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Abstract

Aims/hypothesis Type 2 diabetes prevention requires the accurate identification of those at high risk. Beyond the association of
fasting serum triacylglycerols with diabetes, triacylglycerol-enriched remnant lipoproteins (TRLs) more accurately reflect path-
ophysiological changes that underlie progression to diabetes, such as hepatic insulin resistance, pancreatic steatosis and systemic
inflammation. We hypothesised that TRL-related factors could improve risk prediction for incident diabetes.

Methods We included individuals from the Brazilian Longitudinal Study of Adult Health cohort. We trained a logistic regression
model for the risk of incident diabetes in 80% of the cohort using tenfold cross-validation, and tested the model in the remaining 20% of
the cohort (test set). Variables included medical history and traits of the metabolic syndrome, followed by TRL-related measurements
(plasma concentration, TRL particle diameter, cholesterol and triacylglycerol content). TRL features were measured using NMR
spectroscopy. Discrimination was assessed using the area under the receiver operating characteristic curve (AUROC) and the area
under the precision-recall curve (AUPRC).

Results Among 4463 at-risk individuals, there were 366 new cases of diabetes after a mean (£SD) of 3.7 (+0.63) years of follow-up.
We derived an 18-variable model with a global AUROC of 0.846 (95% CIL: 0.829, 0.869). Overall TRL-related markers were not
associated with diabetes. However, TRL particle diameter increased the AUROC, particularly in individuals with HbA . <39 mmol/
mol (5.7%) (hold-out test set [n = 659]; training-validation set [# = 2638]), but not in individuals with baseline HbA ;. 39-46 mmol/mol
(5.7-6.4%) (hold-out test set [n = 233]; training-validation set [# = 933]). In the subgroup with baseline HbA ;. <39 mmol/mol (5.7%),
AUROC in the test set increased from 0.717 (95% CI 0.603, 0.818) to 0.794 (95% CI 0.731, 0.862), and AUPRC in the test set rose
from 0.582 to 0.701 when using the baseline model and the baseline model plus TRL particle diameter, respectively. TRL particle
diameter was highly correlated with obesity, insulin resistance and inflammation in those with impaired fasting glucose at baseline, but
less so in those with HbA . <39 mmol/mol (5.7%).

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00125-020-05322-1) contains peer-reviewed but
unedited supplementary material, which is available to authorised users.
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What is already known about this subject?

Each year, up to 3% of individuals in the general population who are not in the impaired fasting glucose range

develop diabetes worldwide

Little is known regarding risk prediction of type 2 diabetes before the detection of glucose abnormalities

Among the pathophysiological processes that play a role in type 2 diabetes, hepatocyte insulin resistance and the
loading of triacylglycerol-enriched remnant lipoproteins (TRLs) with lipids (resulting in large particles) may be

useful for risk prediction

What is the key question?

Could the measurement of TRL particle composition and properties by NMR spectroscopy improve risk prediction

for type 2 diabetes?

What are the new findings?

This study found that, when included in a risk prediction model, TRL particle diameter improved the risk prediction
of diabetes after 3.7 years of follow-up as compared with a model that did not include this variable, particularly in

individuals with normal HbA:. levels at baseline

TRL particle size was highly correlated with obesity, insulin resistance and inflammation in individuals with
impaired fasting glucose at baseline, but this association was attenuated in those with HbA:c <39 mmol/mol (5.7%)

These data support TRL particle size as a risk factor that is changed early in the pathophysiological processes that
lead to the development of type 2 diabetes, even before glucose abnormalities are established

How might this impact on clinical practice in the foreseeable future?

Our findings provide a step forward in risk prediction of type 2 diabetes by allowing identification of individuals at
high risk, but with normal HbA1c values. A potential causal relationship between TRL particle size and incident

diabetes should be investigated further

Conclusions/interpretation TRL particle diameter improves the prediction of diabetes, but only in individuals with HbA .
<39 mmol/mol (5.7%) at baseline. These data support TRL particle diameter as a risk factor that is changed early in the course
of the pathophysiological processes that lead to the development of type 2 diabetes, even before glucose abnormalities are

established.

Keywords Particle diameter - Risk prediction - Triacylglycerol-enriched remnant lipoprotein - Triacylglycerol-rich lipoprotein -
Type 2 diabetes
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Introduction

Accurate prediction of the risk of type 2 diabetes permits more
targeted allocation of resources for the implementation of
preventative strategies. Clinical trials on lifestyle modifica-
tions and drug interventions have convincingly shown that
these measures can prevent the onset of diabetes [1].

Up to 3% of those without impaired fasting glucose in the
general population worldwide may develop diabetes every
year [2]. Glycaemic status at baseline is the most important
predictor of future diabetes, and individuals characterised by
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impaired fasting glucose show a two- to tenfold higher risk for
diabetes compared with those without impaired fasting
glucose [3]. Conversely, among those without impaired
fasting glucose, glycaemic status has a smaller predictive
value, and thus the long-term risk prediction of diabetes in this
population is much less precise [4].

Aiming to improve risk prediction of type 2 diabetes,
several studies evaluated the addition of complex traits and
measures, such as fasting insulin, C-peptide, HOMA-IR and
the homeostasis model (3-cell sensitivity-index to risk predic-
tion models, but these variables have not been conclusively
found to improve risk prediction [5]. Simple formulas that
account for age, parental diabetes, obesity and traits of the
metabolic syndrome are enough to effectively predict diabetes
risk in the general population [3, 6], but there is still an unmet
need in individuals without impaired fasting glucose.

Beyond the association between fasting serum triacylglyc-
erols and diabetes, evidence suggests that plasma concentra-
tions of triacylglycerol-enriched remnant lipoproteins (TRLs)
and the cholesterol content in TRL more accurately reflect the
pathophysiological processes that underlie progression to
diabetes [7-9]. Events such as hepatic and pancreatic steatosis
and heightened systemic inflammation are strongly related to
the presence of large VLDL particles, namely VLDLI [10,
11]. Therefore, we hypothesised TRL-related measures could
improve risk prediction for new-onset diabetes.

