
SHORT COMMUNICATION

Glucose patterns during an oral glucose tolerance test
and associations with future diabetes, cardiovascular disease
and all-cause mortality rate

Adam Hulman1,2,3
& Dorte Vistisen4

& Charlotte Glümer5 & Michael Bergman6
&

Daniel R. Witte1,2 & Kristine Færch4

Received: 24 May 2017 /Accepted: 7 September 2017 /Published online: 6 October 2017
# Springer-Verlag GmbH Germany 2017

Abstract
Aims/hypothesis In addition to blood glucose concentrations
measured in the fasting state and 2 h after an OGTT, interme-
diate measures during an OGTT may provide additional in-
formation regarding a person’s risk of future diabetes and
cardiovascular disease (CVD). First, we aimed to characterise
heterogeneity of glycaemic patterns based on three time points
during an OGTT. Second, we compared the incidences of
diabetes and CVD and all-cause mortality rates among those
with different patterns.
Methods Our cohort study included 5861 participants without
diabetes at baseline from the Danish Inter99 study. At base-
line, all participants underwent an OGTTwith measurements
of plasma glucose levels at 0, 30 and 120 min. Latent class
mixed-effects models were fitted to identify distinct patterns
of glycaemic response during the OGTT. Information

regarding incident diabetes, CVD and all-cause mortality rates
during a median follow-up time of 11, 12 and 13 years, re-
spectively, was extracted from national registers. Cox propor-
tional hazard models with adjustment for several cardiometa-
bolic risk factors were used to compare the risk of diabetes,
CVD and all-cause mortality among individuals in the differ-
ent latent classes.
Results Four distinct glucose patterns during the OGTTwere
identified. One pattern was characterised by high 30 min but
low 2 h glucose values. Participants with this pattern had an
increased risk of developing diabetes compared with partici-
pants with lower 30 min and 2 h glucose levels (HR 4.1 [95%
CI 2.2, 7.6]) and participants with higher 2 h but lower 30 min
glucose levels (HR 1.5 [95% CI 1.0, 2.2]). Furthermore, the
all-cause mortality rate differed between the groups with sig-
nificantly higher rates in the two groups with elevated 30 min
glucose. Only small non-significant differences in risk of fu-
ture CVDwere observed across latent classes after confounder
adjustment.
Conclusions/interpretation Elevated 30 min glucose is asso-
ciated with increased risk of diabetes and all-cause mortality
rate independent of fasting and 2 h glucose levels. Therefore,
subgroups at high risk may not be revealed when considering
only fasting and 2 h glucose levels during an OGTT.

Keywords 30minute post-OGTT glucose . Cardiovascular
disease . Latent class modelling .Mortality . Oral glucose
tolerance test . Plasma glucose curve . Type 2 diabetes
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FPG Fasting plasma glucose
ISI0–120 Insulin sensitivity index
PG-AUC Area under the plasma glucose curve
PG-iAUC Incremental area under the

plasma glucose curve

Introduction

Blood glucose concentrations measured in the fasting state
and 2 h after an OGTT are used for the diagnosis of impaired
glucose tolerance and type 2 diabetes [1]. Intermediate mea-
sures between fasting plasma glucose (FPG) and 2 h post-load
plasma glucose (2hPG), e.g. 30 min plasma glucose
(30minPG) or 1 h plasma glucose (1hPG) concentrations,
have not received much attention in clinical practice, but ep-
idemiological studies have shown that these may be more
predictive of risk for future diabetes than FPG, 2hPG or
HbA1c [2–5]. Furthermore, different features of OGTT-
derived glucose curves have been associated with diabetes
incidence, e.g. time to peak, time to nadir and whether the
curve was monophasic or biphasic [3, 6, 7]. Cardiovascular
disease (CVD) and all-cause mortality rates have received
even less attention in previous studies [8, 9]. All previous
analyses studying long-term outcomes used predefined char-
acteristics to categorise glucose patterns and they did not take
measurement error into account. However, using a data-driven
statistical approach, latent class trajectory analysis, we recent-
ly showed that individuals with a high glucose peak approxi-
mately 45 min after intake of 75 g glucose, but normal 2 h
glucose levels, had an increased estimated 10 year risk of
CVD compared with those with higher 2 h glucose levels
but lower glucose peak [10]. Furthermore, in a prospective
study, we showed associations between glucose patterns and
the risk of future diabetes [11]. Now, we propose to use the
same statistical method to reveal heterogeneity in plasma glu-
cose patterns based on three time points during the OGTT, and
thereafter compare the incidence of not only diabetes but also
CVD and all-cause mortality rate between the identified latent
classes. We hypothesise that there will be individuals at high
risk not captured by classical measures of risk.

