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Abstract

Background: The pancreatic beta-cell hormone insulin regulates the metabolism of carbohy-
drates, as well as fats and protein. While the insulin response to a carbohydrate challenge is
well defined in normoglycaemic as well as dysglycaemic (prediabetes and type 2 diabetes
(T2DM)) individuals, the response of co-secreted beta-cell products (C-peptide, proinsulin
and proinsulin intermediates) is less well defined. This analysis aimed to establish the
expected glycaemic and pancreatic beta-cell responses to a standardised mixed meal in
individuals with impaired glucose tolerance (IGT) and T2DM alongside reference ranges
established in normoglycaemic individuals (NGT). Methods: A total of 743 adults (104 NGT,
85 IGT and 554 T2DM) were included, none of whom were on any anti-diabetic medication
at the time of initial testing. All attended following a 10 h fast, before consuming a 500 kcal
solid mixed meal (calorie contribution: 58% carbohydrates, 22% fat and 20% protein). Blood
samples were collected every 30 min for the 4.5 h duration of the test for the determination
of plasma glucose, insulin, C-peptide and intact and total proinsulin. Median profiles
with corresponding 2.5th and 97.5th percentile lines to display the expected range were
calculated and plotted for the three participant groups. Results: Median profiles with
ranges over a 4.5 h meal period have been created for glucose, insulin, C-peptide and intact
and total proinsulin, along with respective fasting and post-meal intervals in the three
participant groups with differing glycaemic status. Conclusions: The resulting profiles and
ranges allow for comparison in responses to a carbohydrate challenge in individuals across
the glycaemic spectrum.
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1. Introduction
Globally, it is estimated that there are approximately 589 million adults currently

living with diabetes mellitus (a number predicted to rise to 835 million by the year 2050),
with over 90% of those having type 2 diabetes (T2DM). In addition, an estimated further
635 million are living with impaired glucose tolerance (IGT) [1]. Complications arising
from T2DM include cardiovascular disease, neuropathy, nephropathy and eye disease [1].

In the development of IGT and T2DM, there is, by definition, an abnormal glucose
response to a carbohydrate stimulus. However, depending on where in the natural history
an individual sits, the beta-cell response will be varied; in the early stages, insulin displays
an increased, compensatory response, while in later stages, a reduced insulin-deficient
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response is observed, originally described as ‘Starling’s curve of the pancreas’ [2]. While the
insulin response and ranges observed may be well understood, the prohormone response
(intact and total proinsulin) in different glycaemic groups is less defined, especially with
the advent of more specific immunoassays.

The mixed meal tolerance test (MMTT) is a long-established carbohydrate challenge,
commonly used as a research tool and considered a gold-standard test for assessing the
pancreatic beta-cell secretion to a physiological challenge in both type 1 [3] and type
2 diabetes mellitus [4]. It is considered a more physiological test than the oral glucose
tolerance test (OGTT) [5,6].

The MMTT can be performed using either a solid or a liquid test meal. Recently, many
studies investigating the postprandial response have utilised a liquid test meal; however,
this is not necessarily completely representative of the everyday diet. Previous studies
have sometimes shown discrepant findings in terms of whether the responses to a solid
and liquid meal are the same; in people without diabetes previously having undergone
bariatric surgery, the C-peptide response was similar for both solid and liquid meals, but
the response was greater following the liquid meal in people without diabetes [7]. Similarly,
Brodowicz et al. observed a greater and more sustained insulin and C-peptide response in
people without diabetes following a liquid meal; however, the response to liquid and solid
meals was similar in individuals with type 2 diabetes [8]. There is, however, a paucity of
data comparing potential differences in beta-cell responses to a liquid or solid test meal in
populations with prediabetes.

With the MMTT being commonly used within clinical studies in both type 1 and
type 2 diabetes mellitus [9,10], it is important to understand the expected ranges to allow
for comparison between studies. The aim of this analysis, therefore, was to establish the
expected glycaemic and beta-cell secretory responses and expected ranges to a standardised
500 kcal solid mixed meal, using sensitive and specific immunoassays in individuals with
impaired glucose tolerance and type 2 diabetes, as well as to display the reference responses
in normoglycaemic individuals.

2. Methods
2.1. Study

The original data collection for this descriptive analysis was carried out between 1981
and 2007 as part of a long-term prospective study carried out in Cardiff (Diabetes Research
Unit, University Hospital of Wales and subsequently Llandough Hospital) and has been
previously described [11]. Ethical approval was received from South Glamorgan/Bro Taf
Research Ethics Committee, and all participants provided informed consent. Procedures
were conducted in accordance with the principles of the Declaration of Helsinki and Good
Clinical Practice.

