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Abstract

Background: The aim of this study was to investigate the relationship between 2-hour insulin concentration and fasting
plasma glucose concentration (FPG) in a population-based sample of Indigenous Australians.
Methods: Data collected from 2930 adults with unknown diabetic status were analyzed using three non-linear modeling
methods: locally weighted regression (LOESS), generalized additive models (GAM), and fractional polynomial (fracpoly)
regression procedures.
Results: Log fasting insulin and log 2-hour insulin had nonlinear relationships with FPG. All models indicated a consistent
fit for 2-hour insulin response across FPG values of 3.5–5.8 mmol/l. GAM and fracpoly regressions overlapped across FPG
values of 3.5–13 mmol/l. The LOESS model had a slightly different pattern from FPG of 5.8-17 mmol/l. For all models, log
2-hour insulin concentration increased across FPG values from 3.5–7.0 mmol/l and decreased for FPG >7.0 mmol/l.
Conclusions: The 7.0 mmol/l FPG diagnostic cut-off represents the start of a diminishing second-phase insulin response to
glucose, indicating that pancreatic output begins to decline at this FPG level. These results provide strong physiological
rationale, beyond rising rates of clinical complications, for the revised fasting glucose diagnostic criterion of 7.0 mmol/l.
Further research is needed to evaluate whether similar relationships exist for other high- and low-risk populations.
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Introduction
The current American Diabetes Association recommended
diagnostic criterion for type 2 diabetes mellitus of fasting plasma
glucose (FPG) ≥7.0 mmol/l is based on the point at which risk for
macrovascular and microvascular complications substantially
increases [1,2]. The WHO continues to recommend assessment
of plasma glucose level by oral glucose tolerance test (OGTT)
with a 75g glucose load and the diagnostic criterion of a 2-hour
post-challenge plasma glucose ≥11.1mmol/l [2]. The OGTT
with glucose loading and two venipunctures is unpopular
with patients and screening test participants, and is difficult to
implement in field settings. This is so for Australian Aboriginal
peoples who, with diabetes prevalence rates of 15-30% [3,4]
and incidence rates of 20-23 cases per 1,000 person-years
[5,6], are at elevated risk for having and developing the disease.
Specific aetiologies of type 2 diabetes mellitus and the exact
contributions that insulin secretion and insulin sensitivity play

in hyperglycaemia associated with type 2 diabetes, are not
fully understood [1]. The relationship is hyperbolic: at early
stages of type 2 diabetes, insulin secretion increases as the
body responds to elevated blood glucose levels and then,
as blood glucose levels continue to be elevated or increase
further, insulin secretion decreases (i.e., “Starling’s curve of the
pancreas”) [7-9]. This evidence has shaped the theory that the
primary abnormality in type 2 diabetes is insulin resistance and
β-cell dysfunction is a secondary impairment [7].
Insulin secretory response to oral glucose challenge has
been shown to correlate with 2-hour plasma glucose levels.
Previous studies have indicated that insulin responses rise
and peak between 2-hour plasma glucose levels of 7.8-11.1
mmol/l and become progressively lower for 2-hour plasma
glucose levels greater than 11.1 mmol/l [10,11]. Such data have
provided physiological support for the WHO-recommended
type 2 diabetes diagnostic criterion of plasma glucose ≥11.1
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mmol/l after OGTT.
The underlying physiological mechanisms by which the
above relationships are expressed for different levels of fasting
glucose have not been resolved. Studies of the association
between insulin secretion and FPG have produced varied and
contradictory results. Previous studies have described the
distribution of fasting insulin as a function of FPG, finding a
peak of fasting insulin at FPG 7.8 mmol/l [7,9,12]. For first-phase
insulin secretion, other work has found a marked decline
between FPG of 5.0 to 5.4 mmol/l [13] while still other studies
suggest no clear threshold at which early insulin secretion is
reduced [14]. Insulin secretion in response to 2-hour OGTT
has been shown to decrease in FPG greater than 6.1 mmol/l
[7] or, in a comparison of ethnic groups, between 7.1 and 7.8
mmol/l [15].
Little population-based research has addressed insulin
response in relation to FPG levels to better understand the
connections between a threshold FPG level and physiological
changes in insulin secretion and sensitivity. An improved
understanding of the changes in insulin that correspond to a
spectrum of fasting glucose, and hyperglycaemia in particular,
could provide an aetiological basis to complement FPG
thresholds which correlate with adverse outcomes. In this
study, we evaluated the relationship between FPG and fasting
insulin and 2-hour post-challenge insulin concentrations
based on OGTTs in Aboriginal Australians at various stages
in the progression of the disease but not known to have
existing diabetes.

