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Abstract
Aims/hypothesis Successful postprandial glycaemia man-
agement requires understanding of absorption patterns after
meals containing variable complex carbohydrates. We stud-
ied eight young participants with type 1 diabetes to investi-
gate a large low-glycaemic-load (LG) meal and another
eight participants to investigate a high-glycaemic-load
(HG) meal matched for carbohydrates (121 g).
Methods On Visit 1, participants consumed an evening
meal. On follow-up Visit 2, a variable-target glucose clamp
was performed to reproduce glucose and insulin levels from
Visit 1. Adopting stable-label tracer dilution methodology,
we measured endogenous glucose production on Visit 2 and
subtracted it from total glucose appearance measured on
Visit 1 to obtain meal-attributable glucose appearance.
Results After the LG meal, 25%, 50% and 75% of cumula-
tive glucose appearance was at 88±21, 175±39 and 270±

54 min (mean ± SD), whereas glucose from the HG meal
appeared significantly faster at 56±12, 100±25 and 153±
39 min (p<0.001 to 0.003), and resulted in a 50% higher
peak appearance (p<0.001). Higher apparent bioavailability
by 15% (p=0.037) was observed after the LG meal. We
documented a 20 min deceleration of dietary mixed carbo-
hydrates compared with dietary glucose for the HG meal
and a twofold deceleration for the LG meal.
Conclusions/interpretation Absorption patterns may be in-
fluenced by glycaemic load and/or meal composition, af-
fecting optimum prandial insulin dosing in type 1 diabetes.

Keywords Glucose absorption . Glucose models .

Glycaemic load . Stable-label tracer . Tracer methodology .

Type 1 diabetes

Abbreviations
EGP Endogenous glucose production
HG meal High-glycaemic-load meal
LG meal Low-glycaemic-load meal

Introduction

In type 1 diabetes, modern approaches to management of
postprandial glycaemia include carbohydrate counting [1],
the use of bolus calculators [2] and administering rapid-
acting insulin analogues [3] timed according to meal type
and prevailing glycaemia [4–7]. Gauging of prandial insulin
aims to ameliorate elevated postprandial glucose levels,
which correlate strongly with HbA1c [8], while reducing
the risk of postprandial hypoglycaemia.

Informed by clinical observations, these management
approaches lack mechanistic understanding of absorption
patterns of commonly eaten meals containing complex
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carbohydrates. Using tracer dilution methodology [9], early
investigations documented persistent abnormalities in glu-
cose load absorption in type 1 diabetes [10, 11], and these
were followed by studies documenting absent effects of
hyperglycaemia [12] and insulin [13] on gastric emptying
and glucose absorption. However, methodological chal-
lenges deterred investigation of meals containing non-
glucose carbohydrates.

The common notion is that glucose is absorbed different-
ly from other simple sugars and complex carbohydrates,
and, although experimental proof in type 1 diabetes is miss-
ing, this has prevented assessment of common meals, with
the exception of maize or wheat naturally or artificially
enriched with 13C and studied in healthy participants
[14–16] but not in type 1 diabetes.

In addition to obtaining mechanistic information to inform
postprandial glycaemia management, the present study is mo-
tivated by research on overnight closed-loop insulin delivery in
young people and our interest in absorption of large evening
meals, which may complicate safe and efficacious closed-loop
control [17]. In this study, we combine an innovative experi-
mental design with advanced, validated calculations to evalu-
ate the systemic appearance of glucose after evening meals
containing glucose and non-glucose carbohydrates. We con-
trast two representative high- and low-glycaemic-load meals
matched for total carbohydrates but differing in fat and protein
content to investigate the spectrum of absorption patterns.

Methods

Study participants

Eight young participants with type 1 diabetes were enrolled to
investigate a low-glycaemic-load (LG) meal. Another eight
participants were enrolled to investigate a high-glycaemic-
load (HG) meal. The study was approved by the local ethics
committee, and participants provided written informed consent.