2.2. Participants

A total of 743 participants were recruited, including normoglycaemic controls, in-
dividuals with impaired glucose tolerance and individuals newly diagnosed with type
2 diabetes. In addition, a sub-group of the individuals with T2DM underwent repeat test-
ing 10 years post-diagnosis to present the expected ranges in both newly diagnosed and
more established T2DM. All glucose-intolerant individuals were referred directly from
primary care, confirmed GAD antibody negative and recruited within 2 weeks of diagnosis
for their initial visit, prior to any anti-diabetic medication or diabetes lifestyle advice. All
participants underwent a standardised MMTT.
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2.3. Standardised Mixed Meal Tolerance Test (MTT) and Sample Collection

The meal tolerance tests all commenced at approximately 8 am, following a 10 h
overnight fast. All participants consumed a standardised 500 kcal mixed solid meal (calorie
contribution: 58% carbohydrate, 22% fat and 20% protein) over a period of 10 min. The
meal consisted of a wheat breakfast cereal, a chicken sandwich and a glass of fruit juice.

Fasting blood samples (−30 and 0 min) were collected from an intravenous cannula in
a forearm vein with further samples collected at 30 min intervals over the 4 h post-meal
period (Figure 1). Participants remained supine for the duration of the test. All blood
samples were separated in a refrigerated centrifuge, and the plasma was decanted into
labelled cryotubes and stored at −20 ◦C until assay within a few months.

Figure 1. Timeline of sample collection over the MTT.

2.4. Assay Details

Plasma glucose was measured using a glucose oxidase method on the YSI 2300 Stat
Plus (Yellow Springs Instruments, Fleet, UK). Plasma insulin, C-peptide and intact and
total proinsulin were all measured using highly specific chemiluminescent immunoas-
says (IV2-001, IV2-004, IV2-002 and IV2-003; Invitron Ltd., Monmouth, UK). Each of the
4 chemiluminescent immunoassays displayed cross-reactivity of ≤2.2% with the corre-
sponding beta-cell products. Assay sensitivity was 1.5 pmol/L, 5 pmol/L, 0.02 pmol/L
and 0.25 pmol/L for insulin, C-peptide and intact and total proinsulin, respectively.

2.5. Determination of Reference Profiles and Intervals

The responses in the normoglycaemic group were classed as the reference profiles and
intervals. The responses to both glucose-intolerant sub-groups were classed as expected
profiles and intervals.

The range of concentrations, i.e., median with 2.5th and 97.5th percentiles, providing a
reference interval encompassing 95% of all values for the normoglycaemic sub-group, was
determined largely based on the method recommended by the International Federation of
Clinical Chemistry and Laboratory Medicine (IFCC) [12,13]. The same method was applied
to the glucose-intolerant sub-groups to establish the expected intervals.

Median profiles, plotting the interval for each individual pre- and post-meal time-
point, are presented across the 4.5 h duration of the MMTT, with corresponding 2.5th and
97.5th percentile profiles. Further to this, total fasting and total post-meal intervals were
established by determining the 2.5th and 97.5th percentiles of all fasting (−30 and 0 min)
and all post-meal (30, 60, 90, 120, 150, 180, 210 and 240 min) timepoints, respectively.

3. Results
3.1. Study Participant Characteristics

A total of 744 participants were included in the study: 14% were normoglycaemic;
11% had impaired glucose tolerance; and 75% had type 2 diabetes. A sub-group of the
participants diagnosed with T2DM was also reassessed 10 years following diagnosis. None
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of the participants in the 10-year duration sub-group were on insulin therapy, and any who
were receiving oral therapy omitted their therapy on the morning of the MMTT.

Participants in each sub-group were of a similar age; however, glucose-intolerant
participants had a larger weight and BMI than those with NGT (all p < 0.001). Demographic
data for the individual glycaemic sub-groups is presented in Table 1.

Table 1. Study participant characteristics.

NGT IGT T2DM
(at Diagnosis)

T2DM
(10 y Following Diagnosis)

N (m/f) 104 (49/55) 85 (46/39) 554 (419/135) 297 (219/78)

Age (years) 59.0 (13.75) 60.0 (15.00) 55.0 (14.00)

Weight (kg) 73.1 ± 14.59 86.7 ± 15.74 87.5 ± 16.85 85.7 ± 93

Height (m) 1.67 (0.11) 1.67 (0.14) 1.70 (0.13) 1.70 (0.13)

BMI (kg/m2) 25.2 (5.12) 30.7 (6.33) 29.7 (6.84) 29.1 (6.67)
NGT = normal glucose tolerance, IGT = impaired glucose tolerance, T2DM = type 2 diabetes mellitus.