Patients and Methods

Population and setting

Data were collected in community-based screening for
diabetes and coronary risk factors in 25 Aboriginal Australian
settlements between 1983 and 1997. Screening test analyses
[16] and results have been reported previously [3, 5,17-21].
Participation was voluntary for all persons at least 15 years
of age with no known disease. Response rates ranged
from 54-90% of resident adults present in the community
during screening; participants ranged from 57 to 582 across
settlements (median=82). The distribution of age by sex was
representative of that for the national Australian Aboriginal
population [3,22]. Review board approval was provided by the
institutions responsible during data collection: Alice Springs
Institutional Ethics Committee and ethics committees at the
University of Melbourne and Deakin University, Melbourne,
Australia. All participants provided their informed, written
consent.
Study communities were located in central, north-western
and north-eastern Australia, representing the spectrum
of ‘remote’ settings in which Aboriginal Australians live,
from central desert areas to tropical, monsoonal regions
in the north. Lifestyles in these communities are mixes of
traditional and, increasingly, western ways of living (i.e., poor
diet and inactivity) related to development of diabetes and
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cardiovascular disease.

Study Measures

FPG and fasting insulin were measured from a venous blood
sample collected following an overnight fast. OGTTs were
given with participants ingesting a 75-gram carbohydrate load.
A second blood sample was drawn 2 hours later. Blood samples
were transferred to fluoride-heparin tubes and kept cold until
centrifugation and separation of plasma at 2500 rpm. Plasma
was stored prior to automated analysis of glucose by glucose
oxidase or hexokinase methods (Boehringer-Mannheim,
Sydney). Insulin was determined by radio-immunoassay
(pre-1993 data: Pharmacia Diagnostics; Uppsala, Sweden,
inter-assay CV 5%; 1993 and later data: Linco Research, Inc.,
St. Louis, U.S., inter-assay CV<14% at lower levels, ≤9% in
the mid-range, and ≤5% in the upper working range). An
early analysis of 16 persons included in the present sample
showed median differences of 6.8% between assays (r=0.98)
[23] but, as noted in the Results, the distribution of insulin
did not differ between the two assays.

Data Analysis

The relationships between FPG and fasting insulin and 2-hour
post-challenge insulin were modelled with participants pooled,
thus including a spectrum of status from normoglycaemia
to diabetes (but not including individuals already known to
have diabetes). As the shape of the relationship between
insulin and glucose was of interest, specifically, the inflection
point, non-linear modelling methods were used. The use of
multiple methods of analysis allowed us to assess consistency
between different methods and identify model specification
bias. Different modelling methods were thus used to assess
whether a given inflection point was specific to a particular
statistical approach, or if results converged for different
modelling strategies. Natural logarithm transformations of
fasting and 2-hour insulin were used to reduce non-normality
and heteroscedasticity of errors.
A first set of analyses was conducted with locally weighted
polynomial regression (LOESS) which fits simple models
to localised subsets of data. These are combined into a
function that describes the relationship between the variables.
Analysis was conducted using SAS PROC LOESS (SAS 9.1.3).
The regression model used local quadratic fitting, local
least squares fitting for every point in the dataset, and three
reweighted iterations. Automatic smoothing parameters
were used: 0.4 for the fasting insulin regression model; and
0.8 for the 2-hour insulin regression model.
A second set of analyses used a nonparametric generalised
additive model (GAM) procedure. This model assumes that
the mean of the outcome variable depends on an additive
predictor estimated through a nonlinear link function. An
iterative estimation process completes when the likelihood of
the data, given the model, cannot be improved. We conducted
this analysis using SAS PROC GAM (SAS 9.1.3). Six models were
fitted with smoothing splines of 4, 5, 6, 7, 8 and 9 df specified
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for fasting insulin, and 2, 3, 4, 5, 6 and 7 df for 2-hour insulin.
A third set of analyses used fractional polynomial regression.
This procedure fits a series of models where the relationship
is presumed to be first order fractional polynomial. Different
fractional polynomial models are estimated; that with the
best fit is identified using criteria to measure model goodness
of fit. We used Stata fracpoly regress (Stata 8.2) to fit six
fractional polynomial regression models for 4, 5, 6, 7, 8 and 9
df for fasting insulin, and 2, 3, 4, 5, 6 and 7 df for 2-hour insulin.
The Akaike Information Criterion was used to evaluate the
best fit for GAM and fracpoly analyses using the equation
Akaike Information Criterion=Deviance+2*p, where p is the
number of parameters (df) in the model. A lower criterion
value indicates a better fit.