Participants were 16–24 years old. Inclusion criteria were
type 1 diabetes for at least 6 months (WHO criteria or
confirmed negative C-peptide), multiple daily injections or
pump therapy, BMI <30 kg/m2 and HbA1c <12%
(108 mmol/mol). Exclusion criteria were a total daily insulin
dose >1.4 U/kg body weight, gastroparesis, pregnancy and
intention to become pregnant.

Experimental procedures

Participants were admitted to the Wellcome Trust clinical
research facility (Cambridge) on two occasions between 1
and 3 weeks (up to 5 weeks for two participants) apart.
Those receiving multiple daily injections (LG meal, n=5;
HG meal, n=7) stopped basal insulin at least 12 h before

admission. Symptomatic hypoglycaemia within the preced-
ing 48 h or moderate or intense exercise within the preced-
ing 24 h led to the study visit being rescheduled.

On Visit 1, participants consumed an LG or HG meal. On
Visit 2, no meal was consumed but a variable-target glucose
clamp was performed to reproduce the glucose and insulin
levels obtained on Visit 1. Using stable-label tracer dilution
methodology, endogenous glucose production (EGP) mea-
sured on Visit 2 was subtracted from total glucose appear-
ance estimated on Visit 1 to derive meal-attributable glucose
appearance resulting from absorption of dietary glucose,
breakdown of complex carbohydrates, and gluconeogenesis
from dietary precursors (Fig. 1).

Common procedures during Visit 1 and Visit 2 Study pro-
cedures are outlined in Fig. 2. Participants were admitted
after breakfast. From 10:00 to 17:30 hours, they fasted, and
i.v. insulin (Actrapid, Novo Nordisk, Bagsvaerd, Denmark)
titrated every 15 min was infused to achieve a plasma
glucose concentration of 6.0 mmol/l. After 17:30 hours,
insulin delivery was matched on Visits 1 and 2 and consisted
of a constant basal i.v. insulin infusion and variable i.v.
delivery. The latter was initiated at 18:00 hours to mimic
systemic insulin appearance resulting from a subcutaneous
bolus of rapid-acting insulin analogue. The delivery pattern
of variable insulin followed a two-compartment chain with
time-to-maximum absorption of 50 min [18] with percent-
age rates of 25, 60, 81, 94, 100, 100, 96, 91, 85, 77, 70, 62,
57, 49, 43, 38, 34, 28, 25, 21, 19, 15, 13, 11, 9, 8, 6, 4, 2 and
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Glucose
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Fig. 1 Meal-attributable glucose appearance includes dietary glucose
and glucose released from breakdown of complex carbohydrates. It
also includes glucose produced by gluconeogenesis from dietary pre-
cursors such as simple sugars and amino acids (circled 1), which is
distinct from EGP independent of these precursors (circled 2). Total
glucose appearance is the sum of all glucose sources
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0 of the maximum infusion rate at 0, 10, 20, 30, 40, 50, 60,
70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190,
200, 210, 220, 230, 240, 250, 270, 290, 320 and 390 min
after 18:00 hours. The total amount of variable insulin was
calculated using individualised insulin/carbohydrate ratios
for meals containing 121 g carbohydrates.

A primed constant continuous i.v. infusion of [6,6-2H2]
glucose (6 mg/kg prime; 0.06 mgkg−1min−1 continuous
infusion; Cambridge Isotope Laboratories, Andover, MA,
USA) was given over 150 min from 15:30 hours. From
18:00 hours, the infusion rate was altered in a manner that
mimicked the expected post-meal suppression of EGP;
[6,6-2H2]glucose was infused at a rate of 70%, 60%, 50%,
35%, 45%, 50%, 55%, 65% and 70% (100% represents the
rate of 0.06 mgkg−1min−1) at 0, 10, 20, 30, 220, 240, 280,
300 and 400 min after 18:00 hours.

