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Abstract

Background—Type 2 diabetes (T2D) is preceded by prolonged insulin resistance and relative 

insulin deficiency incompletely captured by glucose metabolism parameters, HDL-c and 

triglycerides.
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Objective—Whether lipoprotein insulin resistance score (LPIR), a metabolomic marker, is 

associated with incident diabetes and improve risk reclassification over traditional markers on 

extended follow up.

Methods—Among 25,925 non-diabetic women aged 45 years or older, LPIR was measured by 

nuclear magnetic resonance spectroscopy as a weighted score of VLDL, LDL and HDL particle 

sizes, and their subsets concentrations. We run adjusted cox regression models for LPIR with 

incident T2D (20.4 years median follow-up).

Results—Adjusting for demographics, body mass index (BMI), life style factors, blood pressure 

and T2D family history, the LPIR hazard ratio for T2D (HR per SD, 95% confidence interval [CI]) 

was 1.95 (1.85, 2.06). Further adjusting for HbA1c, C-reactive protein, triglycerides, HDL and 

LDL cholesterol, LPIR HR was attenuated to 1.41 (1.31, 1.53) and had the strongest association 

with T2D after HbA1C in mutually adjusted models. The association persisted even in those with 

optimal clinical profiles, adjusted HR per SD 1.91 (1.17, 3.13). In participants deemed at 

intermediate T2D risk by the Framingham Offspring T2D score, LPIR led to a net reclassification 

of 0.145 (0.117, 0.175).

Conclusion—In middle aged or older healthy women followed prospectively over 20 years, 

LPIR was robustly associated with incident T2D, including among those with an optimal clinical 

metabolic profile. LPIR improved T2D risk classification and may guide early and targeted 

prevention strategies.

Graphical Abstract
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Introduction

Type 2 diabetes (T2D) is a global epidemic with increasing prevalence worldwide.(1) Since 

T2D is preceded by prolonged pre-clinical insulin resistance and beta cell dysfunction(2, 3), 

biomarkers of these early processes could identify and guide timely interventions in 

individuals susceptible to T2D. Despite glucose metabolism measures being good risk 
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predictors and the benchmark for T2D diagnosis, current dysglycemia parameters are 

insensitive to incipient insulin resistance(4). Non-diabetic individuals have alterations in 

hepatic lipoprotein metabolism due to insulin resistance that take place when glucose levels 

are still normal(5). As insulin resistance is associated with future T2D, myocardial infarction 

and overall mortality in non-diabetic subjects (6–8), even earlier identification of such a 

process is of utmost importance.

Conventional lipoprotein metabolism biomarkers, such as high-density lipoprotein 

cholesterol (HDL-c) and triglycerides correlate with insulin resistance and incident T2D (9, 

10). However, they do not reflect detailed insulin resistant dyslipoproteinemia. This is 

characterized by hypersecretion of triglyceride–rich very low density lipoprotein particles 

(VLDL-p) followed by concerted actions of lipases and transferases, which leads to 

accumulation of small dense low density lipoprotein particles (LDL-p) and reduction in 

large HDL particles(11). Despite that each of these lipoproteins has been associated with 

insulin resistance and incident T2D(12–16), single lipid or lipoprotein parameters may not 

reflect insulin resistant dyslipoproteinemia overall.

Lipoprotein insulin resistance score (LPIR) is a novel composite metabolomic biomarker 

that captures the multidimensional effects of insulin resistance on the lipoprotein metabolic 

chain (17). LPIR is a clinically available test measured by a targeted metabolomics approach 

using high throughput nuclear magnetic resonance spectroscopy. It is a weighted score of 

VLDL, LDL and HDL particle sizes; and large VLDL, small LDL, and large HDL particle 

concentrations that is more strongly related to insulin resistance than each of its individual 

subclasses(17). Recently, LPIR was associated with incident T2D in a prospective study 

(12), even among individuals treated with high intensity statin (18). We hypothesized that 

LPIR may identify T2D risk years prior to dysglycemia onset and other metabolic 

derangements.