Methods

The analysis was based on data from the Inter99 study, a
prospective non-pharmacological intervention study in the
Danish population [12]. At baseline, 6784 individuals partic-
ipated in a clinical examination including a 75 g OGTT (an-
hydrous glucose in 250 ml water) with measurement of plas-
ma glucose and serum insulin at three time points (FPG,
30minPG and 2hPG) after a fast from midnight including
drinking and smoking (except for some water to take essential

medication in the morning). Altogether, 6171 participants had
valid glucose measurements at all three time points. We ex-
cluded individuals with known (n = 44) or screen-detected
diabetes (n = 243), leaving 5861 participants for the analysis.
Furthermore, 61 individuals with previous CVD were exclud-
ed for the analysis of CVD as an outcome variable.

Height, body weight, waist and hip circumference, blood
pressure and plasma lipids were measured according to stan-
dard procedures. Information on smoking status, diet, physical
activity, socioeconomic status and use of medication was ob-
tained by questionnaire. Plasma glucose concentrations were
measured using the hexokinase/G6P-DH technique
(Boehringer Mannheim, Mannheim, Germany) and serum in-
sulin concentrations by the fluoroimmunoassay technique
(AutoDELFIA; Perkin Elmer-Wallac, Turku, Finland).

We calculated the area under the plasma glucose curve
(PG-AUC) and the incremental area (PG-iAUC) using the trap-
ezoid rule. As a surrogate marker of insulin sensitivity, we
calculated the insulin sensitivity index (ISI0–120), a simplified
version of the Cederholm index, using the equation by Gutt
et al [13, 14]. We also calculated the insulinogenic index based
on fasting and 30 min glucose and insulin measurements to
characterise the insulin response to the glucose challenge
[15]. The equations are provided in the electronic supplemen-
tary material (ESM).

The Inter99 study was performed in accordance with the
Helsinki Declaration with approval by the local ethics com-
mittee (KA98155) and informed consent was attained from
participants. The Inter99 study has been described in detail
elsewhere [12].

Latent class mixed-effects models were fitted to identify
distinct patterns of glycaemic response during the OGTT. A
piecewise linear specification was used for time terms,
allowing coefficients (slopes before and after 30 min) to vary
between latent classes. The optimal number of classes was
selected based on the model’s Bayesian Information
Criterion, as well as the size of the smallest identified class.
Participants were assigned to the class with the highest class
membership probability.

For the survival analysis, information on diabetes diagnosis
during follow-up (until 31 December 2010) was extracted
from the Danish Diabetes Register. Information on CVD
(ischaemic heart disease and stroke, until 31 Dec 2011) was
obtained from the National Patient Register (non-fatal CVD)
and from the Cause of Death Register (fatal CVD).
Information on all-cause mortality rate was obtained from
the Cause of Death Register on 31 December 2012.
Therefore, 11, 12 and 13 years of median follow-up were
obtained for the three outcomes, respectively. We had more
detailed information on cause of death for those who died
before 31 December 2010. Further information on the valida-
tion and coverage of the Danish registers has been published
previously [16–18]. Cox proportional hazards models with
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adjustment for two sets of variables were used to compare risk
of diabetes, CVD and death between latent classes. Model 1
was adjusted for age, sex, smoking status and intervention.
Model 2 was additionally adjusted for waist circumference,
height, socioeconomic status, diet, physical activity, systolic
blood pressure, total cholesterol, antihypertensive medication
and statin use. Statistical analyses were conducted in R version
3.2.0 (R Foundation for Statistical Computing, Vienna, Austria).

Results

Identification of latent classes Four distinct glucose patterns
were identified during the OGTT (Fig. 1a). Average class
membership probabilities for the most likely class were high,
ranging between 0.8 and 0.9. Class 3, representing 13% of
participants, was characterised by the highest 30minPG but
the lowest 2hPG. The other three classes were ranked consis-
tently regarding plasma glucose levels at the three time points.

Cardiometabolic risk factors Characteristics of study partici-
pants stratified by latent classes are shown in Table 1. Class 3
had the highest proportion of men and current smokers (both
p < 0.001 vs all other groups) and > 70% of individuals
belonging to this group had normal glucose tolerance.
Insulin levels ranked similarly to glucose levels at all three

time points. Individuals in class 3 were characterised by the
same degree of insulin sensitivity (ISI0–120) as those in class 1;
however, their first-phase insulin response (insulinogenic in-
dex0–30) was almost reduced to the same extent as those in
class 4. In general, other cardiometabolic risk factors showed a
worsening tendency from class 1 to class 4.