To investigate the association of TRL-related particles with
incident type 2 diabetes, we focused on developing a parsi-
monious prediction model with participants from the Estudo
Longitudinal de Satide do Adulto (Brazilian Longitudinal
Study of Adult Health; ELSA-Brasil).

Methods

Study design and participants ELSA-Brasil is a large, racially
mixed, longitudinal cohort, with baseline data collected in
2008-2010, that recruited civil servants from a broad range
of sociodemographic and clinical backgrounds from six cities
of Brazil (Belo Horizonte, Porto Alegre, Rio de Janeiro,
Salvador, S@o Paulo and Vitoria). The study included active
or retired civil servants of public universities or research insti-
tutions who were 35-74 years old. Deidentified data were
used, and the research protocol was approved by the ethics
committee at each participating institution and by the National
Research Ethics Committee [12]. This study is registered with
clinicaltrials.gov (ClinicalTrials.gov registration no.
NCT02320461).

The ELSA-Brasil cohort encompasses a total of 15,105
men and women, 2505 of whom presented with diabetes. As
seen in electronic supplementary material (ESM) Fig. 1, after
exclusion of individuals who were taking glucose-lowering

therapies at baseline or who did not attend visit 2, full data
were available from 10,729 participants.

The primary analyses in this study aimed to evaluate the
impact of TRL components measured by NMR spectroscopy
on predicting risk for developing type 2 diabetes. A total of
598 individuals from the Sao Paulo site were excluded
because of the presence of diabetes at baseline (n =557), the
use of glucose-lowering therapies at baseline (n = 3), or death
or loss during follow-up (7 =38). Thus, of the 5061 partici-
pants of ELSA-Brasil from the Sdo Paulo Research Center
who had full lipid NMR spectroscopy data, we analysed data
from 4463 participants without diabetes.

To investigate potential relationships between TRL-related
markers and inflammation or adipokines, we measured sever-
al biomarkers in a random sample of 970 individuals without
diabetes or CVD from the 4463 participants of ELSA-Brasil in
Sao Paulo.

Measurements and protocols Blood samples were collected by
certified technicians and measurements were obtained during
visits 1 and 2 followed standardised protocols [13]. We recorded
age, medication use and past medical history using a question-
naire. Medication use was verified against medications or
prescriptions brought to the clinic. We measured weight and
height, and calculated BMI (kg/mz).

Participants were deemed to be fasting if they had no oral
intake other than water or medication 12 h prior to sample
collection. We obtained blood samples by venepuncture and
followed standardised procedures for a 2 h 75 g OGTT [14].
Plasma samples were frozen and stored in liquid nitrogen for
up to 5 years. Plasma glucose concentrations were measured
using the hexokinase method; insulin concentrations with an
immunoenzymatic assay (Siemens, USA); triacylglycerol and
HDL-cholesterol concentrations with enzymatic methods
(Siemens); C-reactive protein (hsCRP) was measured with a
high-sensitivity assay by immunochemistry-nephelometry
(BNII; Siemens); and HbA , with high-pressure liquid chro-
matography (Bio-Rad, USA). Intraclass correlation coeffi-
cients by analysis of replicate pairs of samples drawn at base-
line were 94% (95% CI1 0.86, 0.97) for HbA . and 99% (95%
CI10.95, 1.0) for plasma glucose concentration [15].

High-field "H-NMR spectroscopy was performed by
LabCorp (NMR LipoProfile test spectra, USA) to assess
TRL plasma concentration, particle size, cholesterol and triac-
ylglycerol content. NMR spectroscopy methods are described
elsewhere [16]. Briefly, "H-NMR-based lipoprotein profiling
is a unique platform for investigating lipoprotein particle
distributions, primarily because different lipoprotein fractions
and subfractions have different magnetic susceptibilities that
will broadcast different signals, with amplitudes reflecting
particle concentrations [16].

ELISA kits were used for the determination of adiponectin
and leptin (Enzo Life Sciences, USA) and asymmetric
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dimethylarginine (Affinity Biologicals, Canada) concentra-
tions. IL-6 and TNF-« levels were determined using the
Bio-Plex Pro Human Cytokine four-plex assay panel (Bio-
Rad, Brazil). Intra-assay coefficients of variation ranged from
1.8% to 7.2%, while inter-assay coefficients of variation
varied from 0.9% to 9.1% [13].

Characterisation of diabetes and intermediate
hyperglycaemia at baseline At visit 1, we characterised diabe-
tes on the basis of self-reported information and laboratory
measurements. We did not consider reports of diabetes diag-
nosed only during pregnancy. Those without a previous diag-
nosis were assessed for undiagnosed diabetes on the basis of
their laboratory values, and ascertained as having newly diag-
nosed diabetes if they reached the thresholds for fasting plas-
ma glucose (FPG) of 7.0 mmol/l, 2 h plasma glucose during
an OGTT of 11.1 mmol/l or HbA . >48 mmol/mol (6.5%).

Among participants who did not meet the criteria for diabe-
tes, impaired glucose tolerance (IGT) was defined as a 2 h
plasma glucose of >7.8 mmol/l, impaired fasting glucose
(IFG) was based on the ADA criteria (ADA-IFG criteria) of
FPG >5.5 mmol/l, and high HbA . was defined according to
the ADA definition (ADA-HbA,, criteria) as a value of
>39 mmol/mol (5.7%) [14].

As described below, we used the ADA-HbA, . definition
for grouping participants with and without intermediate
hyperglycaemia at baseline. This choice was based on the
simplicity of a single measurement and the common use of
HbA . in clinical practice. In clinical models for predicting
incident diabetes, ADA-HbA . criteria did not differ from
the IGT criteria or ADA-IFG criteria (ESM Table 4).

Follow-up Participants were followed from the baseline visit 1
to visit 2 (2012-2014) for a mean (£SD) of 3.7(+0.6) years.
Participants were characterised as developing new diabetes
during follow-up if they: (1) started receiving oral
hypoglycaemic agents or insulin; or (2) met the criteria
described above at the follow-up examination conducted
~4 years after the baseline examination.