We addressed the association of baseline LPIR with incident T2D in a cohort of non-diabetic 

healthy middle-aged women at baseline (N=25,925) followed prospectively for over 20 

years. We also examined if LPIR can enhance risk prediction over a composite clinical score 

for incident T2D.

Material and Methods

Population Study

We studied the Women’s Health Study (WHS), a completed double blinded, placebo-

controlled trial of low dose aspirin and vitamin E on the prevention of primary 

cardiovascular events and cancer in apparently healthy female healthcare professionals 45 

years and older (19). Individuals were enrolled between 1992 and 1995, and followed 

prospectively through 2015. All participants signed written informed consent, approved by 

the Institutional Review Board of Brigham and Women’s Hospital (Boston, MA). At 

enrollment, participants answered questionnaires for demographics, anthropometrics, 

medical history, and lifestyle behaviors. From 39,876 individuals, 28,345 consented to have 

a blood sample stored in liquid nitrogen. We excluded participants with baseline T2D 
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diagnosis, glycated hemoglobin (HbA1c) ≥ 6.5%, those using lipid lowering therapy, and 

those with no LPIR measurement, resulting in 25,925 individuals (Figure 1).

Population Characteristics

At study entry age, race, smoking, alcohol intake, physical activity, menopausal status, 

postmenopausal hormone use, and family history of diabetes were self-reported on 

questionnaires (13). Body mass index (BMI) was measured by weight (kilograms) divided 

by height (meters) squared.

Laboratory Parameters

Baseline blood was collected in EDTA tubes and stored in liquid nitrogen (−170°C) until the 

laboratory analysis. Standard lipids were measured by direct assays (Roche Diagnostics, 

Indianapolis, IN, USA); high-sensitivity C reactive protein (hs-CRP) by a validated assay 

(Denka Seiken, Niigata, Japan); and HbA1c by turbidimetric immunoinhibition using 

hemolyzed whole blood or packed red cells (Roche Diagnostics)(13). Fasting plasma 

glucose was not measured in WHS. Targeted metabolomics approach (Liposcience, Inc. now 

LabCorp, Raleigh, NC, USA) was used to detect proton nuclear magnetic resonance 

spectroscopy methyl group signal from lipoprotein subclasses: large, medium and small 

VLDL; large, medium and small HDL; and large and small LDL concentrations(17). Mean 

VLDL, LDL, and HDL particle sizes derive from weighted averages of each subclass 

diameter relative to its mass percentage. LPIR is a composite weighted score of six 

lipoprotein parameters with homeostatic model assessment insulin resistance (HOMA-IR): 

VLDL, LDL and HDL average particle size; and concentrations of large VLDL, small LDL 

and large HDL particles, previously described(17). LPIR interassay repeatability from 80 

replicate analyses of 8 plasma pools over 20 days had a coefficient of variation (CV) of 6% 

within-run and 9% between-run(17). Each parameter value corresponds to a point score 

from zero to a capped value, and their sum from 0 to 100, with increasing scores signaling 

more insulin resistance (Table 1).

Incident Type 2 Diabetes Ascertainment

Cases of incident T2D were initially identified by self-report on annual questionnaires that 

asked if and when the participant had been diagnosed with T2D since baseline or the 

previous questionnaire (20, 21). Self-reported cases were then confirmed by physician-

administered telephone interviews (22) or a self-administered supplemental questionnaire, 

using the American Diabetes Association diagnostic criteria as previously described (21). In 

a validation study, both interview-based and supplemental questionnaire-based confirmation 

yielded positive predictive values >90% in comparison to medical record review(22). In 

particular, the positive predictive value of the supplemental questionnaire compared with 

medical record review was 99% (95% CI 97–100%). Overall, in 95% of all self-reported 

T2D events, sufficient information for confirmation or disconfirmation of the endpoint was 

obtained, and only confirmed cases were used in this analysis. The American Diabetes 

