coefficients (r values) between 
glycemic measures and insulin and C-peptide responses after full adjustment 
including insulin sensitivity.—Associations were evident for early, late and incremental 

insulin and C-peptide responses, with slightly higher r values noted for the late insulin 

response and incAUC insulin and C-peptide responses than the early responses. Correlations 

between HbA1c and insulin and C-peptide responses had lower r values compared to 

correlations between fasting and 2-hour glucose with insulin and C-peptide responses. 

Finally, r values for C-peptide and insulin responses were very similar for the early response, 

but higher for incAUC-CP/incAUCglu than for incAUCins/incAUCglu.

4. Discussion

4.1 Insulin resistance and β-cell dysfunction are well recognized as key features 
underlying the development of T2DM.

Once T2DM is established and glucose-lowering medication is started, the roles that insulin 

sensitivity and β-cell function play in glycemic control are less clear. There are four salient 

points in this examination of the relationship between glycemia and β-cell peptide responses 

in adults with early T2DM. First, we demonstrate that the inverse nonlinear relationships 

between insulin sensitivity and insulin and C-peptide responses to glucose are still present, 

suggesting that the modulating effect of insulin sensitivity on β-cell secretory responses is 
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still operative in early T2DM. Second, we found significant inverse correlations between 

glycemic measures and insulin and C-peptide responses suggesting that residual β-cell 

function remains a major determinant of glycemic control. Those with the highest insulin 

and C-peptide responses had the lowest HbA1c and glucose concentrations and vice versa. 

Third, glycemic measures were inversely correlated with all β-cell responses but were more 

strongly associated with the late insulin response as well as the incAUC insulin and C-

peptide responses than the early insulin and C-peptide responses. Finally, HbA1c 

demonstrated steep inverse relationships with insulin and C-peptide responses at HbA1c 

values >7.2%, but also had high variability and lower correlations than fasting and 2-hour 

glucose concentrations.

4.2 Insulin sensitivity in populations without diabetes is an independent predictor of 
progression to T2DM 9,16

Here, we observed a broad range of insulin sensitivity within the GRADE cohort, and, in 

keeping with the existing literature, an inverse relationship between insulin sensitivity and 

insulin and C-peptide responses. Glycemia was not strongly associated with insulin 

sensitivity as the relationships between measures of glycemia and insulin sensitivity were 

fairly flat. This contrasts with associations between measures of glycemia and estimates of 

β-cell function which were steep and had stronger correlations. This suggests that β-cell 

function in early T2DM is a more important predictor of glycemic control than insulin 

sensitivity.

4.3 Loss of the early insulin response is critical in the pathogenesis of diabetes and is 
predictive of development of T2DM 17.

In studies in the Pima Indians, the first phase insulin response to intravenous glucose 

decreased progressively from normal glucose tolerance to diabetes 2 and predicted 

progression 16. In fact, when considered in the context of the prevailing insulin sensitivity, 

reduced β-cell function was already present in those who progressed at a time when they 

still had normal glucose tolerance. Similarly, the oral disposition index (insulinogenic index 

adjusted for prevailing insulin sensitivity) decreased from normal glucose tolerance to 

impaired glucose tolerance to T2DM 6,7 and predicted progression to T2DM at 10 years 

above and beyond baseline fasting and 2-hour glucose levels 6. Interestingly, in those with 

normal glucose tolerance, the oral disposition index decreased as the fasting glucose 

increased across the normal glucose range 18. The current data demonstrate that there are 

further gradations of early insulin and C-peptide responses in relation to glycemia well 

above the diabetes diagnostic cut-point and that the early response remains important for 

glycemic management in early T2DM.

Studies in participants without diabetes have also shown that the late phase insulin response 

from 60–120 minutes independently predicts development of diabetes and improves a 

standard prediction model containing the early insulin response 19. In the GRADE cohort 

glycemic measures were inversely associated with late insulin and incAUC insulin and 

incAUC C-peptide responses, with r values slightly higher than for those relationships with 

the early responses. This observation suggests that in those with early T2DM, where the 

early insulin response is already deficient, preservation of late insulin secretion also plays an 
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important role in lowering glucose levels. The inverse relationship with late insulin and total 

insulin and C-peptide responses also appears to be most evident in those with higher HbA1c. 

This implies that in those with poorer glycemic control, small improvements in β-cell 

secretory function could have dramatic effects on improving glycemic control; conversely, 

worsening of β-cell secretory function would be predicted to have a larger negative impact 

on glycemic control.

4.4 HbA1c is the most common measure of glycemia used in clinical practice.

While HbA1c was significantly associated with insulin and C-peptide responses with fairly 

steep relationships, there was broad variability and the correlation r values were lower than 

those for fasting and 2-hour glucose concentrations. This is likely in part tautological since 

fasting and 2-hour glucose values are incorporated into the equations for the measures of 

insulin sensitivity and release and are performed on the same day, while HbA1c reflects 

average glucose levels over a longer period of time and can be affected by multiple other 

factors including red cell turnover 20. Given these findings, HbA1c is probably not as 

reliable as a surrogate measure of β-cell function as fasting and 2-hour glucose 

concentrations.