Diabetes Cumulative event probabilities for the different latent
classes are shown in Fig. 1b, while absolute numbers and inci-
dence rates with adjusted HRs are provided in Table 2. In the
most adjusted model, people in class 3 had a fourfold increased
risk of developing diabetes compared with those in class 1, but
only half the risk of those in class 4 (HR 0.48 [95% CI 0.32,
0.70], p < 0.001). Class 3 also had higher diabetes risk than
participants in class 2 (HR 1.5 [95% CI 1.0, 2.2], p = 0.05),
who had only one-third of the risk (HR 0.32 [95% CI 0.23,
0.45], p < 0.001) compared with class 4 with the highest inci-
dence rate (15.4 [95% CI 12.7, 18.6] per 1000 person-years).

CVD We observed smaller differences in risk of developing
CVD between latent classes, than in risk of developing diabe-
tes (Fig. 1c and Table 2). Class 3 did not have a higher risk of
CVD events than class 1, but classes 2 and 4 characterised by
higher 2hPG had a 60–70% higher CVD risk than class 1 in
model 1. However, these effects were attenuated and became
non-significant in model 2.
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Fig. 1 (a) Patterns of plasma
glucose during an OGTT. (b–d)
Cumulative incidence proportion
(CIP) with 95% CI of (b)
diabetes, (c) CVD and (d) all-
cause mortality by latent class.
Green, class 1 (n = 1855, 32%);
light blue, class 2 (n = 2534,
43%); dark blue, class 3 (n = 781,
13%); red, class 4 (n = 691, 12%)
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All-cause mortality rate The all-cause mortality rate was
higher in classes 3 and 4 than in class 1 (Fig. 1d and
Table 2). The differences were attenuated but remained statis-
tically significant after confounder adjustment (model 2). In a
subanalysis, we did not find an overall indication of a differ-
ence in causes of death by class when considering cancer,
CVD and other cause as the three major groups (p = 0.24).
There was a statistically non-significant indication that CVD
was more frequently the main cause of death in class 4 com-
pared with the other classes (p = 0.06).

Discussion

Using a novel latent class trajectory analysis approach, we
revealed heterogeneity in plasma glucose response to oral glu-
cose intake beyond the established glucose criteria based on
FPG and 2hPG levels. We identified four different patterns

and were able to link them to long-term outcomes including
incident diabetes, CVD and all-cause mortality rate. While
three groups (classes 1, 2 and 4) showed a consistently increas-
ing risk profile regarding cardiometabolic risk factors and long-
term outcomes, one group (class 3) was characterised by a
markedly different pattern. The latter had the largest change
during the 2 h OGTT, reaching the highest 30minPG level
but then reverting to the lowest 2hPG level. This group was
characterised by having a low first-phase insulin response to the
oral glucose challenge but a high level of insulin sensitivity.

Individuals belonging to class 3 had a fourfold higher risk of
diabetes than those in class 1, who had the most favourable
pattern. In contrast, class 3 had a lower risk of diabetes than
those in class 4 who had a similarly high 30minPG but higher
2hPG within the impaired glucose tolerance range. These dif-
ferences were probably explained by the low first-phase insulin
response but relatively high level of insulin sensitivity observed
in individuals in class 3. Intermediate time points, especially

Table 1 Cardiometabolic risk factor characteristics by latent class

Overall Class 1 Class 2 Class 3 Class 4
n = 5861 n = 1855 (32%) n = 2534 (43%) n = 781 (13%) n = 691 (12%)

Age (year) 45 (40–50) 45 (40–50) 45 (40–50) 50 (45–55) 50 (40–55)

Sex (% male) 50 38 49 76 54

BMI (kg/m2) 25.5 (23.1–28.3) 24.2 (22.1–26.4) 25.6 (23.4–28.6) 26.6 (23.8–29.1) 27.7 (24.7–31.1)

Height (cm) 172 (165–179) 171 (165–178) 171 (165–178) 175 (170–182) 171 (164–177)

Waist circumference (cm) 85 (76–94) 80 (72–88) 86 (77–94) 91 (84–99) 92 (83–101)

Hip circumference (cm) 100 (94–106) 98 (93–104) 100 (95–106) 101 (96–107) 102 (96–109)