Grouping In the absence of glucose abnormalities, the risk
prediction of diabetes is usually less accurate, and a large body
of evidence indicates that predictors that make pathophysio-
logical sense in this subpopulation differ from predictors in
populations with impaired fasting glucose [2, 17]. Using this
rationale, we split the cohort into two subgroups: (1) individ-
uals with HbA . <39 mmol/mol (5.7%) at baseline (n = 3297);
and (2) individuals with intermediate hyperglycaemia at base-
line (n=1166), according to the ADA-HbA,, definition
(ESM Fig. 1) [14]. Furthermore, to evaluate if TRL-related
measurements improved predictive capacity for incident type
2 diabetes, we randomly split both subgroups into two sets
(training-validation and test sets: HbA ;. <39 mmol/mol
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[5.7%], n=2638; HbA,. 39-46 mmol/mol [5.7-6.4%], n=
933) using a tenfold cross-validation framework (ESM Fig.
2).

Statistical analyses Logistic regression models were used to
evaluate the relationship between variables and incident
diabetes, using the OR and 95% CI. Two models were created
following two levels of information: the first level was based
on characteristics known to the participant, simple clinical
measurements that included traits of the metabolic syndrome
(age, sex, parental history of diabetes, hypertension, waist
circumference, HbA.) and hsCRP, while the second level
also included TRL-related measurements. Among the selected
variables, none showed statistically significant
multicollinearity across each other. In logistic regression
models, non-categorical variables were normalised using z
scores.

Models were compared using receiver operating character-
istic (ROC) curve plots and by calculating the area under the
ROC curve (AUROC), the area under the precision-recall
curve (AUPRC), the F1 score and the Matthews correlation
coefficient score [18] for their performance on the test
datasets. We built models with the training-validation set
using a tenfold cross-validation framework with down-
sampling to mitigate outcome imbalance, and then evaluated
the model on the test set to obtain an estimate of performance.
Finally, to compare the AUROC of linear models with differ-
ent predictors, we used Stata’s comproc method [19].

We performed three series of sensitivity analyses. First, we
investigated the effect of excluding all incident cases of diabe-
tes characterised only on the basis of a single FPG abnormal-
ity, but not according to HbA,. or the OGTT. Second, we
evaluated the impact of using different criteria to ascertain
glucose abnormalities at baseline, such as OGTT/IGT and
the ADA-IFG criteria. Third, we evaluated the effect of ascer-
taining glucose abnormalities at baseline if any test was posi-
tive (ADA-HbA,., IGT or ADA-IFG). Because multiple
comparisons were used, only p values of 0.01 or less were
considered statistically significant. Statistical analyses were
performed using R v3.5.1 (www.r-project.org/; packages
caret, pROC, MLmetrics, mccr, ggplot2) and Stata v13
(StataCorp, Texas, TX, USA) for Mac.

Results

Participant characteristics at baseline Our final sample includ-
ed 4463 participants after exclusions because of missing data
and individuals lost to follow-up (ESM Fig. 1). After a mean
(£SD) of 3.7(+0.63) years of follow-up, 366 (8.2%; 2.23 per
100 patient-year) of the individuals at risk developed diabetes.
Among these, 33.4% reported a diabetes diagnosis between
visits 1 and 2, and the remaining 66.6% were diagnosed at
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Table 1 Participant characteristics at baseline according to TRL particle size quartiles in the ELSA-Brasil study

Variable TRL particle size P value®

Ist quartile (<40 nm) 2nd quartile (4045 nm) 3rd quartile (45-52 nm) 4th quartile (>52 nm)

HbA . <39 mmol/mol (5.7%)

n 922 866 783 726
Age, years 49.51£8.51 50.48 £8.78 51.77+9.16 51.97+9.31 <0.001
Sex, male 341 (37.0) 368 (42.5) 384 (49.0) 410 (56.5) <0.001
Hypertension 188 (20.4) 212 (24.5) 226 (28.9) 265 (36.5) <0.001
Dyslipidaemia 203 (22.0) 229 (26.4) 263 (33.6) 298 (41.0)° <0.001
AMI 8(0.9) 8(0.9) 9(1.1)° 14 (1.9) 0.194
CAD 10 (1.1) 15 (1.7) 12 (1.5) 25(3.4) 0.004
Heart failure 6 (0.7) 6 (0.7) 11(1.4) 4 (0.6) 0.219
Stroke 7 (0.8) 10 (1.2) 8(1.0) 12 (1.7) 0.390
Smoking <0.001

Never 552 (59.9) 500 (57.7) 406 (51.9) 355 (48.9)

Former 227 (24.6) 254 (29.3) 261 (33.3) 253 (34.8)

Present 144 (15.6) 112 (12.9) 116 (14.8) 120 (16.5)
Alcohol intake 67 (7.3) 64 (7.4) 79 (10.1) 105 (14.5) <0.001
Parental history of diabetes 341 (37.0) 345 (39.8) 317 (40.5) 309 (42.6) 0.386
Lipid-lowering therapy 42 (4.6) 71 (8.2) 94 (12.0) 92 (12.7) <0.001
Glucose-lowering therapy 0(0) 0(0) 0(0) 0 (0) 1.000
BMI, kg/m’ 25.13+£3.88 26.19+£4.27 27.46 £4.56 28.75+£4.64 <0.001
Waist circumference, cm 83.13+10.38 86.81+11.39 90.95+11.68 95.31+11.79 <0.001
Systolic BP, mmHg 114.0+£15.0 116.95+14.78 119.21+£15.67 123.12+£16.42 <0.001
Diastolic BP, mmHg 71.39+10.1 73.55+£9.97 74.76 £9.92 77.89+£10.86 <0.001
GFR, ml min ' (1.73 m) 2 101 (86-117) 101 (87-119) 101 (85-117) 100 (85-119) 0.368
Fasting blood glucose, mmol/l 5.58+0.5 5.74+0.5 5.84+0.6 5.96+0.6 <0.001
Fasting blood triacylglycerol, mmol/l 0.9 (0.7-1.1) 1.1 (0.9-1.4) 1.4 (1.1-1.8) 2.1 (1.5-2.8) <0.001
HbA |, mmol/mol 31+13 32+13 32+13 32+13 0.040
HbA,., % 5.00+0.40 5.04+0.39 5.04+0.40 5.06+0.40 0.040
hsCRP, mg/l 1.0 (0.5-2.3) 1.3 (0.7-3.1) 1.3 (0.7-3.0) 1.6 (0.9-3.5) <0.001
HOMA-IR 1.1 (0.6-1.7) 1.4 (0.8-2.3) 1.8 (1.1-2.9) 2.5(1.5-3.7) <0.001
Incident type 2 diabetes 17 (1.8) 27 (3.1) 59 (7.5) 69 (9.5) <0.001