Association diagnostic criteria(23) required at least one of the following: (1) presence of 

more than 1 classic symptom of hyperglycemia (ie, polyuria, polydipsia, weight loss, with or 

without polyphagia, and blurred vision) plus either a fasting plasma glucose of 126 mg/dL 

(7.0 mmol/L) or higher or random plasma glucose 200 mg/dL (11.1 mmmol/L) or higher; 
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(2) in the absence of symptoms, 2 or more elevated plasma glucose concentrations (fasting 

plasma glucose of ≥ 126md/dL [7.0 mmol/L], random plasma glucose ≥ 200 mg/dL [11.1 

mmol/L], or 2-hour plasma glucose ≥ 200 mg/dL [11.1 mmom/L] during oral glucose 

tolerance testing); or (3) use if insulin or an oral hypoglycemic agent.

Statistical Analysis

LPIR values were described by percentages, and medians/interquartiles. Trend across 

quartiles were tested by Cochran-Mantel-Haenszel for categorical variables or Jonckheere-

Terpstra for continuous. The Spearman correlation of LPIR with other T2D predictors was 

tested.

Cumulative incidence curves and the logrank test were computed for LPIR and HbA1c 

quartiles. Cox proportional hazards models were used to estimate hazard ratios (HRs) for 

incident T2D across LPIR quartiles and per standard deviation (1). Trend across LPIR 

quartiles was assessed using median levels. Model adjustment was incremental: Model 1: 

age, race, body mass index, current smoking, physical activity, education, menopause, 

hormone replacement therapy, systolic blood pressure, antihypertensive treatment, and 

family history of T2D; Model 2: Model 1 plus HbA1c; Model 3: Model 2 plus log hs-CRP; 

and Model 4: Model 3 plus HDL, LDL cholesterol, and log triglycerides. Testing for 

interaction with log time found a lack of proportionality across the full follow up, but 

hazards were proportional on separate analysis for the first and last ten years. As estimators 

for these two time intervals and the full follow up were similar, we considered full follow up 

most informative. Cumulative incidence of T2D by LPIR quartiles was plotted for the first 

and last ten years.

Other T2D clinical predictor’s SD HRs (95% CIs) obtained from model 4 were plotted. We 

also tested the HR for LPIR and T2D by clinically defined strata: age (< or ≥ 55 years); BMI 

(<25 or ≥ 25 kg/m2); family history of T2D; HbA1c (< or ≥ 5.7 %); HDL-c (< or ≥ 50 mg/

dL); triglycerides (< or ≥150 mg/dL) and hs-CRP (< or ≥2 mg/L); and metabolically healthy 

profile (all of the following BMI <25 kg/m2, HDL ≥ 50 mg/dL, triglycerides <150 mg/dL, 

HbA1< 5.7%, hs-CRP <2 mg/L, blood pressure <140/90 mmHg, no anti-hypertensive 

treatment and no family history of T2D), or not metabolically healthy (at least one of those 

characteristics absent). Effect modification was tested by an interaction term between LPIR 

and each stratum for T2D association. We also assessed T2D risk by LPIR and HbA1c 

composite groups (HbA1c <5.7 or 5.7–6.4% and LPIR< or ≥48, the median LPIR value) by 

cumulative incidence curves, logrank test and Cox models.

Discrimination and reclassification of LPIR over the Framingham Offspring (FOS) T2D 

score (9) was examined at 10 and 16 years. We chose 16 years, instead of 20 years, as many 

participants were censored or had an event at 20 years, which affects model precision. The 

FOS score is calculated by integrating the weighted values of age, family history of T2D, 

body mass index, systolic blood pressure, anti-hypertensive medication, HDL cholesterol, 

triglycerides, and fasting plasma glucose; which results in an expected T2D percentage 

incidence in a determined time window (8 years in the original paper). As fasting plasma 

glucose was unavailable, we used HbA1c instead. The original score predictors were fitted 

to our population for balanced comparison. Discrimination performance was tested by 
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Harrell’s c-index(24) and the difference of LPIR over FOS was tested by ten-fold cross-

validation and the 95% CI by 1000 bootstrap replications, which avoid overoptimism. 