From 18:00 hours, [U-13C; 1,2,3,4,5,6,6-2H7]glucose
(Cambridge Isotope Laboratories) was infused in a manner
that mimicked the expected glucose appearance from a
standard meal; [U-13C; 1,2,3,4,5,6,6-2H7]glucose was in-
fused at 20%, 40%, 55%, 70%, 90%, 100%, 90%, 70%,
50%, 40%, 30%, 20%, 10%, 5% and 0% of 0.1 mgkg−1

min−1 at 0, 10, 20, 30, 40, 50, 90, 120, 150, 180, 195, 225,
270, 330 and 405 min after 18:00 hours.

Visit 1: meal consumption At 18:00 hours, eight partici-
pants consumed an LG meal (macaroni cheese; glycaemic
load 54), while the other eight consumed an HG meal
(vegetable shepherd’s pie; glycaemic load 105).
Glycaemic index/load was determined by an experienced
diabetes dietitian. Electronic supplementary material
(ESM) Table 1 shows the detailed meal contents. The
two meals were eaten over 20 min and matched for car-
bohydrates but not protein, fat or energy (carbohydrate-
s/protein/fat 121:35:31 vs 121:20:9 g; 899 vs 615 kcal).
The meals were enriched with 1.7 g [U-13C]glucose, dis-
solved in a small bottle with tepid water, bottle rinsed,
content mixed in a serving bowl within the sauce before
the bulk was added, and a bread slice used to clean the
bowl at the end of the meal.

Visit 2: variable-target glucose clamp From 18:00 hours, a
variable i.v. 20% dextrose infusion enriched with [U-13C]
glucose (13 mg/g) was infused over 8 h to replicate the
individual post-meal plasma glucose excursions observed
on Visit 1. An adaptive model predictive controller
(gMPC, Version 1.0.2, University of Cambridge,
Cambridge, UK) was used to adjust the dextrose infusion
using information about the participant’s total daily insulin
dose, the i.v. insulin delivery, and the target glucose
profile.

From 10:00 hours during both visits, venous blood sam-
ples were taken every 10–15 min for the determination of
plasma glucose. Samples were taken at 15:00, 15:15 and
15:30 hours to determine background glucose enrichments.
From 17:00 hours, venous blood samples were taken every
10–30 min for the determination of plasma insulin, triacyl-
glycerols, [U-13C]glucose, [6,6-2H2]glucose and [U-13C;
1,2,3,4,5,6,6-2H7]glucose. The samples were immediately
centrifuged and separated. Plasma glucose was measured
immediately, while other samples were stored at −80°C until
assayed.

Assays

Plasma glucose was measured using a YSI2300 STAT Plus
Analyser (YSI, Lynchford House, Farnborough, UK).
Plasma insulin was measured using an immunochemilu-
minometric assay (Invitron, Monmouth, UK) with an
intra-assay coefficient of variation of 4.7% and an inter-
assay coefficient of variation of 7.2–8.1%. Plasma triacyl-
glycerols were measured using an enzymatic assay
(Siemens Healthcare, Erlangen, Germany) with an inter-
assay coefficient of variation of 5.5% at 0.9 mmol/l and
3.4% at 2.4 mmol/l. Plasma samples were derivatised
to form the methoxime-trimethylsilyl derivative for
gas chromatography MS analysis (Agilent 5975C
inert XL EI/CI MSD; Agilent Technologies, Wokingham,
UK) to measure ions m/z 319.2 (M+0), 321.2 (M+2),
322.2 (M+3), 323.2 (M+4), 324.2 (M+5) and 327.2
(M+8) [19].