3.2. Reference Intervals

In the entire study population, measured glucose concentrations ranged from 3.2 to
30.8 mmol/L. Insulin, C-peptide and intact and total proinsulin minimum and maximum
concentrations ranged from 1.4 to 2253.0 pmol/L, 10 to 7770 pmol/L, 0.7 to 210.0 pmol/L
and 1.0 to 1532.0 pmol/L, respectively.

Fasting and post-meal median values and intervals for the individual glycaemic
sub-groups are presented in Table 2, and median profiles with the intervals overlaid are
presented in Figures 2–5 for each glycaemic sub-group.

Table 2. Fasting and post-meal median (2.5th to 97.5th percentiles).

NGT IGT T2DM T2DM (10 y)

Glucose (mmol/L)

Fasting 5.30
(4.46–6.24)

6.10
(4.92–7.20)

9.95
(6.20–17.93)

8.8
(5.21–15.39)

Post-meal 5.30
(3.70–8.80)

6.40
(4.40–11.10)

12.70
(5.30–23.60)

11.9
(5.61–21.6)

Insulin (pmol/L)
Fasting 44.1

(18.0–113.7)
72.2

(19.9–254.1)
63.0

(14.0–217.5)
49

(11.8–276.8)

Post-meal 123.8
(18.7–641.5)

317.0
(34.1–1212.8)

197.0
(33.0–850.8)

165.6
(27.0–746.7)

C-peptide
(pmol/L)

Fasting 700
(247.2–1561.5)

845
(152.7–2048.8)

800
(174.5–1995.5)

750
(223.0–1825.3)

Post-meal 1690
(459.9 –3800.0)

2060
(122.8–5245.0)

1600
(280.0–4134.6)

1635
(340.0–3760.0)

Intact PI (pmol/L)
Fasting 3.0

(2.0–9.5)
7.0

(2.0–33.1)
12.0

(3.0–48.1)
8.7

(1.6–46.4)

Post-meal 10.0
(3.0–43.1)

24.0
(3.0–105.0)

26.0
(5.0–96.0)

22
(2.0–75.5)

Total PI (pmol/L)
Fasting 8.6

(2.9–39.1)
18.0

(4.0–134.2)
32.0

(6.3–144.8)
21

(4.5–131.0)

Post-meal 38.0
(7.0–196.1)

94.0
(10.3–578.5)

88.0
(15.0–363.1)

70
(8.8–224.0)

NGT = normal glucose tolerance, IGT = impaired glucose tolerance, T2DM = type 2 diabetes mellitus.
PI = proinsulin.
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Figure 2. Reference intervals as represented by profiles following a standardised 500 kcal mixed meal
tolerance test for individuals with NGT. Median = solid line; 2.5th and 97.5th percentiles = dashed
line. (a) = glucose (n =104), (b) = insulin (n = 84), (c) = C-peptide (n = 102), (d) = intact proinsulin
(n = 29), (e) = total proinsulin (n = 30).
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Figure 3. Expected intervals as represented by profiles following a standardised 500 kcal mixed
meal tolerance test for individuals with newly diagnosed IGT. Median = solid line; 2.5th and 97.5th
percentiles = dashed line. (a) = glucose (n = 85), (b) = insulin (n = 80), (c) = C-peptide (n = 82),
(d) = intact proinsulin (n = 78), (e) = total proinsulin (n = 80).
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Figure 4. Expected intervals as represented by profiles following a standardised 500 kcal mixed meal
tolerance test for individuals with newly diagnosed T2DM. Median = solid line; 2.5th and 97.5th
percentiles = dashed line. (a) = glucose (n = 554), (b) = insulin (n = 410), (c) = C-peptide (n = 549),
(d) = intact proinsulin (n = 367), (e) = total proinsulin (n = 412).
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Figure 5. Expected intervals as represented by profiles following a standardised 500 kcal mixed meal
tolerance test for individuals with T2DM of 10-year duration. Median = solid line; 2.5th and 97.5th
percentiles = dashed line. (a) = glucose (n = 142), (b) = insulin (n = 113), (c) = C-peptide (n = 137),
(d) = intact proinsulin (n = 96), (e) = total proinsulin (n = 110).