Calibration was tested by the Greenwood-Nam-D’Agostino for survival method(25) by 

predicted probabilities deciles and displayed in calibration plots. Discrimination and 

reclassification of LPIR over FOS was tested by the integrated discrimination improvement 

(IDI-absolute and relative) and categorical net reclassification index (NRI)(26). For NRI, we 

considered the original FOS study limits for low, intermediate and high T2D risk (9). 

Assuming linear events accumulation, the original 3% and 10% limits at 8 years, correspond 

to 3.75% and 12.5% at 10 years; and 6% and 20% at 16 years.

Results

Baseline Population Characteristics

Overall, our study population was generally healthy: age, median 52.7 years (25th to 75th 

percentile: 48.9–58.6); BMI, median 24.8 kg/m2 (25th to 75th percentile: 22.3–28.2); and 

median HbA1c 5.0% (25th to 75th percentile: 4.8–5.2%). Nearly one quarter had metabolic 

syndrome or T2D family history. The median LPIR was 48 (25th to 75th percentile: 29–67). 

There were 2,259 T2D cases over 463,717 person years (0.49 cases per 100 person years) 

along 20.4 years median follow up (maximum 21.6 years). For increasing LPIR quartiles, 

characteristics tracked with T2D risk factors (Table 2): older age, higher BMI, and more 

prevalent physical inactivity and T2D family history. Likewise, metabolic syndrome 

characteristics followed increasing LPIR quartiles: blood pressure, HDL-c, triglycerides, 

HbA1c, and hs-CRP.

LPIR Correlations

Comparison with other T2D clinical predictors, LPIR was weakly correlated with HbA1c (ρ 
0.18, p < 0.001)(Supplementary Table I). As expected, LPIR strongly correlated with HDL-c 

and triglycerides (respectively, ρ −0.66 and 0.75 p < 0.001), and its individual lipoprotein 

components.

In unadjusted analysis, increasing LPIR quartiles corresponded to higher T2D incidence 

(logrank p<0.001) (Figure 2A), strikingly similar to HbA1c quartiles curves (logrank 

p<0.001) (Figure 2B).

LPIR and Incident Type 2 Diabetes

The LPIR risks for the first and last 10 years of follow up were similar to the full follow up 

(Supplementary Table II and Supplementary Figure I).

In adjusted analysis, increasing LPIR quartiles were associated with T2D risk in a linear 

fashion (Table 3). First, adjusted for age, race, smoking, physical activity, education, 

menopause status, hormone replacement therapy, blood pressure, antihypertensive treatment, 

BMI and family history of T2D; HRs (95% CIs) for LPIR Q2 to Q4 versus Q1 were 

respectively: 1.67 (1.34, 2.07); 3.23 (2.66, 3.92); and 5.68 (4.70, 6.87). After incremental 

adjustment for HbA1c (Model 2), and also hs-CRP (Model 3), the estimators were mildly 

attenuated (model 3 Q4 vs Q1 HR: 4.53 (95% CI: (3.74, 5.49)). Further adjusting for lipids 
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(model 4), the HR of Q4 vs Q1 was attenuated to 2.21 (95% CI: (1.75, 2.80)). Alternatively, 

in model 4 for each LPIR SD increment (23.4 units), T2D risk was 41% higher (95% CI: 

(31%, 53%)). Additional adjustment for alcohol consumption and fasting state at blood draw 

did not change the results (data not shown).

Comparative Strengths for Incident Type 2 Diabetes

Comparing the LPIR T2D risk with other traditional predictors in a mutually adjusted model 

(model 4), LPIR outranked triglycerides, BMI, hs-CRP, and had at least similar magnitude to 

lower HDL cholesterol, 1.35 per SD (95% CI: (1.26, 1.45)). LPIR SD HR was only lower 

than HbA1c, 1.73 (95% CI: (1.68, 1.79))(Figure 3).