HbA . 39-46 mmol/mol (5.7-6.4%)

n 293 289 289 295
Age 50.23+£8.27 51.08 +8.55 52.27+8.67 51.63£8.60 0.030
Sex, male 104 (35.5) 122 (42.2) 118 (40.8) 161 (54.6) <0.001
Hypertension 76 (25.9) 98 (33.9) 120 (41.5) 131 (44.4) <0.001
Dyslipidaemia 74 (25.3) 77 (26.6) 107 37.2)° 120 (41.0)° <0.001
AMI 2(0.7) 5(1.7) 7(2.4) 10 (3.4) 0.128
CAD 6 (2.0) 8(2.8) 9@3.1) 11 (3.8)° 0.667
Heart failure 2(0.7) 8(2.8) 5(1.7) 724) 0.271
Stroke 1(0.3) 2(0.7) 5(1.7) 4(14) 0.336
Smoking 0.008

Never 166 (56.7) 125 (43.3) 141 (48.8) 128 (43.4)

Former 84 (28.7) 92 (31.8) 85(29.4) 102 (34.6)

Present 43 (14.7) 72 (24.9) 63 (21.8) 65 (22.0)
Alcohol intake 22 (7.5) 22 (7.6) 28 (9.7) 45 (15.3) 0.005
Parental history of diabetes® 102 (36.7) 100 (34.5) 156 (49.2) 153 (50.0) <0.001
Lipid-lowering therapy 15(5.1) 18 (6.2) 39 (13.5) 43 (14.6) <0.001
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Table 1 (continued)

Variable TRL particle size P value®
Ist quartile (<40 nm) 2nd quartile (4045 nm) 3rd quartile (45-52 nm) 4th quartile (>52 nm)

Glucose-lowering therapy 0(0) 0(0) 0(0) 0(0) 1.000
BMI, kg/m> 25.77+4.29 26.88£5.32 28.54+£5.07 30.43+£5.38 <0.001
Waist circumference, cm 84.54+10.6 88.61+12.5 92.88+11.99 98.32+12.3 <0.001
Systolic BP, mmHg 116.6+17.4 120.5+18.9 122.0£15.9 125.7+15.7 <0.001
Diastolic BP, mmHg 73.5+11.1 759+12.3 77.0+10.3 79.99 £11.04 <0.001
GFR, ml min ! (1.73 m) > 104 (90-121) 102 (84-119) 98 (87-118) 104 (89-123) 0.076
Fasting blood glucose, mmol/l 5.83+0.6 599+1.1 622+1.2 6.72+2.0 <0.001
Fasting blood triacylglycerol, mmol/l 0.9 (0.7-1.1) 1.2 (0.9-1.6) 1.5(1.2-1.9) 2.2(1.5-3.2) <0.001
HbA,., % 6.08£0.36 6.07+0.47 6.12+0.50 6.21+0.80 0.011
HbA ., mmol/mol 43+1.2 43+1.3 43+1.5 44+1.7

hsCRP, mg/l 1.2 (0.6-3.1) 1.7 (0.8-3.7) 1.9 (0.9-4.6) 2.6 (1.3-5.3) <0.001
HOMA-IR 1.1 (0.6-1.8) 1.5 (0.8-2.4) 2.1(1.3-3.2) 3.0(1.94.9) <0.001
Incident type 2 diabetes® 15 (5.4) 31(10.4) 60 (18.9) 88 (28.8) <0.001

Data are presented for n = 4463 participants enrolled at the Sao Paulo site

Data are means + SD for normally distributed variables, medians (IQR) for nonparametric data or n (%)

2p values are for group comparisons. Statistical analysis: x> for categorical data; ANOVA or Kruskal-Wallis for continuous variables

° Minor mismatches between percentages and 7 values are due to missing data

AMI, acute myocardial infarction; CAD, coronary artery disease

visit 2 on the basis of laboratory values. To better predict the
risk of type 2 diabetes, we split the cohort twice: (1) based on
the presence of glucose abnormalities at baseline according to
the ADA-HDbA,. definition; and (2) randomly in training-
validation and test sets.

Among the 3297 individuals with baseline HbA,,
<39 mmol/mol (5.7%), the incidence of diabetes during
follow-up was 1.40 cases per 100 patient-years (172 new
cases). Participants with baseline HbA;. >39 mmol/mol
(5.7%) (n=1166) had an incidence of diabetes during
follow-up 0f 4.50 cases per 100 patient-years (194 new cases).

The impact of TRL-related measurements on incident
diabetes is described in ESM Tables 1 and 2, but only TRL
particle diameter improved risk discrimination. We further
divided the cohort according to baseline TRL particle size
quartiles in order to better characterise the relationship
between TRL and diabetes. As seen in Table 1, there was an
imbalance in the characteristics of participants in different
quartiles. While participants in the first quartile had a lower
mean BMI, a lower frequency of hypertension and lower
levels of inflammatory markers, participants in the fourth
quartile had more dysfunction in glucose homeostasis and
lipid metabolism.