4.5 The strengths of this study include the large number of participants with early T2DM 
uniformly treated with metformin alone.

Thus, the results are not confounded by glucose-lowering medications with differing 

mechanisms of action. Further, the cohort includes both men and women and a range of 

ethnic and racial groups. Additionally, insulin and C-peptide were measured at frequent time 

points during standardized OGTTs, allowing assessments of β-cell function, which is not 

typical of most large clinical trials. Despite differences in kinetics of insulin and C-peptide 

clearance, we found that the β-cell responses derived from these two measures were 

similarly correlated with measures of glycemia, suggesting that either measure could be used 

to better understand the mechanisms underlying treatment effects and disease 

pathophysiology in adults with T2DM treated with metformin.

4.6 In conclusion, analyses of the baseline data from the GRADE cohort contribute to the 
literature demonstrating that β-cell function is of importance in determining glycemia in 
early T2DM, and importantly demonstrate the extension of known relationships between 
glycemia and β-cell function into the diabetes range of glycemia, defined in GRADE by a 
HbA1c 6.8–8.5%.

While early insulin responses are diminished early in the pathogenesis of T2DM, both early 

and late insulin responses were found to be important in overall glycemic control. These 

observations argue that where possible measures to estimate β-cell function should be 

included in clinical trials in order to understand the physiologic basis for treatment effects, 

and that interventions most likely to be of benefit on glycemia should specifically target 

mechanisms to improve or preserve β-cell function.

Supplementary Material

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

• HbA1c and glucose levels reflect underlying β-cell dysfunction in type 2 

diabetes.

• Glycemia correlates more strongly with β-cell dysfunction than insulin 

resistance.

• Glycemia correlates better with late and total vs. early insulin/glucose 

responses.
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Figure 1: 
Scatterplots of HOMA2-S and Matsuda index against the insulinogenic index, the late 

insulin response, the C-peptide index, and the ratios of incremental areas under the insulin 

and C-peptide curves to the incremental area under the glucose curve. The smooth curves are 

from lowess smoothers. For each plot, the Spearman correlation and its asymptotic p-value 

are reported.
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Figure 2. 
Unadjusted associations between glycemic variables (rows across) and insulin sensitivity 

and insulin (ins) and C-peptide (CP) responses (columns down) are depicted. HbA1c and 

fasting and 2-hour plasma glucose concentrations were inversely associated with insulin 

sensitivity and insulin and C-peptide responses. The associations were steeper for insulin 

and C-peptide responses than for insulin sensitivity. Only Spearman correlations significant 

at the p<0.05 level and absolute r values at least 0.1 are shown. Glu=glucose
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Figure 3. 
Relationships between multiple measures of glycemia and insulin (ins) and C-peptide (CP) 

responses. All partial correlation models were adjusted for sex, age, race, BMI, eGFR, 

metformin dose, diabetes duration and HOMA2-S. The solid circles represent correlations 

that met both absolute r values >0.1 and p<0.05 criteria.
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Table 1.

Descriptive characteristics of the cohort by baseline HbA1c

Groups by Baseline HbA1c % (mmol/mol)

6.8–6.9 7.0–7.4 7.5–7.9 8.0–8.5

(50.8–2.9) (53.0–8.4) (58.5–63.8) (63.9–69.4) All p-value*

N 441 1,171 837 659 3,108

Female (%) 153 (34.7%) 446 (38.1%) 282 (33.7%) 243 (36.9%) 1,124 (36.2%) 0.199

Age (y) 57.0±9.9 57.2±10.0 56.4±9.9 55.4±10.1 56.6±10.0 0.002

Race (%) 0.444

Am Ind/Alaska Native 11 (2.5%) 35 (3.0%) 27 (3.2%) 30 (4.6%) 103 (3.3%)

Asian 16 (3.6%) 49 (4.2%) 35 (4.2%) 19 (2.9%) 119 (3.8%)

Hawaiian/Pacific Islander 4 (0.9%) 8 (0.7%) 4 (0.5%) 4 (0.6%) 20 (0.6%)

Black or African-American 94 (21.3%) 224 (19.1%) 135 (16.1%) 100 (15.2%) 553 (17.8%)

White 280 (63.5%) 775 (66.2%) 574 (68.6%) 455 (69.0%) 2,084 (67.1%)

Other/multiple 30 (6.8%) 66 (5.6%) 51 (6.1%) 42 (6.4%) 189 (6.1%)

Unknown/not reported 6 (1.4%) 14 (1.2%) 11 (1.3%) 9 (1.4%) 40 (1.3%)