Subgroups Analysis

In stratified analysis, LPIR was associated with risk of T2D incidence in all subgroups 

(Figure 4). The HRs ranged from 1.19 (95% CI: 1.01, 1.40) for HbA1c ≥ 5.7% to 1.91 (95% 

CI: (1.17, 3.13)) in metabolically healthy stratum. Overall, LPIR relative risks were higher 

in individuals at lower T2D risk by clinical factors. There was significant effect modification 

for BMI, family history, HbA1c and hs-CRP strata.

For groups defined by prediabetic state presence (HbA1c <5.7% or 5.7–6.5%) and LPIR (< 

or ≥ 48, study median), there was incremental adjusted risk from no prediabetes and low 

LPIR group (reference), to no prediabetes and high LPIR, to prediabetes and low LPIR, to 

prediabetes and high LPIR (HR 6.8, 95%CI: 5.5, 8.3 vs the reference)(Figure 5).

Model Performance with LPIR Compared with a Clinical Type 2 Diabetes Risk Score

At 16 years, the c-index for the FOS model was 0.850 (95% CI: 0.843, 0.857), and improved 

by 0.002 (95%CI: 0.001, 0.004) with LPIR (Supplementary Table III). At 16 years, LPIR 

improved overall model performance (goodness of fit likelihood ratio χ2 87.49), model 

discrimination (integrated discrimination improvement 0.009 (95% CI: 0.006, 0.011); 

relative integrated discrimination improvement 0.043 (95% CI: 0.031, 0.056)) and 

reclassification (NRI 0.028 (95%CI: 0.015, 0.043). Regarding FOS, LPIR only and FOS

+LPIR models calibration, they generally overestimated T2D risk in the low and moderate 

range but underestimated in the higher risk range (Figure 6A–F). Interestingly, just the LPIR 

only model at 16 years was statistically calibrated (Greenwood-Nam-D’Agostino test p 

value 0.187 - Figure 6E). In participants deemed at intermediate T2D risk by the FOS 

model, LPIR led to a correct reclassification in 5.7% for events, 7.6% for non-events and net 

reclassification of 0.145 (0.117, 0.175) (Table 4). Overall similar results were obtained at 10 

years.

Discussion

LPIR, a novel metabolomic biomarker of lipoprotein insulin resistance, is associated with 

incident T2D in a population of otherwise healthy women followed prospectively for more 

than 20 years. This association persisted after adjustment for a wide range of potential 

confounders and was observed even in those at very low risk for T2D based on the standard 

clinical profile. Furthermore, LPIR improved T2D risk assessment beyond traditional 
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markers during a very long follow up. Thus, the LPIR metabolic signature detects T2D risk 

earlier and largely independent from traditional markers, including HbA1c.

In our study, LPIR correlated with demographic and laboratory markers of T2D risk, but 

contributed to T2D risk largely independently of all these markers. Moreover, this 

association persisted even in subgroups at low short-term risk for T2D. Thus, LPIR captures 

information on very early insulin resistant dyslipoproteinemia (27, 28) signaling T2D risk. 

Detecting T2D susceptibility above and beyond current prediction models opens up a novel 

and earlier dimension to T2D prevention. On the other hand, among participants with more 

advanced dysglycemia (i.e. baseline HbA1c 5.7–6.5%), the smaller magnitude (on a relative 

scale compared with participants with HbA1c <5.7%) of LPIR-related risk also translated 

into clinically relevant incremental absolute risk differences as these participants had high 

incidence rates (Figure 5). It is yet to be determined whether LPIR is directly involved in 

T2D pathophysiology or is just a marker of underlying mechanisms.