4. Discussion
In this analysis, fasting and post-meal reference intervals for glucose, insulin,

C-peptide and intact and total proinsulin have been determined in response to a 500 kcal
solid mixed meal tolerance test in 104 normoglycaemic individuals, as well as the corre-
sponding responses and observed ranges in treatment-naïve individuals, newly diagnosed
with IGT (n = 85) and type 2 diabetes (n = 554), along with a sub-group of the participants
with type 2 diabetes followed for 10 years, based on the method recommended by the
IFCC [12,13]. Using this method of presenting the 2.5th to 97.5th percentiles to represent
the reference interval, we have expanded on this by establishing the reference interval at
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each individual pre- and 4 h post-meal timepoint to present a reference profile, as well as
presenting the overall fasting and post-meal reference intervals.

By investigating the response to a solid mixed meal, we are presenting a more phys-
iological response than that to oral glucose, which includes the influence of the incretin
effect. In addition, we have observed the postprandial response over 4 h, longer than the
2 h period commonly used. This is especially relevant for the dysglycaemic sub-groups,
where the peak response is often observed to occur after 2 h, meaning that the peak is often
missed or arbitrarily expressed as 2 h. Test conditions were kept consistent; i.e., participants
completed the test whilst supine to allow for a direct comparison between groups, though
this resting state should be considered when assessing differences in the responses.

Previous work has presented similar glucose and insulin profiles and expected ranges
to a liquid meal in people without diabetes [14], with further profiles and ranges presented
in response to an oral glucose tolerance test (glucose, insulin, C-peptide and proinsulin).
Our data complement these findings whilst also adding greater participant numbers and
additional dysglycaemic groups.

The immunoassays used in this study for the determination of the beta-cell products
all had very high assay sensitivity, but perhaps more importantly, all displayed very low
cross-reactivities with the co-secreted beta-cell products. Many historical pathophysiology
studies have presented beta-cell product responses using data generated using non-specific
immunoassays, including radioimmunoassays. More recent studies may have progressed
to using enzyme-linked immunosorbent immunoassays (ELISAs) or chemiluminescent
immunoassays using monoclonal antibodies; however, a number of these still display
quite high degrees of cross-reactivity. In addition, many studies present ‘proinsulin’ data,
without specifying whether these are intact, split or total proinsulin immunoassays. Our
data present both intact and total proinsulin responses, well demonstrating the variation in
the composition of total proinsulin in each of the glycaemic sub-groups, which may not be
so clear when the data presented is described as ‘proinsulin’ alone.

By definition, the glucose-intolerant individuals displayed increased fasting and post-
meal glucose levels, with wider ranges than observed in NGT. Generally, the insulin and
C-peptide responses were greater in those with IGT and displayed a different profile shape
in those with T2DM. Intact and total proinsulin responses in both glucose-intolerant groups
were greater and exhibited a wider range than in NGT, with those with IGT being greater
than those with T2DM. The expected ranges in the T2DM participants with 10 years of
diabetes duration were observed to be similar to those who were newly diagnosed, possibly
the consequence of long-term treatment with insulin secretagogues (sulphonylureas and
prandial glucose regulators), maintaining the beta-cell response in this group. None of the
participants in this group were on insulin therapy.

The reference intervals were determined in normoglycaemic adults at an age not
significantly different to the glucose-intolerant individuals studied and were not excluded
if exhibiting risk factors for developing glucose intolerance (e.g., increased BMI). The
reference intervals included, therefore, represent a more age-appropriate comparison than
would be obtained if using younger individuals. However, a younger reference population
would be more appropriate if comparing to newer-onset type 1 diabetes.

This analysis investigated a homogeneous ethnic population (white European). Refer-
ence intervals may, therefore, need to be established for other populations, given that it
is recognised that beta-cell function does vary between ethnic populations, having been
demonstrated to be lower in black African men [15] and South and East Asian popula-
tions [16].

The strengths of this analysis include the large number of individuals included in each
study sub-group, the standardised MMTT utilised, the fact that responses were not influ-
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enced by any anti-diabetic medication and the highly sensitive and specific immunoassays
employed. Limitations include the homogeneous ethnicity of the participants (entirely
white European) and the long study duration.

5. Conclusions
These profiles and expected concentration ranges in response to a standardised solid

mixed meal stimulus provide reference intervals allowing for comparison between studies
for individuals at different stages of glucose tolerance.
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