Hispanic (%) 86 (19.6%) 202 (17.4%) 177 (21.4%) 146 (22.3%) 611 (19.8%) 0.040

Weight (kg) 97.9 ± 21.6 98.7 ± 21.9 100.7 ± 22.0 100.7 ± 23.1 99.6 ± 22.1 0.036

BMI (kg/m2) 33.8 ± 6.8 33.9 ± 6.4 34.4 ± 6.9 34.5 ± 6.8 34.2 ± 6.7 0.084

Waist circumference (cm) 110.5 ± 15.3 111.6 ± 15.8 112.8 ± 15.7 113.5 ± 15.8 112.2 ± 15.7 0.005

Duration of diabetes (y) 3.4 ± 2.6 4.0 ± 2.7 4.1 ± 2.8 4.4 ± 2.8 4.0 ± 2.8 <0.001

Metformin dose (mg/day) <0.001

1000 24 (5.4%) 48 (4.1%) 21 (2.5%) 14 (2.1%) 107 (3.4%)

1500 24 (5.4%) 56 (4.8%) 30 (3.6%) 14 (2.1%) 124 (4.0%)

2000 393 (89.1%) 1,067 (91.1%) 786 (93.9%) 631 (95.8%) 2,877 (92.6%)

eGFR (ml/min) 93.5 ± 16.7 94.3 ± 17.0 95.6 ± 16.5 98.4 ± 16.9 95.4 ± 16.9 <0.001

HbA1c (%) 6.9 ± 0.0 7.2 ± 0.1 7.7 ± 0.1 8.2 ± 0.2 7.5 ± 0.5 <0.001

HbA1c (mmol/mol) 51.4±0.5 55.2±1. 60.5±1.5 66.4±1.9 58.4±5.3 <0.001

Fasting glucose (mmol/L) 7.4 ± 1.2 8.0 ± 1.4 8.7 ± 1.6 9.5 ± 2.0 8.4 ± 1.7 <0.001

2-hour glucose (mmol/L) 14.5 ± 2.9 15.3 ± 2.9 16.4 ± 2.9 7.6 ± 2.9 16.0 ± 3.1 <0.001

Inc. glucose AUC mean (mmol/L) 6.0 ± 1.5 6.1 ± 1.6 6.4 ± 1.5 6.5 ± 1.6 6.3 ± 1.6 <0.001

Fasting insulin (pmol/L) 119.9 ± 78.8 126.3 ± 86.4 134.1 ± 95.9 133.1 ± 90.6 128.9 ± 89.0 0.002

HOMA2-S (%) 63.3 ± 47.5 56.5 ± 37.8 54.7 ± 39.2 54.3 ± 41.8 56.5 ± 40.6 <0.001

Matsuda index (1/(uU * mg/dL2)) 2.4 ± 1.7 2.1 ± 1.3 2.1 ± 1.4 2.0 ± 1.4 2.1 ± 1.4 <0.001

Insulinogenic index (nmol/mol) 47.2 ± 35.2 40.1 ± 31.9 33.0 ± 28.2 27.4 ± 21.3 36.5 ± 30.2 <0.001

Late insulin response (pmol/mol) 53.7 ± 40.9 46.4 ± 38.1 34.5 ± 29.7 27.8 ± 24.0 40.3 ± 35.0 <0.001

Inc insulin AUC mean (pmol/L) 48.2 ± 34.9 42.5 ± 29.2 34.1 ± 24.6 28.8 ± 22.6 38.1 ± 28.4 <0.001

incAUCins/incAUCglu (nmol/mol) 51.0 ± 36.1 44.5 ± 34.1 34.2 ± 27.5 27.6 ± 21.7 39.1 ± 31.5 <0.001

Fasting C-peptide (nmol/L) 1.3 ± 0.5 1.3 ± 0.5 1.4 ± 0.6 1.4 ± 0.6 1.3 ± 0.6 0.027

CP Index (nmol/mol) 0.96 ± 0.63 0.81 ± 0.79 0.68 ± 0.51 0.57 ± 0.43 0.75 ± 0.65 <0.001

Inc CP AUC mean (nmol/L) 1.3 ± 0.6 1.2 ± 0.6 1.0 ± 0.5 0.9 ± 0.5 1.1 ± 0.6 <0.001
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Groups by Baseline HbA1c % (mmol/mol)

6.8–6.9 7.0–7.4 7.5–7.9 8.0–8.5

(50.8–2.9) (53.0–8.4) (58.5–63.8) (63.9–69.4) All p-value*

incAUC-CP/incAUCglu (umol/mol) 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.1 ±0.1 0.2 ± 0.1 <0.001

Fasting C-peptide/fasting insulin (umol/pmol) 12.9 ± 4.9 12.5 ± 4.5 12.5 ± 4.6 12.2 ± 4.6 12.5 ± 4.6 0.135

Mean ± SD.

*
Comparisons across HbA1c sub-groups use the χ2-test of independence for qualitative variables and the F-test for quantitative variables.

eGFR = estimated glomerular filtration rate, incAUC = incremental area under the curve, CP = C-peptide.
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