Total cholesterol (mmol/l) 5.4 (4.8–6.2) 5.1 (4.5–5.8) 5.5 (4.8–6.3) 5.7 (5.0–6.3) 5.8 (5.0–6.5)

LDL-cholesterol (mmol/l) 3.4 (2.8–4.1) 3.2 (2.6–3.8) 3.5 (2.9–4.2) 3.6 (3.0–4.3) 3.6 (3.0–4.3)

HDL-cholesterol (mmol/l) 1.4 (1.1–1.7) 1.4 (1.2–1.7) 1.4 (1.1–1.7) 1.3 (1.1–1.7) 1.3 (1.1–1.6)

Triacylglycerols (mmol/l) 1.0 (0.8–1.5) 0.9 (0.7–1.2) 1.1 (0.8–1.5) 1.2 (0.8–1.7) 1.4 (1.0–2.1)

Systolic blood pressure (mmHg) 129 (120–140) 120 (112–130) 130 (120–140) 130 (120–140) 137 (125–150)

Diastolic blood pressure (mmHg) 80 (75–90) 80 (70–85) 80 (75–90) 85 (79–90) 87 (80–95)

Antihypertensive treatment (%) 6 3 6 8 11

Smoking (%) 36 36 31 50 35

Intervention (%) 51 41 47 59 84

Glucose tolerance status (%)

Normal glucose tolerance 78 99 86 71 9

iIFG 9 1 8 29 7

iIGT 9 0 5 0 54

IFG + IGT 4 0 1 0 30

PG-AUC 14.3 (12.7–15.9) 12.0 (11.2–12.7) 14.6 (13.9–15.5) 15.8 (14.7–17.2) 18.2 (17.4–19.2)

PG-iAUC 3.4 (2.2–4.7) 1.6 (0.9–2.3) 3.8 (3.1–4.6) 4.2 (3.3–5.3) 6.6 (5.8–7.5)

Insulin0 (pmol/l) 33 (23–49) 28 (20–40) 34 (24–49) 35 (23–54) 46 (30–71)

Insulin30 (pmol/l) 243 (173–352) 221 (160–313) 247 (177–351) 273 (190–419) 264 (172–396)

Insulin120 (pmol/l) 151 (91–245) 112 (72–161) 179 (119–267) 90 (49–161) 353 (216–566)

ISI0–120 99 (75–128) 125 (104–157) 86 (73–105) 125 (95–176) 52 (44–62)

Insulinogenic index0–30 0.58 (0.36–0.96) 0.91 (0.58–1.50) 0.54 (0.36–0.83) 0.39 (0.25–0.61) 0.38 (0.26–0.59)

Data are presented as median (Q1–Q3) or percentage

iIFG, isolated impaired fasting glucose; iIGT, isolated impaired glucose tolerance; IFG + IGT, impaired fasting glucose and impaired glucose tolerance
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1hPG, were also found to be superior markers for future diabe-
tes in other studies [2, 3]. Our finding is also in line with
previous studies, reporting higher diabetes risk among those
whose plasma glucose levels did not return to baseline during
an OGTT compared with those whose did [6, 11]. In addition,
the patterns identified in the current study were similar to those
we identified in an urban Indian population, which supports the
use of the latent class trajectory analysis approach [11].

People in class 3 had a CVD risk comparable to the class
with the most favourable glucose pattern (class 1). This might
be explained by their high level of insulin sensitivity, as a
previous study reported an association with low insulin sensi-
tivity. The increased risk of CVD in class 4 was also attenu-
ated in the most adjusted model and became non-significant.
This might be due to the classification based on glucose
patterns, as two previous large observational studies reported
a strong association between low insulin sensitivity and inci-
dent CVD when using ISI0–120 as a continuous predictor [19,
20]. Although not directly comparable due to the lack of 1hPG
measurements in our study, these results are in agreement with
a previous Finnish study finding 2hPG to be a more important
marker of CVD risk than FPG and 1hPG among people with
impaired fasting plasma glucose or impaired glucose tolerance
[8]. We observed a worsening gradient for most cardiovascu-
lar risk factors across classes, but not for smoking. The ob-
served association between the group having a high interme-
diate peak (class 3) and smoking is in line with a previous
meta-analysis on the effect of smoking on glycaemic measures
and might reflect increased gastric motor activity [21].