Impact of TRL plasma concentration, particle size and

cholesterol/triacylglycerol content on incident diabetes In
bivariate analyses (ESM Table 2), the majority of TRL-
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related markers were positively associated with incident type
2 diabetes. ORs for type 2 diabetes were higher in the fourth
quartile compared with the first quartile of TRL particle size
(data not shown). The magnitude of association with incident
type 2 diabetes was similar between individuals with HbA
<39 mmol/mol (5.7%) and those with HbA,, 39—46 mmol/
mol (5.7-6.4%) for continuous TRL particle size, as well as
for TRL plasma concentrations, TRL-cholesterol per particle,
total triacylglycerols and total cholesterol content in the pool
of TRL particles.

Although total triacylglycerol content in the pool of TRL
particles was weakly associated with incident type 2 diabetes,
triacylglycerol content per TRL particle (ratio of total triacyl-
glycerol in TRL to TRL particle concentration) was more
robustly associated with diabetes (data not shown). Since the
majority of the lipid cargo of TRL particles is triacylglycerol,
the size of the particles is highly correlated with the lipid
content and, of course, triacylglycerol content per TRL parti-
cle. TRL particle size strongly correlated with TRL triacyl-
glycerol per particle (overall R* 0.43) and weakly correlated
with TRL-cholesterol per particle (data not shown).

Multivariate models to predict incident diabetes after
3.7 years’ follow-up: the role of TRL-related markers
Commonly available clinical features and laboratory variables
were used to build baseline models. In ESM Table 1, we show
that in a model with 18 variables the magnitude of ORs and
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Table 2 Multivariate logistic regression to predict incident diabetes in the ELSA-Brasil study
Cohort and variable OR (95% CI) p
HbA . <39 mmol/mol (5.7%) at baseline®
Baseline model
Age (per 1 year) 1.0280 (1.0124, 1.0398) <0.0001
Sex (male vs female) 0.9644 (0.7775, 1.1980) 0.7436
Hypertension (yes vs no) 1.5837 (1.2933, 1.9366) <0.0001
Dyslipidaemia (yes vs no) 1.1612 (0.9003, 1.5039) 0.2317
Prior CAD (yes vs no) 0.7791 (0.3711, 1.4829) 0.4704
Prior stroke (yes vs no) 0.8979 (0.4315, 1.7216) 0.6945
Alcohol intake (yes vs no) 1.1243 (0.8692, 1.4527) 0.3459
Lipid-lowering therapy (yes vs no) 1.1759 (0.8196, 1.5914) 0.3836
Parental history of diabetes (yes vs no) 23074 (1.9141, 2.7711) <0.0001
Creatinine clearance (per ml min ! 1.73 mﬁz) 1.0001 (0.9996, 1.0005) 0.3948
Waist circumference (per 1 cm) 1.0301 (1.0219, 1.0381) <0.0001
Systolic BP (per 1 mmHg) 1.0124 (1.0064, 1.0169) <0.0001
Diastolic BP (per 1 mmHg) 1.0072 (0.9881, 1.0261) 0.7411
HbA . (per 3 mmol/mol) 2.6231 (1.9887, 3.4569) <0.0001
hsCRP (per 1 mg/l) 0.9917 (0.9662, 1.0145) 0.4465
Fasting blood triacylglycerols (per 1.13 mmol/l) 1.2117 (1.1349, 1.2881) <0.0001
HDL-cholesterol (per 0.026 mmol/l) 0.9841 (0.9750, 0.9911) <0.0001
LDL-cholesterol (per 0.026 mmol/l) 0.9979 (0.9949, 1.0001) 0.0667
Baseline model + TRL particle size or TRL concentration or TRL triacylglycerol or TRL-cholesterol content
TRL particle size (continuous, per 10 nm)b 1.5689 (1.3183, 1.8317) <0.0001
Plasma TRL concentration (continuous, per 10 nmol/l)b 0.9983 (0.9952, 1.0013) 0.2623
Triacylglycerol per TRL particle (continuous, per 1 mg/nmol)°® 1.8972 (1.0935, 3.2933) 0.0225
Cholesterol per TRL particle (continuous, per 0.1 mg/nmol)° 9.3899 (0.6991, 102.02) 0.2092
Total triacylglycerol in the pool of TRL particles (continuous, per 0.113 mmol/1)® 0.9990 (0.9941, 1.0054) 0.7635
Total cholesterol in the pool of TRL particles (continuous, per 0.259 mmol/I)° 0.9896 (0.9714, 1.0080) 0.2382
HbA . 39-46 mmol/mol (5.7-6.4%) at baseline®
Baseline model
Age (per 1 year) 1.0258 (1.0136, 1.0387) <0.0001
Sex (male vs female) 0.9723 (0.7772, 1.2171) 0.7602
Hypertension (yes vs no) 1.0344 (0.8343, 1.2775) 0.7641
Dyslipidaemia (yes vs no) 1.1418 (0.8739, 1.4348) 0.2917
Prior CAD (yes vs no) 0.4576 (0.2171, 0.8839) 0.0238
Prior stroke (yes vs no) 0.9271 (0.4848, 1.9116) 0.4385
Alcohol intake (yes vs no) 0.9544 (0.7012, 1.2641) 0.6608
Lipid-lowering therapy (yes vs no) 1.2651 (0.8889, 1.7101) 0.2383
Parental history of diabetes (yes vs no) 1.5631 (1.2803, 1.9091) <0.0001
Creatinine clearance (per ml min' 1.73 m ?) 1.0001 (0.9993, 1.0008) 0.5781
Waist circumference (per 1 cm) 1.0297 (1.0207, 1.0378) <0.0001
Systolic BP (per 1 mmHg) 1.0154 (1.0107, 1.0225) <0.0001
Diastolic BP (per 1 mmHg) 1.0096 (0.9903, 1.0293) 0.5418
HbA . (per 3 mmol/mol) 29811 (2.0027, 4.4722) <0.0001
hsCRP (per 1 mg/l) 0.9989 (0.9773, 1.0186) 0.7772
Fasting blood triacylglycerols (per 1.13 mmol/l) 1.1698 (1.0767, 1.2821) 0.0002
HDL-cholesterol (per 0.026 mmol/l) 0.9873 (0.9769, 0.9957) 0.0039
LDL-cholesterol (per 0.026 mmol/l) 0.9961 (0.9931, 0.9990) 0.0130
Baseline model + TRL particle size or concentration or TRL triacylglycerol or cholesterol content
TRL particle size (continuous, per 10 nm)b 1.2488 (1.0191, 1.4803) 0.0299