10:00 16:30 17:30 18:00 02:00

Variable i.v. insulin Constant ‘basal’ i.v. insulin

Variable ‘prandial’ i.v. insulin

Meal-mimicking glucose tracer

Enriched 20% dextrose on Visit 2

Enriched meal on Visit 1

EGP-mimicking glucose tracer

Time

Fig. 2 Outline of study
procedures. Open areas indicate
infusion rates that were
identical between Visit 1 and
Visit 2; shaded areas indicate
procedures/infusion rates that
differed between Visit 1 and
Visit 2. See text for details
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Data analysis

Tracer/tracee ratio Tracer/tracee ratios were calculated us-
ing a variation of the method described previously [20, 21].
In brief, ions m/z M+0, M+2, M+4 and M+8 were used to
calculate tracer/trace ratios of [6,6-2H2]glucose, [U-

13C]glu-
cose and [U-13C; 1,2,3,4,5,6,6-2H7]glucose corrected for
recycled glucose using ions m/z M+0, M+3 and M+5.
The calculations accounted for spectra overlap [22]. It was
assumed that [U-13C; 1,2,3,4,5,6,6-2H7]glucose is recycled
equally into glucose molecules with m/z of M+4 and M+5
and that [U-13C]glucose is recycled equally into glucose
molecules with m/z of M+2 and M+3 [23, 24]. A system
of algebraic equations was solved analytically, solution re-
duced and validated using Mathematica (Wolfram Research,
Champaign, IL, USA). The endogenous glucose concentra-
tion was calculated using a model-independent method as
described previously [25].

Modelling glucose kinetics A stochastic modelling ap-
proach was used to estimate glucose turnover, adopting a
hierarchical Bayes model implementing the Radziuk/Mari
two-compartment model of glucose kinetics [26, 27]. The
method used Bayesian inference with a regularising prior
distribution that assumes smooth glucose fluxes [20] with
individualised smoothness levels drawn from a population
distribution [28]. The method has been described previously
[29] and validated against data collected on Visit 2 [30].

Total glucose appearance (Ra total) and glucose disposal
were estimated on Visits 1 and 2 from plasma glucose,
[6,6-2H2]glucose and [U-13C; 1,2,3,4,5,6,6-2H7]glucose.
On Visit 1, total glucose appearance represents the sum of
meal-attributable glucose appearance (Ra meal) and the
dietary-precursor-independent component of EGP (Fig. 1).
Using endogenous glucose concentration and [6,6-2H2]glu-
cose, we estimated the dietary-precursor-independent com-
ponent endogenous glucose concentration from data
collected on Visit 2 and subtracted it from the total appear-
ance obtained on Visit 1 to derive the meal-attributable
glucose appearance, i.e.

Ra meal¼1Ra total�2EGP

where superscript indicates that the quantity was estimat-
ed from data collected on Visit 1 or Visit 2. The calcu-
lations assume that the dietary-precursor-independent
component of EGP was identical on the two visits. No
other assumption apart from tracer indistinguishability is
required.

[U-13C; 1,2,3,4,5,6,6-2H7]Glucose and [U-13C]glucose
were used to estimate the appearance of the meal tracer
(Ra tracer) on Visit 1. This amounts to using the triple-
tracer approach during Visit 1 and the single-tracer approach

during Visit 2. The ESM Methods describe details of the
computations.

Apparent bioavailability of meal carbohydrates and
[U-13C]glucose was calculated as

Bioavailability meal carbs

¼ 1

MCHO

Z 480

0
Ra meal dt � 100%

Bioavailability U�13C
� �

glucose

¼ 1

MU�13C½ �glucose

Z 480

0
Ra tracer dt � 100%

where MCHO andMU�13C½ �glucose represent amounts of carbo-
hydrates and [U-13C]glucose in the meal. The time to
achieve 25%, 50% and 75% of cumulative glucose appear-
ance characterised the rate of appearance of meal carbohy-
drates and [U-13C]glucose.

Statistical analysis

LG vs HG meals were contrasted using an unpaired t test.
Visit 1 vs Visit 2 was contrasted using a paired t test. For
non-normally distributed data, Mann–Whitney and
Wilcoxon tests were used. The incremental AUC above
fasting was calculated using the trapezoidal rule. Results
are presented as mean ± SD or median (interquartile range)
as appropriate. Figures show data as mean ± SEM. Analyses
were conducted with the use of SPSS, versions 15 and 19
(SPSS, Chicago, IL, USA). p values less than 0.05 were
considered statistically significant.