Our results reproduce and expand Mackey et al findings (12) in the Multi-Ethnic Study of 

Atherosclerosis (MESA) population. In that population of 5,314 men and women aged 45 to 

84 years followed for 7.7 years, LPIR HR for T2D was 1.59 for Q4 versus Q1 in a model 

adjusted for fasting glucose, triglycerides to HDL-c ratio and other traditional markers. In 

our female population, there was higher risk for Q4 versus Q1, fully adjusted HR 2.21 

(95%CI: (1.75, 2.80), which may be partly explained by a different population profile, 

model adjustment, or follow-up time. Similar to our study, in the MESA population LPIR 

was associated with T2D risk even in those with low T2D risk. Moreover, in MESA, LPIR 

was associated with T2D largely independent of glucose, insulin, and Homeostasis Model 

Assessment – Insulin Resistance, which reinforces the LPIR unique risk information. Hence, 

LPIR detects T2D susceptibility years before clinically detectable glycemic abnormalities. 

Besides that, LPIR was also associated with short term incident T2D, even among those 

under statin therapy initiation in the higher T2D risk JUPITER trial population (18). The 

overall effects of insulin resistance on lipoprotein metabolism are well established(29, 30), 

especially for low HDL-c and high triglycerides. Individual measures of LPIR, such as 

larger VLDL, smaller LDL, smaller HDL particle sizes and higher concentrations of large 

VLDL and small LDL, and lower concentrations of large HDL, were individually associated 

with incident T2D in the Women’s Health Study(13) and other studies(12, 14–16). In the 

normal liver insulin inhibits VLDL secretion(27, 28), but not as efficiently when hepatic 

insulin resistance sets in. Then, large VLDL particles, rich in triglycerides, accumulate and 

suffer sequential lipolysis that leads to increasing concentrations of cholesterol-poor small 

LDL particles. HDL particles acquire triglycerides from VLDL in exchange for cholesterol 

under the action of cholesteryl ester transfer protein, which leads to lower concentrations of 

large HDL particles. Therefore, insulin resistant dyslipoproteinemia results in higher 

concentrations of large VLDL and small LDL particles, and lower concentrations of large 

HDL particles, with corresponding effects on particle average size. Therefore, LPIR may 

better reflect the aggregate biology of lipoprotein insulin resistance rather than individual 

particles. Our data support the superiority of this approach, where the LPIR SD HR, 1.41 

(95%CI: 1.31, 1.53), outranked HDL-c, triglycerides and each individual LPIR sub–particle. 

Reassuringly, LPIR remained associated with T2D even after HDL-c and triglycerides 
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adjustment, and also in the subgroups of high HDL-c or low triglycerides. Thus, the LPIR 

signature reflects the complex biology of insulin resistance on lipoproteins metabolism.

Glucose metabolism parameters are the benchmark for risk assessment and T2D diagnosis. 

Despite HbA1c adjustment, LPIR was strongly associated with T2D risk and represents an 

independent component of insulin resistance and T2D risk. As supporting data for that, 

within the optimal HbA1c (<5.7%) subgroup, for each SD LPIR increment there was 51% 

higher risk for T2D (p for interaction 0.004). Pathophysiologically, very early insulin 

resistance enhances VLDL-triglyceride secretion in the liver when its glucose metabolism is 

normally responsive to insulin.(5) Hence, LPIR unveils an early underappreciated dimension 

of insulin resistance undetected by standard glucose metabolism parameters. By contrast, in 

the very high T2D risk group (i.e., participants with HbA1c 5.7–6.5%), the smaller 

magnitude (on a relative scale) of LPIR-related risk translated into a high absolute risk 

difference as these participants were at particularly high absolute risk for incident T2D 

(Figure 5) such that even smaller relative risk translates into clinically relevant incremental 

absolute risk.

Regarding T2D risk assessment, LPIR enhanced the performance of a validated prediction 

score (FOS T2D)(9). Importantly, the FOS score variables were refitted to Women’s Health 

Study, which ensured high discriminative performance for FOS c-index, 0.878 for 10 years 

and 0.850 for 16 years. Hence, LPIR increment over FOS c-index, despite being small, is 

remarkable given the excellent FOS model performance. Also, the LPIR integrated 

discrimination improvement for 10 years (0.006) is equal to the best performance integrated 

discrimination improvement among 35 novel T2D risk factors, including a genetic risk score 

in the Atherosclerosis Risk in Communities Study (31). Moreover, LPIR improved NRI at 

16 years in the whole sample of our study, while none of the 35 novel risk factors in the 

ARIC study did (31). Given that, LPIR seems promising for improving T2D risk prediction, 

especially in the intermediate risk group in which reclassification performance at 10 and 16 

years was higher and clinically relevant. Despite the adequate calibration for LPIR only 

model at 16 years, by contrast to other models, FOS should remain as the standard practice 

for T2D risk prediction. The LPIR reclassification performance over FOS should be further 

tested in diverse populations.