Results

A total of 2958 observations were available to analyse the
relationship between insulin and FPG, from which 28 were
excluded due to 2-hour insulin concentration values >3000
pmol/l and/or FPG values <3.0 mmol/l. The 25th, 50th and 75th
percentile values for 2-hour insulin (pmol/l) were 156, 288
and 516 for pre-1993 data (Pharmacia assay) (n=1602) and 138,
270 and 516 for 1993 and later data (Linco assay) (n=1328). As
such, the distributions of insulin did not differ between assays,
and there was no difference in means (t 2928 df =0.04, p=0.97).
Table 1 gives descriptive statistics and biochemical data for
the 2930 individuals included in analyses. Ten percent of the
sample was classified as having impaired glucose tolerance
and 11.8% were classified as having diabetes.
In relation to log fasting insulin, the first quartile of FPG
(mmol/l) was 4.3, the median was 4.8 and the third quartile
was 5.4. Ninety percent of FPG observations were below
6.9. In relation to log 2-hour insulin, the first quartile of FPG
(mmol/l) was 4.3, the median was 4.7, and the third quartile
was 5.3. Eighty percent of FPG observations were between
3.5 and 5.8, and 90% were below 7.0. Figure 1 provides the
scatter plot for log 2-hour insulin and FPG observations,
illustrating non-linearity and considerable variability.
Akaike Information Criterion values, indicating the best
fit for GAM and fracpoly models, are presented in Table 2
according to degrees of freedom for analyses of log fasting
and log 2-hour insulin versus FPG values. For log fasting insulin,
the GAM analysis with df=6 had the best fit amongst the six
models tested, each with a different smoothing spline for
different degrees of freedom, and the fracpoly analysis with
df=9 had the best fit. For 2-hour insulin, the GAM analysis with
df=5 and the fracpoly analysis with df=4, were the best fits.
For the three regression models using LOESS, GAM
(df=6), and fracpoly (df=9) methods, peak log fasting insulin
corresponded to FPG of 7.1 mmol/l for the LOESS model, 7.5
mmol/l for the GAM model, and 7.3 mmol/l for the fracpoly
model (data not shown). The three methods produced a nearly
consistent fit, with the exception of the fracpoly model which
fluctuated along the GAM and LOESS lines at FPG >8.0 mmol/l.
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Table 1. Descriptive characteristics and biochemical data for 2930
Aboriginal Australians.
Mean

Std
Dev

Minimum

Maximum

Age (years)

35.2

15.9

15.0

84.0

Sex Men (%)

46.3

0.92

—

—

Variable

53.7

0.92

—

—

Body mass index (kg/m2)

Women (%)

26.1

6.2

15.3

55.1

Fasting plasma glucose (mmol/l)

5.24

2.03

3.00

19.60

Two-hour glucose (mmol/l)

7.01

4.13

2.90

32.00

Fasting insulin (pmol/l)

110.7

97.0

12.0

1500.0

Two-hour insulin (pmol/l)

393.9

377.2

12.0

2970.0

Normoglycemic (%)

78.2

0.76

—

—

Impaired glucose tolerance (%)

10.0

0.55

—

—

Diabetes (%)

11.8

0.60

—

—

Table 2. Akaike Information Criterion values according to degrees
of freedom for non-parametric fitted models of log fasting and log
2-hour insulin versus fasting plasma glucose.
Degrees of freedom
Log fasting
insulin

4

5

6

7

8

9

GAM

1224.5

1222.8

1222.5

1223.0

1224.0

1225.3

fracpoly

6061.3

6059.3

6057.8

6057.1

6052.6

6052.4

Log 2-hour
insulin

2

3

4

5

6

7

GAM

2122.8

2108.3

2104.9

2104.1

2104.5

2105.4

fracpoly

7362.4

7336.2

7334.8

7335.7

7337.5

7339.2

Figure 1. Relationship between 2-hour insulin and fasting
plasma glucose
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Table 3. Log 2-hour insulin response to oral glucose tolerance test estimated according to fasting plasma glucose values
using three nonlinear statistical modelling procedures, with 95% confidence limits for the fractional polynomial regression procedure
Fasting plasma glucose (mmol/l)
6.7

6.8

6.9

7.0

7.1

7.2

7.3

Locally weighted regression (LOESS)