Results

Baseline characteristics

The two groups of participants were comparable: LG meal:
five male, age 20.8±3.3 years, BMI 24.0±1.5 kg/m2, HbA1c

8.7±1.5%, diabetes duration 7.1 (2.9, 20.9)years, total daily
insulin 0.8±0.2 Ukg−1day−1; HG meal: four male, age
18.1±4.0 years, BMI 22.8±1.2 kg/m2, HbA1c 8.7±2.0%,
diabetes duration 7.4 (3.6, 11.2) years, total daily insulin
0.9±0.1 Ukg−1day−1.

Plasma glucose, insulin and triacylglycerols

Plasma glucose, insulin and triacylglycerol profiles on Visits
1 and 2 are shown in Fig. 3 together with paired Visit 1−
Visit 2 differences. Table 1 lists fasting concentrations and
incremental AUCs.
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Eating an LG meal resulted in slower and sustained
elevation of plasma glucose with an unpronounced peak
of 11.7±2.7 mmol/l within 153±104 min compared
with a distinct and earlier peak of 13.8±3.5 mmol/l at
98±29 min after an HG meal (see ESM Table 2 for
further details). During the variable-target glucose
clamp, fasting and postprandial glucose levels were
well reproduced. The difference between paired plasma
glucose levels between the two visits was 4.1% (2.0%,
8.0%).

Fasting plasma insulin was comparable between visits
and meals. Despite identical basal (0.9±0.3 vs 0.9±
0.2 U/h; p=0.850; LG vs HG meal) and variable (14±2
and 15±4 U/h; p=0.370) insulin delivery on the two visits,
there was a trend for reduced plasma insulin during Visit 1
between 45 and 120 min during studies investigating both

meals (Fig. 3). Plasma insulin peaked between 65 and
70 min, and the peak was higher on Visit 1 (p=0.036 and
p=0.017). Overall, incremental plasma insulin did not differ
between the two visits (p≥0.208). A marked increase was
observed in incremental plasma triacylglycerol after con-
sumption of the LG meal compared with Visit 2 (p=
0.012). This pattern was not recorded after the HG meal,
as documented by comparable incremental AUCs between
visits with slow decline followed by recovery at the end of
the study.

Tracer concentrations and glucose turnover

Tracer concentrations on the two visits and paired differ-
ences are shown in Fig. 4. Fasting [6,6-2H2]glucose was
identical on the two visits. During the LG meal study,
[6,6-2H2]glucose and [U-13C; 1,2,3,4,5,6,6-2H7]glucose
tended to be lower on Visit 2, reflecting a trend of increased
incremental glucose disposal (p=0.050) and peak glucose
disposal (p=0.052) (Table 1, Fig. 5 and ESM Table 2).
During the HG meal study, [6,6-2H2]glucose and
[U-13C; 1,2,3,4,5,6,6-2H7]glucose concentrations were
identical throughout, including incremental glucose dis-
posal (p=0.484).

[U-13C]Glucose concentrations on the two visits differed
considerably. This applied to both meals. On Visit 1,
[U-13C]glucose concentration rose and declined more rap-
idly, whereas during Visit 2, lower [U-13C]glucose concen-
trations were observed and the dynamics were slower.

The pattern of dextrose infusion on Visit 2 differed be-
tween the two meals, whereas EGP was similar (Fig. 5).
However, the trough of EGP occurred later with the HG
meal (98±42 vs 182±62 min; p=0.007).

Meal-attributable glucose absorption and meal tracer
absorption

Apart from a similar peak absorption time of 40–45 min (p=
0.788, Table 2), the two meals presented different patterns
(Fig. 6). The LGmeal resulted in a sustained, slowly declining
profile, which continued beyond 8 h of the observation period.
The HG meal resulted in a clearly pronounced pattern with a
50% higher peak (p<0.001). The absorption was completed
within 6 h. The time to achieve 25%, 50% and 75% of
cumulative glucose appearance was faster with the HG meal
(p≤0.003, Table 2). The LG meal resulted in at least 15%
higher apparent bioavailability of dietary carbohydrates than
the HG meal (p=0.037), as glucose continued to appear
beyond the duration of the experiment.