@ Springer



392 Diabetologia (2021) 64:385-396

Table 2 (continued)

Cohort and variable OR (95% CI) P
Plasma TRL concentration (continuous, per 10 nmol/l)b 0.9987 (0.9953, 1.0020) 0.4806
Triacylglycerol per TRL particle (continuous, per 1 mg/nmol)° 1.3157 (0.8565, 1.8523) 0.1431
Cholesterol per TRL particle (continuous, per 0.1 mg/nmol)° 12.311 (0.1274, 90.131) 0.4241
Total triacylglycerol in the pool of TRL particles (continuous, per 0.113 mmol/l)® 0.9981 (0.9917, 1.0050) 0.6003
Total cholesterol in the pool of TRL particles (continuous, per 0.259 mmol/l)b 0.9896 (0.9683, 1.0096) 0.3406

Data are presented for n = 4463 participants enrolled at the Sao Paulo site
*n=3297 and 172 new cases of type 2 diabetes after 3.7 years

® Adjusted by age, sex, hypertension, dyslipidaemia, prior coronary artery disease, prior stroke, alcohol intake, lipid-lowering therapy, parental history of
diabetes, creatinine clearance, waist circumference, systolic BP, diastolic BP, HbA ., hsCRP, fasting blood triacylglycerols, HDL-cholesterol, LDL-
cholesterol

°n=1166 and 194 new cases of type 2 diabetes after 3.7 years
CAD, coronary artery disease

overall model discriminatory capacity (AUROC) were similar When we incorporated TRL-related markers into multivar-
in the original ELSA-Brasil cohort (n=10,729) and the  iate models, only TRL particle size and triacylglycerol content
subsample of the Sdo Paulo site cohort (n=4463) (global  per TRL particle increased discriminatory efficacy (Table 2).
AUROC: 0.857 (95% CI 0.848, 0.866) and 0.846 (95% CI ~ Since the AUROC for TRL particle size was slightly better
0.829, 0.869), respectively). than that for triacylglycerol content per TRL particle, we kept

Fig. 1 ROC curve in the test sets a
for predicting incident type 2 1.00
diabetes after 4 years’ follow-up,
based on multivariate models
with and without TRL particle

size (TRLZ). (a) AUCs for 075
individuals with baseline HbA . -
<39 mmol/mol (5.7%) (hold-out s
test set, n = 659) show that § 0.50
[
%]

addition of TRLZ to the
prediction model improved the
AUROC for incident type 2

. . . . 0.25 /
diabetes in comparison with a p
model using age, sex - HbA1c <39 mmol/mol (5.7%)
h . d ’ li (’1 . J — Model without TRLZ (test set): AUC 0.717 (95% CI 0.60, 0.82)
ypertension, dyslipidacmia, / — Model with TRLZ (test set): AUC 0.794 (95% CI 0.73, 0.86)
history of coronary artery disease, 0
prior stroke, alcohol intake, 1.00 0.75 0.50 0.25 0
family history of diabetes, use of Specificity
lipid-lowering therapies,
creatinine clearance, waist b
circumference, systolic BP, 1.00

diastolic BP, HbA ., hsCRP,
plasma triacylglycerols, HDL-
cholesterol and LDL-cholesterol. 0.75
(b) AUC:s for individuals with
baseline HbA . 39-46 mmol/mol
(5.7-6.4%) (hold-out test set, n=

Sensitivity

233) show that TRLZ 0.50
numerically improved the
AUROC for incident type 2
diabetes, but this was not 0.95
staglstlcally significant in this HbA 1. 39-46 mmol/mol (5.7—6.4%)
subgroup — Model without TRLZ (test set): AUC 0.808 (95% CI 0.73, 0.77)
— Model with TRLZ (test set): AUC 0.813 (95% Cl 0.73, 0.88)
0
1.00 0.75 0.50 0.25 0
Specificity
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Table 3 Prediction performance
in test sets (hold-out cohorts) after
tenfold cross-validation in the
ELSA-Brasil study

HbA . cohort and model AUROC (95% CI)  AUPRC  FI

score”

Matthews correlation
coefficient score

HbA . <39 mmol/mol (5.7%): test set, n =659
Baseline model®
Baseline model® + TRL

particle size

HbA . 39-46 mmol/mol (5.7-6.4%): test set, n =233
Baseline model”

Baseline model® + TRL
particle size

0.717 (0.603, 0.818)  0.582 0.19
0.794 (0.731, 0.862)  0.701 0.34

0.808 (0.726, 0.875)  0.750 0.55
0.813 (0.730,0.879)  0.755 0.56

0.208
0.350

0.409
0.412

Data are presented for n = 4463 participants enrolled at the Sao Paulo site

#F1 score = (2 x precision x recall)/(precision + recall)

°The baseline model included the following covariates: age, sex, hypertension, dyslipidacmia, prior coronary
artery disease, prior stroke, alcohol intake, lipid-lowering therapy, parental history of diabetes, creatinine clear-
ance, waist circumference, systolic BP, diastolic BP, HbA ., hsCRP, fasting blood triacylglycerols, HDL-choles-

terol and LDL-cholesterol

the particle size in further analyses. TRL plasma concentra-
tions, total triacylglycerol and total cholesterol content in the
pool of TRL particles did not change discriminatory capacity
(data not shown). As expected, when we added TRL particle
size into the model, the strong relationship between fasting
serum triacylglycerols and incident diabetes disappeared (data
not shown).