6.0143

6.0177

6.0196

6.0202

6.0198

6.0185

6.0162

Generalised additive models (GAM) (df=5)

5.9421

5.9457

5.9479

5.9487

5.9482

5.9465

5.9436

Fractional polynomial regression (fracpoly) (df=4)

5.9457

5.9483

5.9497

5.9499

5.9490

5.9470

5.9440

Lower 95% confidence limit (fracpoly)

5.8723

5.8735

5.8736

5.8725

5.8704

5.8673

5.8631

Upper 95% confidence limit (fracpoly)

6.0191

6.0231

6.0258

6.0273

6.0276

6.0267

6.0249

Estimated log 2-hour insulin response (pmol/l)

Figure 2 illustrates the relationship between log 2-hour insulin
and FPG for the regression models using LOESS, GAM (df=5),
and fracpoly (df=4) methods. Larger differences were apparent
between the three plotted lines, for FPG less than 3.5 and
greater than 17mmol/l where data were sparse. All three
methods showed a consistent fit at FPG from 3.5-5.8. The
GAM and fracpoly lines overlapped at FPG from 3.5-13. The
LOESS line diverged slightly at FPG from 5.8 onward, but ran
in close parallel until the extremes of FPG. All three lines
show the same pattern: fitted log 2-hour insulin increases
from a FPG value of 3.5mmol/l until “flattening out” from
6.9-7.1mmol/l at which point a reduction begins.
Estimated log 2-hour insulin values corresponding to FPG
from 6.7-7.3 mmol/l, given in Table 3, indicate a peak insulin
response at FPG=7.0 mmol/l for all three statistical models.
Table 3 gives in addition, the 95% confidence intervals for
estimated log 2-hour insulin for FPG from 6.7-7.3 mmol/l for
the fractional polynomial model (the only method for which
confidence intervals could be estimated).

Figure 2. Regression models of relationship between 2-hour
insulin and fasting plasma glucose.
Legend: Line with closed squares (green) = LOESS; line with
closed circles (blue) = GAM; and solid line (purple) = fracpoly

Discussion

Our analyses demonstrate that for a large population-based
sample of Aboriginal Australians, 2-hour post-load insulin
concentrations are greatest between fasting plasma glucose
values of 6.7-7.3 mmol/l, peaking at 7.0 mmol/l but with
only minor variations in estimated insulin for fasting plasma
glucose values of 6.9-7.1 mmol/l (Figure 2 , Table 3). The
point at which 2-hour insulin begins to decline corresponds
to the fasting plasma glucose value at which the risk of
macrovascular complications and microvascular risks such
as retinopathy are known to increase [1,2]. Thus these results
provide physiological support for the current diabetes type
2 diagnostic criterion of fasting plasma glucose of 7.0 mmol/l.
This conclusion is based on the consistent results of different
nonlinear statistical procedures, suggesting it is not an artefact
of the modelling process used.
Aboriginal Australians have significantly higher rates of
diabetes type 2 than non-Aboriginal Australians [24] and