The absorption characteristics of the meal tracer were
identical between the two meals (Table 2, ESM Fig. 1). In
investigations of the LG meal, the meal tracer appeared
about twice as rapidly as meal carbohydrates, as
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Fig. 3 Plasma glucose, insulin infusion, plasma insulin and plasma
triacylglycerol after consumption of the LG (a, c, e, g) and HG (b, d, f,
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2 (variable-target glucose clamp) by a dashed line, and paired differ-
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documented by time to peak, peak absorption rate and time
to achieve 25%, 50% and 75% of cumulative glucose ap-
pearance. In investigations of the HG meal, the meal tracer
appeared about 20 min faster. When normalised to carbohy-
drate amount, [U-13C]glucose achieved higher peak absorp-
tion than meal carbohydrates (p<0.001).

Discussion

To our knowledge, we are the first to evaluate absorption of
commonly eaten meals containing complex carbohydrates
in participants with type 1 diabetes. We have documented
patterns influenced by glycaemic load. After an early peak
at 45 min, a sustained slowly decreasing pattern lasting in
excess of 8 h was observed after an LG meal, whereas an
HG meal resulted in a 50% increase in peak appearance and
absorption lasting less than 6 h. At least 15% more glucose
appeared systemically after the LG meal despite the carbo-
hydrate content of the two meals being identical.

Plasma glucose levels followed the absorption patterns.
After a comparable increase of 2 mmol/l over the first
30 min after the meal, plasma glucose peaked at a higher
level after the HG meal at 100 min and then decreased to
basal levels within 5–6 h (Fig. 3). Plasma glucose continued
to increase gradually after the LG meal throughout the
experiment and failed to revert to basal. This suggests that
an LG evening meal results in sustained overnight elevation
of glucose and increased nocturnal exposure to hypergly-
caemia. Adequate management of an LG meal may require

prolonged insulin delivery such as that obtained through the
use of the extended bolus feature of smart insulin pumps,
and a larger prandial insulin amount may be needed to
compensate for the additional glucose appearing after an
LG meal in accordance with heuristic observations [7].

Glycaemic load and, definitely, meal composition are
the most likely main determinants of differences in ab-
sorption patterns. Although plasma glucose excursions
differs after the two different meals, hyperglycaemia does
not affect gastric emptying or glucose absorption in type 1
diabetes [12]. Similarly, plasma insulin does not appear to
influence glucose absorption [13]. The complexity of our
studies prevented investigation of the two types of meal in
the same population. However, participant characteristics,
including sex, age, BMI, HbA1c and diabetes duration,
were very similar and thus unlikely to have affected the
outcomes.

From the rate of absorption of the meal tracer ([U-13C]
glucose), we infer that mixed meals containing glucose are
more rapidly absorbed, achieve a higher absorption peak,
and have a distinct absorption pattern not representative of
meals containing complex carbohydrates. Using a meal
tracer as a marker of native glucose appearance, our study
suggests a 20 min deceleration of dietary complex carbohy-
drates compared with dietary glucose for the HG meal and a
twofold deceleration for the LG meal. This deceleration
explains the difference in meal tracer concentration between
the two visits (Fig. 4) and confirms that dietary glucose
tracers are not suitable for measuring systemic appearance
of complex carbohydrates in type 1 diabetes.