Our results may not extrapolate to men and non-Caucasian individuals, although they were 

consistent with MESA that included men and minorities. Despite no fasting plasma glucose 

in our analysis, HbA1c is a valid substitute. Undetected diabetes bias is highly unlikely as 

individuals with HbA1c ≥ 6.5% were excluded. Strengths include the large well–

characterized population observed for a long follow up period and reliable T2D 

ascertainment. Finally, the large number of T2D cases powered our study even for subgroup 

analyses.

Conclusions

In summary, LPIR is a novel metabolomic composite marker reflecting insulin resistance 

dyslipoproteinemia, which was robustly associated with T2D risk in otherwise healthy 
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middle aged women during extended follow up. Importantly, this finding extended even to 

those with very low risk of disease due to an optimal clinical profile.

Supplementary Material

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

• LPIR captures incipient effects of insulin resistance on lipoprotein 

metabolism.

• LPIR was robustly associated with incident T2D along 20 years of follow-up.

• The association persisted even in low T2D risk subgroups, as BMI< 25 kg/m2 

and HbA1c < 5.7%.

• In the intermediate risk Framingham T2D score, LPIR improved risk 

classification in a clinically relevant magnitude.

• LPIR may enhance T2D prevention in at risk populations otherwise unaware.
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Figure 1. 
Study Population Selection Flow Chart
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Figure 2. 
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Diabetes Cumulative Incidence

2 A: LPIR Quartiles

LPIR score across quartiles Q1 (<30), Q2 (30–47), Q3 (48–67), and Q4 (>67).

2 B: HbA1c Quartiles

HbA1c values (%) across quartiles Q1 (<4.83), Q2 (4.83–4.99), Q3 (4.99–5.17), and Q4 

(>5.17).
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Figure 3. 
Standardized Hazard Ratios for Predictors of Diabetes.

Mutually adjusted covariates plus those from model number 4 in main analysis.
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Figure 4. 
LPIR Standardized Hazard Ratios within Each Stratum.

Model adjsutment for age, race, smoking status, physical activity, education, menopause 

status, hormone replacement therapy, systolic blood pressure, anti–hypertensive treatment, 

body mass index, family history of diabetes, HbA1c, log hs-CRP, HDL-c, LDL-c and log 

triglycerides (Trigl.).

Metabolically healthy defined as those with BMI <25 kg/m2 and HDL ≥ 50 mg/dL and 

triglycerides <150 mg/dL and HbA1< 5.7% and hs-CRP <2 mg/L and blood pressure 

<140/90 mmHg and no anti-hypertensive treatment and no family history of T2D; or not if 

otherwise.
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Figure 5. 
Groups according to prediabetes (PD) status (HbA1c < or ≥5.7%) and LPIR < or ≥48.

PD/H LPIR (prediabetes and LPIR≥48), PD/L LPIR (prediabetes and LPIR<48); NPD/H 

LPIR (no prediabetes and LPIR≥48), and NPD/L LPIR (no prediabetes and LPIR<48).

Ajusted analysis covariates: age, race, smoking status, physical activity, education, 

menopause status, hormone replacement therapy, systolic blood pressure, anti-hypertensive 

treatment, body mass index, family history of diabete, HbA1c, hs-CRP, HDL-c, LDL-c and 

triglycerides. P for trend <0.001 across quartiles in unadjusted and adjusted analysis.