diabetes and related health conditions are recognised as
major causes of premature mortality in this population [25].
Early detection and treatment of diabetes type 2 is essential
for preventing and reducing the progression of disease
complications. As a more efficient and less burdensome
procedure than the WHO-recommended OGTT method, the
fasting plasma glucose test with a criterion value of 7.0 mmol/l
has advantages for screening in Aboriginal communities.
Other published reports of research that examined the peak
of second-phase insulin secretion after an OGTT in relation
to fasting plasma glucose values have involved use of less
rigorous statistical analysis procedures than applied here,
or were based on data from clinical rather than populationbased samples. Dowse et al. (1993), previously reported
that 2-hour insulin peaked between 7.1 and 7.8 mmol/l in
population samples of four Mauritian ethnic groups [15], but
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the statistical procedure used was less comprehensive than This study has a number of limitations, in spite of its large
employed here. Results from clinical research with Japanese sample of nearly 3000 individuals and the multiple statistical
patients have shown that 2-hour insulin begins to decline at methods employed which differentiate it from clinical studies
fasting plasma glucose values of 7.2 mmol/l [26].
and less rigorous population analyses. Substantial variation
Other research has focused on other aspects of the in 2-hour insulin values restricts the certitude with which
relationship between insulin and fasting plasma glucose the relationship shown by our modelling can be applied to
values, primarily examining early insulin secretion during a individuals. The 2-hour insulin value is an empirical measure
2-hour OGTT. Results vary. Gastaldelli et al. (2004), found a of stimulated insulin secretion and could vary depending on,
peak early insulin response at fasting plasma glucose of 5.6 for example, glucose absorption patterns or the effectiveness
mmol/l in a clinical sample of Mexican-American and Caucasian of incretin factors. Such influences might account for large
subjects in Texas [27]. Data from research with Pima Indians variations observed in 2-hour insulin. The alignment of
indicate that first-phase insulin response declines in individuals all three nonlinear estimation procedures indicating peak
with fasting plasma glucose beyond 6.1 mmol/l [28]. Other insulin response at a fasting plasma glucose of 7.0 mmol/l,
analyses of a large clinical sample, however, indicated no and 95% confidence intervals for the estimated peak of
definite fasting glucose threshold at which first-phase insulin insulin concentration (Table 3), suggest reasonable assurance,
reductions occurred [14]. Using intravenous administration of however, in our conclusions.
glucose, Godsland et al. (2004), found that first-phase insulin
In the context of the community screening initiatives by
secretion begins to decline for fasting plasma glucose between which our data were gathered, non-compliance with fasting
5.0 and 5.4 mmol/l [13] and that late phase insulin secretion instructions is possible. Our focus on Aboriginal Australians
starts to decline at fasting plasma glucose of 6.0 mmol/l [13]. may also limit the applicability of these results to more general
Clinical research has assessed relationships between fasting populations, or other ethnic groups for which fasting glucose
plasma glucose and total insulin response to glucose challenge screening test validity can vary. Large epidemiological and
over 2 hours, in contrast to our examination of second-phase clinical studies are necessary to examine the relationships
insulin response. Total insulin response over the 2 hours between fasting plasma glucose and insulin concentrations
following OGTT has been reported by various clinical studies in other ethnicities, particularly high-risk populations. As is
to peak at fasting plasma glucose values from 6.1 mmol/l [7,8] often the case for population-based research, the diagnostic
to 7.2 mmol/l [26]. Other clinical research using a 100g glucose or clinical practice implications of our observations are limited
load has demonstrated a peak in total plasma insulin response as it cannot be interpreted that a similar progression in
over 2 hours for fasting plasma glucose of 6.7 mmol/l [12].
insulin values will occur as fasting plasma glucose increases
Research examining insulin concentration in relation to the in individuals.
various levels of fasting glucose and categories of glucose
tolerance, corresponding to designated ranges of fasting Conclusion
glucose as defined by the American Diabetes Association [29], In this population-based sample of Aboriginal Australians,
has yielded a range of results. Several studies have found second-phase insulin response peaked at a fasting plasma
early insulin response to be notably reduced for impaired glucose value of 7.0 mmol/l. These epidemiological data
fasting glucose (IFG) (fasting glucose 5.6-6.9 mmol/l and 2-h and statistical analyses illustrate the relationships between
glucose <7.8 mmol/l) and impaired glucose tolerance (IGT) fasting and post-challenge insulin concentrations and fasting
(fasting glucose <5.6 mmol/l and 2-h glucose 7.8-11.1 mmol/l) plasma glucose levels and support the expanding basic and
categories, compared to individuals with normal glucose clinical knowledge base regarding physiological mechanisms
tolerance (NGT) (fasting glucose <5.6 mmol/l and 2-h glucose underlying the development of diabetes type 2. The results
<7.8 mmol/l) [30 -34]. Research on 2-hour insulin concentration support current recommendations for diabetes screening
has shown higher levels in IFG, IGT, and IFG/IGT groups than in Aboriginal populations that identify fasting glucose of
in NGT and higher concentration in IGT than IFG individuals 7.0 mmol/l and above as diagnostic of diabetes [16, 37]. The
[27, 34]. Other work has shown no difference in mean insulin statistical procedures used, and the large sample, improve
response for 3 hours following OGTT between subjects with on the results of earlier research. Additional research is
NGT and those with diabetes type 2 with FPG >8.0 mmol/l, needed to improve understanding of the dynamics of insulin
but higher insulin responses in individuals with diabetes secretion and insulin action at various normal, pre-diabetic
type 2 with FPG <8.0 mmol/l and highest insulin responses and diabetic states, and to understand variations in these
in individuals with IGT [35]. For overall insulin secretion, a processes across different high- and low-risk ethnic groups.
study with Pima Indians indicated that an increase in total
insulin response over 3 hours was much higher for subjects Competing Interests
with IGT than for those with either NGT or diabetes type 2 [28]. The authors declare that they have no competing interests.
Other work indicates that overall insulin response is slightly Authors’ contributions
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