Table 1 Plasma concentrations and glucose turnover during Visit 1 (meal consumption) and Visit 2 (variable-target glucose clamp) to investigate
effects of an LG and HG meal

Variable LG meal (n=8) HG meal (n=8)

Visit 1 Visit 2 p valuea Visit 1 Visit 2 p valuea

Fasting conditions

Plasma glucose, mmol/l 5.5±0.6 5.7±1.1 0.670 5.7±0.5 5.7±0.6 0.200

EGP, μmolkg−1min−1 12±1 12±2 0.598 13±1 12±2 0.100

Glucose disposal, μmolkg−1min−1 13±1 13±2 0.956 13±1 12±2 0.221

Plasma insulin, pmol/l 102 (49, 137) 94 (76, 191) 0.263 97 (58, 224) 97 (58, 210) 0.674

Plasma triacylglycerols, mmol/l 0.6±0.3 0.6±0.2 0.785 0.5±0.3 0.5±0.2 1.000

Meal consumption (Visit 1) and variable-target glucose clamp (Visit 2)

Plasma glucoseb, mol/l per 480 min 2.2 (0.9, 2.9) 2.0 (1.3, 2.6) 1.000 1.2 (1.1, 1.8) 1.2 (1.0, 1.8) 0.889

EGPb, mmolkg−1min−1 per 480 min – 3.8 (3.6, 4.8) – – 3.7 (3.4, 4.4) –

Glucose disposalb, mmolkg−1min−1 per 480 min 3.8 (2.0, 6.8) 6.0 (4.8, 11.8) 0.050 6.3 (4.6, 7.1) 6.6 (5.6, 7.1) 0.484

Plasma insulinb, nmol/l per 480 min 77 (65, 164) 96 (86, 133) 0.208 81 (71, 147) 98 (77, 143) 0.327

Plasma triacylglycerolsb, mmol/l per 480 min 82 (38, 102) −55 (−105, −37) 0.012 14 (−30, 30) −27 (−55, 21) 0.263

Values are mean±SD or median (interquartile range)
a Visit 1 vs Visit 2
b Incremental AUC above fasting level (below fasting levels for EGP)
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Most previous studies investigated meals or drinks contain-
ing glucose and, for methodological reasons, no other simple
sugars or complex carbohydrates [10–13, 25, 29, 31–35] have
been looked at, with the notable exception of maize starch
naturally enriched with 13C [14, 15] and intrinsically enriched
starch from wheat subjected to a 13CO2-enriched atmosphere
[16]. The latter investigations did not aim to achieve a constant
tracer/tracee ratio, traced only one source of complex carbohy-
drates (maize or wheat starch), and did not use advanced
computational techniques, possibly affecting the accuracy of
the measurements. Our study avoided these shortcomings.
Another study assessed total glucose appearance after break-
fast and dinner containing complex carbohydrates in type 1
diabetes complicated by pregnancy, but EGP and gut absorp-
tion could not be differentiated [36]. In comparison with a
study investigating a mixed meal containing 1.2 g glucose
per kg body weight in healthy subjects [31], we observed a
glucose absorption peak that was lower by 30% (HGmeal) and
50% (LG meal) occurring 15–30 min later. Absorption was
nearly complete within 5 h with the HG but not the LG meal.

Our approach adopts the conventional assumption of
tracer indistinguishability and that the component of EGP,
independently of dietary precursors, is identical on Visit 1
and Visit 2. We aimed to maintain the validity of the latter

assumption by reproducing the levels of plasma glucose and
plasma insulin on the two visits. By careful titration of i.v.
insulin before the main study period, we achieved identical
fasting conditions, including plasma glucose, plasma insulin
and EGP. The variable-target glucose clamp gave identical
plasma glucose levels. However, we observed higher plasma
insulin on Visit 2, but this discrepancy was limited to a
75 min interval when EGP was maximally suppressed. We
infer that the estimate of meal-attributable appearance is
affected to a negligible extent given the large size of the
meals relative to the background EGP, as exemplified by at
least a tenfold difference between endogenous (∼3 μmol
kg−1min−1) and exogenous (30–60 μmolkg−1min−1) glu-
cose appearance during the affected period (Figs 5 and 6).
Thus small inter-occasion differences in EGP have little
effect on meal-attributable glucose appearance.