Baseline HbA, interacts with TRL particle size As expected,
TRL particle size was highly and positively correlated with
insulin resistance (HOMA-IR), waist circumference and
hsCRP. However, these associations were stronger in individ-
uals with a baseline HbA ;. of 39—46 mmol/mol (5.7-6.4%) vs
<39 mmol/mol (5.7%) (ESM Table 3, ESM Fig. 3a—c).
Although hsCRP correlated with TRL particle size, other
inflammatory markers such as IL-6 and TNF-« did not.
Based on these observations, we hypothesised that individ-
uals with baseline HbA ;. of 39—46 mmol/mol (5.7-6.4%) are
more prone to presenting with a number of risk factors (obesi-
ty, insulin resistance and heightened inflammation) that
increase the hepatic release of large VLDL particles or impair
their catabolism (i.e. reduced lipoprotein lipase activity).
ESM Fig. 3d strengthens this hypothesis by showing that
individuals with impaired fasting glucose present with a stron-
ger linear correlation between TRL particle size and the
combination of HOMA-IR, waist circumference and hsCRP,
measured by the sum of their z scores. Indeed, in these indi-
viduals with impaired fasting glucose the sum of z scores for
HOMA-IR, waist circumference and hsCRP was also sharply
correlated with the probability of diabetes (ESM Fig. 4).

TRL particle size is associated with incident type 2 diabetes in
individuals without impaired fasting glucose at baseline To
further investigate the association between TRL particle size

and the risk of incident diabetes during follow-up and its addi-
tive predictive ability, we generated multivariate models for
individuals with impaired fasting glucose (HbA;, 39—
46 mmol/mol [5.7-6.4%]) or HbA . <39 mmol/mol (5.7%).

As shown in Table 2, among TRL-related measurements,
only TRL particle size was associated with incident diabetes
in multivariate models (with 18 covariates) both in individuals
with impaired fasting glucose and those with HbA
<39 mmol/mol (5.7%). Indeed, as seen in ROC curves (Fig.
1), the addition of TRL particle size numerically improved the
AUROC for incident diabetes during follow-up in both
subgroups.

TRL particle size adds predictive value for incident type 2
diabetes in individuals without impaired fasting glucose at
baseline To avoid potential overfitting and to evaluate wheth-
er adding TRL particle size improved the predictive ability of
the logistic regression model on top of the other 18 predictors,
we split the subgroups into a training-validation set and a test
(hold-out) set. After developing the training and validation
models with a tenfold cross-validation framework using
80% of the cohort, we tested the models in 20% of the sample
(hold-out cohort).

Table 3 shows prediction performance metrics in the hold-
out cohort in individuals with baseline HbA ;. <39 mmol/mol
(5.7%) (test set, n=659) and HbA . 3946 mmol/mol (5.7—
6.4%) (test set, n=233). Compared with a baseline model
with 18 predictors, the model including TRL particle size
appeared to improve AUROC, AUPRC, F1 and Matthews
correlation coefficient scores only in the group with baseline
HbA . <39 mmol/mol (5.7%).

Sensitivity analyses As a sensitivity analysis, we excluded
participants whose diagnosis of incident diabetes was made
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based on a single fasting glucose level of >7.0 mmol/l. By
doing this in the Sdo Paulo site cohort, we eliminated 54
new cases, leaving 312 new cases, but it did not change the
AUROC for incident diabetes as a dependent variable in the
baseline model (AUROC 0.832 [95% CI 0.813, 0.855]), nor
did it change the discriminative ability of the TRL particle size
model (AUROC 0.852 [95% CI1 0.830, 0.881]). This suggests
that individuals diagnosed with a single FPG test could be
excluded without affecting the main results.

As we chose ADA-HDbA |, as the criterion for ascertaining
abnormal glucose homeostasis at baseline, we carried out
sensitivity analyses regarding the use of different criteria. In
clinical models for predicting incident diabetes, the AUROC
with the ADA-HbA . criterion did not differ from that with
the OGTT/IGT criterion (ADA-HDbA . vs IGT, p=0.12) or
the ADA-IFG criterion (ADA-HbA . vs ADA-IFG criteria,
p=0.27) (ESM Table 4).

We also evaluated the impact of ascertaining abnormal
glucose homeostasis at baseline on the basis of a combined
any positive test approach (ADA-HbA ., IGT or ADA-IFG).
With this combined criterion, we excluded an additional 347
individuals with type 2 diabetes at baseline (previously
unknown who had criteria for type 2 diabetes only on FPG or
2 h glucose on OGTT), leaving 4116 individuals at risk for type
2 diabetes. Among these participants, 2469 met the criteria for
intermediate hyperglycaemia at baseline and there were 138
incident cases of type 2 diabetes during follow-up in this
subgroup. In these participants, using a model limited to nine
variables in order to avoid model saturation, TRL particle size
did not improve risk prediction for type 2 diabetes (baseline
model [age, sex, hypertension, parental history of type 2 diabe-
tes, waist circumference, systolic BP, HbA,, triacylglycerol,
HDL-cholesterol] AUROC 0.708 [95% CI 0.685, 0.732] vs
baseline model plus TRL particle size¢ AUROC 0.729 [95%
CI 0.696, 0.768], p=0.0647). Each 10 nm increment in TRL
particle size increased the risk for incident diabetes by 32%
(95% C1 7.3, 57.2, p=0.0103) in multivariate analyses.

Conversely, among the remaining 1647 participants who
had no glycaemic abnormalities at baseline (from the 4116
individuals at risk for type 2 diabetes), there were 30 incident
cases of diabetes during follow-up. In this subgroup, TRL parti-
cle size improved AUROC (p =0.00042). A baseline model
was set with two variables (age and systolic BP) by using a
stepwise approach. The AUROC was 0.696 (95% CI 0.602,
0.790) with this baseline model vs 0.7885 (95% CI 0.6871,
0.8899) with the baseline model plus TRL particle size.