In addition to 1hPG concentration, various curve character-
istics have been examined in predicting future diabetes [3, 6].
However, such measures have limitations, as individuals with
different glucose trajectories can still have similar values for
some or several calculated curve features. Therefore, instead
of studying predefined curve characteristics, we considered
heterogeneity of change using a data-driven approach.
Latent class trajectory analysis allows the investigation of
change over time, while taking measurement error into
account. Compared with conventional approaches assessing
only mean growth curves, the latent class method is suitable
to reveal heterogeneous patterns, which may give us a more
complete picture of associations. Another strength of our
analysis was that we could include not only diabetes but also
CVD and all-cause mortality rate as outcomes within the same
cohort. This has been a limitation of previous studies, which
have focused on diabetes development.

It is important to bear in mind that the aim of this study was
not to find the best prediction model or to determine optimal
cut-off values for the examined outcomes, but to find associ-
ations that might not have been revealed with conventional
methods. We observed that different glucose patterns are
associated with different long-term outcomes, which cannot
be explained by differences in cardiometabolic risk profiles.
This suggests that glucose measurements at different time
points should be considered simultaneously to get a more
detailed picture of a person’s risk of future diabetes, CVD
and premature death. A limitation of our study was that we
were not able to study other intermediate time points during

Table 2 Crude incidence rates
(per 1000 person-years) and ad-
justed HRs (95% CI) for diabetes,
fatal and non-fatal CVD (ischae-
mic heart disease or stroke) and
all-cause mortality by latent class

n (%) Incidence rate HR (95% CI)

Model 1 Model 2

Diabetes

Class 1 15 (0.8%) 0.7 (0.5, 1.2) Ref. Ref.

Class 2 83 (3.3%) 3.0 (2.5, 3.8) 3.8 (2.2, 6.6) 2.8 (1.6, 4.9)

Class 3 52 (6.7%) 6.3 (4.8, 8.3) 6.8 (3.8, 12.2) 4.1 (2.2, 7.6)

Class 4 108 (15.6%) 15.4 (12.7, 18.6) 14.5 (8.3, 25.4) 8.6 (4.7, 15.5)

CVD

Class 1 71 (3.9%) 3.3 (2.6, 4.2) Ref. Ref.

Class 2 190 (7.6%) 6.6 (5.7, 7.6) 1.6 (1.2, 2.2) 1.3 (1.0, 1.8)

Class 3 61 (7.9%) 6.9 (5.4, 8.9) 1.3 (0.9, 1.9) 1.1 (0.8, 1.7)

Class 4 75 (11.0%) 9.7 (7.8, 12.2) 1.7 (1.2, 2.4) 1.2 (0.8, 1.8)

All-cause mortality

Class 1 45 (2.4%) 1.9 (1.4, 2.5) Ref. Ref.

Class 2 95 (3.7%) 2.9 (2.4, 3.6) 1.3 (0.9, 1.9) 1.3 (0.9, 1.9)

Class 3 54 (6.9%) 5.5 (4.2, 7.1) 1.8 (1.2, 2.7) 1.6 (1.0, 2.5)

Class 4 47 (6.8%) 5.4 (4.0, 7.1) 1.9 (1.2, 2.9) 1.8 (1.1, 2.9)

Model 1: adjusted for age, sex, smoking and intervention

Model 2: adjusted for age, sex, smoking, intervention, waist circumference, height, socioeconomic status, diet,
physical activity, systolic blood pressure, total cholesterol, antihypertensive medication and statin use
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the 2 h OGTT (e.g. 60 or 90min). This would have refined our
approach in the sense that continuous glucose curve patterns
could be captured, not only piecewise linear. Another aspect
that needs further investigation is the difference in mortality
rates between classes. Although we had information on the
cause of death for a subsample of our cohort, because the
numbers in the different categories were low we did not have
enough power to examine in detail which causes contributed
most to the excess mortality rate in class 3 compared with
class 1. However, the observed difference is in line with pre-
vious results showing a higher mortality rate among those
with 1hPG > 8.6 mmol/l even with a 2hPG level
< 7.8 mmol/l [9]. Similarly, the low number of individuals
with diabetes in class 1 (n = 15) resulted in wide CIs of the
HRs when using this class as reference category. Therefore,
we also presented some of our results using class 4, the class
with the most events, as reference for this outcome.

In conclusion, elevated 30minPG is associated with a high
risk of future diabetes and higher all-cause mortality rates
independent of FPG or 2hPG levels. Latent class analysis
seems to be a promising method to reveal otherwise uniden-
tified subgroups that do not fit into either of the categories of
impaired fasting glucose or impaired glucose tolerance.
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