We dissected the measurement process into interlinked
stages. Modelling of i.v. glucose tracer facilitated native glu-
cose disposal estimation. Mass balance equations were then
used to derive total glucose appearance. Physiological insights
identified two components of EGP in relation to gluconeo-
genesis from a dietary precursor (Fig. 1). The dietary-
precursor-independent EGP estimated on Visit 2 was
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subtracted from total glucose appearance estimated on Visit 1
to obtain meal-attributable glucose appearance. Differences in
glucose disposal between the two visits were irrelevant, as
glucose disposal on Visit 2 was not fed into the calculation
process and was a byproduct of the study design. The contri-
bution of the dietary-precursor component of EGP may ex-
plain, at least in part, the higher meal-attributable appearance
by 20 g after the LG meal, which is richer in fat and proteins.

Methodological difficulties related to the non-steady-
state of the glucoregulatory system in postprandial condi-
tions and the intricacies of the computational problem (small
measurement errors propagate into large estimation errors of
glucose fluxes) [20] can be mitigated by minimising the
change over time in the tracer/tracee ratio [37] in combina-
tion with the two-compartment model of glucose kinetics

[26]. An advanced stochastic computational approach was
found to be effective for obtaining accurate measurements
[29, 30] and was adopted in the present investigation.

Although we aimed to minimise changes over time of the
tracer/tracee ratios to avoid the model-misspecification er-
ror, some variations occurred (ESM Fig. 2). However, our
unique validation approach [30] demonstrated that the ad-
vanced computational technique is accurate given its ability
to reconstruct accurately the dextrose infusion on Visit 2. It
follows that the computational approach accurately recon-
structs total glucose appearance and EGP. The computation-
al approach assumes smooth glucose fluxes [20], with the
extent of smoothing drawn from a population distribution.
This allowed sharing of information among individuals [28]
and avoided the aberrations and oscillations that can be
present when data are processed individually.

The strength of our study is in the assessment of com-
monly eaten meals containing simple and complex carbohy-
drates, and the use of advanced and validated computational
approaches. Limitations include investigating separate pop-
ulations to assess the two meals, and the assumption that
EGP was similar on the two study occasions. None of the
shortcomings should affect the main study findings.

Our results can be used to explore, in silico [38], alternative
insulin-dosing strategies, including closed-loop systems [17],
before use in experiential and clinical settings. The results
provide novel insights into glucose turnover suitable for in-
corporation into advanced mathematical models of glucose
regulation [39].

We conclude that large evening meals containing com-
plex carbohydrates provide different challenges to the man-
agement of type 1 diabetes depending on the meal

Table 2 Apparent bioavailabili-
ty and rate of glucose appear-
ance after consumption of LG
and HG meals enriched with
[U-13C]glucose

Values are mean±SD or median
(interquartile range)
aLG vs HG meals
bTime to absorption of 25%,
50% and 75% of cumulative
absorbed amount

Variable LG meal (n=8) HG meal (n=8) p valuea

Native glucose from dietary carbohydrates

Apparent bioavailability, % 102±14 87±12 0.037

Meal-attributable glucose appearance (Ra meal)

t25%
b, min 88±21 56±12 0.003

t50%
b, min 175±39 100±25 <0.001

t75%
b, min 270±54 153±39 <0.001

Peak absorption rate, μmolkg−1min−1 40±6 62±8 <0.001

Time to peak absorption rate, min 45 (30, 105) 40 (33, 58) 0.788

Oral [U-13C]glucose

Bioavailability, % 108±25 114±7 0.505

Tracer appearance (Ra tracer)

t25%
b, min 39±13 46±10 0.246

t50%
b, min 84±30 82±15 0.891

t75%
b, min 159±42 135±28 0.197

Peak absorption rate, μmolkg−1min−1 1.9±0.7 1.6±0.3 0.306

Time to peak absorption rate, min 25 (20, 30) 30 (20, 38) 0.498
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meal (grey line) and the HG meal (black line) (n=8, mean ± SEM)
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composition. An HG meal results in a pronounced, but
shorter, absorption pattern, whereas an LG meal results in
sustained and prolonged absorption and higher overall glu-
cose appearance.
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