Discussion
The findings of the present study indicate that TRL particle

size is a novel marker for incident type 2 diabetes that adds
predictive power to established risk factors in individuals with

@ Springer

normal HbA . values. This particular population is at substan-
tial risk for diabetes (up to 3% develop the condition each
year), and current models are inadequate for predicting risk
burden as compared with impaired fasting glucose individuals
[2].

In this study, TRL particle size strongly associated with the
incidence of type 2 diabetes in the univariate model, especially
in individuals with a HbA . of 39—46 mmol/mol (5.7-6.4%).
However, this effect was clearly offset by the presence of
other metabolic risk factors (i.e. waist circumference,
HOMA-IR and hsCRP). This was expected since an overpro-
duction of large VLDL particles has been described as a prod-
uct of obesity, hepatic steatosis and insulin resistance [10, 11].
TRL typically refers to the mixture of VLDL and chylomi-
crons. However, in most cases chylomicrons would be absent
in a 12 h fasting sample. It is possible that some of the partic-
ipants with normoglycaemia had fasting chylomicron
remnants. In individuals without diabetes, it is noticeable that
increasing HOMA-IR and liver fat are strongly and positively
correlated with production rates of VLDL1 (larger particles)
and decreased secretion of VLDL2 (smaller particles) [11,
20]. Several mechanisms might be implicated in this
phenotype.

First, insulin-resistant states induced by the proinflamma-
tory cytokine TNF-« are associated with overproduction of
intestinally derived VLDL1 driven by induction of p38-
mitogen-activated protein kinase by TNF-« [21]. In parallel,
there is increased expression of sterol regulatory element bind-
ing protein lc¢ because of insulin resistance, combined with
increased production of glycerol 3-phosphate via increased
gluconeogenesis and triacylglycerol synthesis via de novo
lipogenesis [22]. Possibly, the overlap between changes in
metabolism with the change in TRL physiology in insulin-
resistant states might explain why TRL particle size brings
additive predictive value in addition to classic risk factors in
this subpopulation.

In participants with HbA . <39 mmol/mol (5.7%), TRL
particle size had a sustained univariate and multivariate
effect on the risk of type 2 diabetes, and increased the
AUROC for predicting diabetes on top of the best avail-
able model in a large and multi-ethnic cohort. In aggre-
gate, these findings suggest that among individuals with a
lower degree of insulin resistance, those who present with
a higher proportion of VLDL1 are exposed to diabetogenic
particles or may share polymorphisms that increase their
risk for diabetes [11, 20].

There are several lines of evidence supporting a causal
relationship between VLDLI1 levels and diabetes risk [23],
potentially due to increased pancreatic steatosis and cytotox-
icity, which are hallmarks of type 2 diabetes. In animal
models, glycosylphosphatidylinositol HDL-binding protein-
1 knockout (Gpihbpl™~ and apolipoprotein C3-transgenic
(ApoC3-tg) mice show increased mean TRL particle size, an
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augmented proportion of VLDLI1 and amplified cytotoxic
effects in pancreatic cells [24]. In humans, removal of excess
lipid from the pancreas at the same time as decreasing plasma
VLDLI-triacylglycerol allows the return of normal insulin
secretion in early type 2 diabetes [25, 26].

Another hypothesis is that the polymorphisms disrupting
TRL metabolism may share a phenotype of increased TRL
particle size and increased risk for type 2 diabetes because of
pancreatic beta cell lipotoxicity or via indirect mechanisms.
Several pathways are associated with both increased TRL
particle size and diabetes, including the capacity to hydrolyse
TRL particles by the endothelium (e.g. lipoprotein lipase
T495G HindlII and rs343 polymorphisms [27]) or in the liver
(e.g. hepatic lipase rs6083 polymorphism [28]), or preventing
TRL hydrolysis (e.g. APOC3 482TT genotype [29]).
Therefore, it is reasonable to hypothesise that TRL particle
size could be used as a proxy for genetic mutations that
increase the risk of diabetes.

Some limitations of our study must be acknowledged. First,
our characterisation of incident diabetes included participants
with a single abnormal glycaemic test. As participants
frequently reverse the abnormal glycaemic status after a few
weeks, we carried out a sensitivity analysis that showed that
individuals diagnosed by a single glycaemic test could be
excluded without affecting our main results. Second, our
follow-up period was relatively short, and therefore the
observed incidence of diabetes could be over- or
underestimated. However, the annual incidence rate of diabe-
tes in at-risk individuals (1.98% in ELSA-Brasil and 2.14% at
the Séo Paulo site) was similar to that reported in other cohorts
[30, 31] and the robust number of new cases (802 in ELSA-
Brasil and 366 at the Sao Paulo site) suggests that the period
was long enough to provide statistical power. Third, we did
not classify incident diabetes in terms of type. However, it is
highly unlikely that new cases could be classified as type 1
diabetes since we did not include individuals aged 34 years or
younger. Finally, since this study included an occupational
cohort of civil servants, our findings cannot be taken to be
representative of all Brazilian adults. Major strengths of this
study are: (1) the consistency of our findings in several sensi-
tivity analyses; (2) validation of the full model in a large
cohort; and (3) concordance between TRL particle size and
TRL triacylglycerol content per particle in predicting incident
type 2 diabetes. Though particle size and triacylglycerol per
particle are proxies and both are modified by insulin resistance
[10, 11], they are measured through different signals in NMR
spectroscopy [16], and the consistent results must be
acknowledged.

In summary, we found a biomarker that improves discrim-
ination capacity for the risk of diabetes in individuals who do
not show dysglycaemia at baseline. TRL particle size was
highly correlated with obesity, insulin resistance and inflam-
mation in individuals with impaired fasting glucose at

baseline, but this association was attenuated in those with
HbA . <39 mmol/mol (5.7%). These findings indicate TRL
particle size as a risk factor that is changed early in the course
of the pathophysiological processes that lead to type 2 diabe-
tes, even before the occurrence of glucose abnormalities. A
causal relationship between TRL particle size and incident
diabetes should be further investigated.
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