Unadjusted HR (95%CI) for PD/LPIR groups versus the NPD/L LPIR (reference): NPD/H 

LPIR 5.4 (4.7, 5.9); PD/L LPIR 10.1 (7.0, 14.6); and PD/H LPIR 40.7 (34.4, 48.1).
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Figure 6. 
6 A: Calibration Plot Framingham Offspring T2D at 10 Years

6 B: Calibration LPIR Only at 10 Years

6 C: Calibration Plot Framingham Offspring T2D + LPIR at 10 Years

6 D: Calibration Plot Framingham Offspring T2D at 16 Years

6 E: Calibration LPIR Only at 16 Years

6 F: Calibration Plot Framingham Offspring T2D + LPIR at 16 Years
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Variables in the Framingham Offspring model, age, family history of T2D, body mass index, 

systolic blood pressure, anti-hypertensive medication, HDL, triglycerides and HbA1c. For 

calibration analysis Greenwood-Nam-D’Agostino test was applied, where a P value <0.05 

indicate a non calibrated model. Tables below graphs displaying the predicted risk by 

corresponding model, the observed risk and the absolute difference of the former minus the 

last. Red colour indicates overestimation and blue one underestimation of the prediction 

model.
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Table 2

Baseline Characteristics according to LPIR Quartiles

Characteristics

LPIR Quartile (score range)

Q1 (< 30) Q2 (30–47) Q3 (48–67) Q4 (> 67)

Age (years) 51.9 (48.5–57.3) 52.6 (48.8–58.4) 53.2 (49.1–59.2) 53.4 (49.2–59.4)

Caucasian, % 95.1 95.8 95.3 95.9

BMI (kg/m2) 22.8 (21.2–24.9) 23.9 (21.9–26.6) 25.6 (23.0–28.8) 27.8 (24.8–31.5)

Current Smoking, % 9.0 11.4 12.8 13.4

Physical Activity (≥1 / week), % 50.5 45.8 40.8 36.7

Alcohol (1 ≥ drink / day), % 12.1 12.2 10.3 7.4

Education (≥ BS), % 51.9 45.6 42.7 38.1

Family History T2D, % 21.0 22.0 26.0 29.3

Metabolic Syndrome, % 1.1 6.8 26.4 65.8

Systolic Blood Pressure (mmHg) 115 (115–125) 115 (115–125) 125 (115–135) 125 (115–135)

Hypertension Treatment, % 6.1 8.7 13.3 19.4

Postmenopausal, % 48.7 52.8 55.9 56.5

Hormone Therapy, % 40.5 44.9 44.4 41.7

Laboratory Measurements

Total Cholesterol (mg/dL) 202 (179–228) 203 (179–228) 209 (185–235) 217 (192–245)

HDL-c (mg/dL) 65.1 (56.9–74.7) 55.8 (48.5–64.3) 48.6 (42.4–55.9) 41.8 (36.4–48.2)

LDL-c (mg/dL) 113 (94–134) 118 (98–140) 125 (104–148) 129 (108–152)

Triglycerides (mg/dL) 74 (58–93) 98 (78–127) 133 (106–170) 199 (158–261)

Apolipoprotein B (mg/dL) 86.3 (73.7–102.8) 93.8 (79.9–111.4) 106.4 (88.9–123.6) 118.3 (99.3–136.3)

Apolipoprotein A1 (mg/dL) 161 (146–179) 153 (137–172) 145 (130–164) 137 (124–154)

hs-CRP (mg/L) 1.0 (0.4–2.3) 1.5 (0.7–3.4) 2.4 (1.1–4.7) 3.3 (1.7–6.1)

HbA1C (%) 4.9 (4.8–5.1) 5.0 (4.8–5.1) 5.0 (4.8–5.2) 5.1 (4.9–5.3)

Continuous variables displayed by median (25th–75th percentiles) and categorical ones by number of observations (percentage). Increasing 
quartiles trend test by Cochran-Mantel-Haenszel for categorical variables and Jonckheere Terpstra for continuous ones. All p values <0.001, except 
for hormone therapy (p value=0.240).

hs-CRP (high sensitivity C reactive protein).
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