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Evaluation of the existence of a diurnal pattern of glucose
tolerance after mixed meals is important to inform a closed-loop
system of treatment for insulin requiring diabetes. We studied 20
healthy volunteers with normal fasting glucose (4.8 6 0.1 mmol/L)
and HbA1c (5.2 6 0.0%) to determine such a pattern in nondia-
betic individuals. Identical mixed meals were ingested during
breakfast, lunch, or dinner at 0700, 1300, and 1900 h in random-
ized Latin square order on 3 consecutive days. Physical activity
was the same on all days. Postprandial glucose turnover was
measured using the triple tracer technique. Postprandial glucose
excursion was significantly lower (P , 0.01) at breakfast than
lunch and dinner. b-Cell responsivity to glucose and disposition
index was higher (P , 0.01) at breakfast than lunch and dinner.
Hepatic insulin extraction was lower (P , 0.01) at breakfast than
dinner. Although meal glucose appearance did not differ between
meals, suppression of endogenous glucose production tended to
be lower (P , 0.01) and insulin sensitivity tended to be higher
(P , 0.01) at breakfast than at lunch or dinner. Our results sug-
gest a diurnal pattern to glucose tolerance in healthy humans,
and if present in type 1 diabetes, it will need to be incorporated
into artificial pancreas systems. Diabetes 61:2691–2700, 2012

A
better understanding of the factors involved
in glucose homeostasis is crucial to develop
physiological models that can be incorporated
into an optimal personalized artificial endocrine

pancreas to improve glucose control, minimize glucose
variability, and thus reduce morbidity and target-organ
complications in individuals with diabetes mellitus, espe-
cially type 1 diabetes. These factors include, but are not
limited to, variabilities introduced by diurnal differences in
postprandial insulin secretion and action, timing and pat-
tern of meal glucose appearance, and changes in physical
activity.

Investigations evaluating diurnal pattern of glucose
excursions have provided conflicting and confusing
results. Although earlier studies (1) showed higher
postprandial insulin concentrations in the morning than
evening without any differences in postprandial glucose
concentrations, subsequent studies (2) showed higher

postprandial glucose excursion in the evening. In healthy
individuals, some (2–4) but not all (1) studies suggest that
postprandial glucose excursion is greater in the evening
than morning. Both diminished insulin secretion and ac-
tion have been considered responsible for decreased glu-
cose tolerance in the evening (5). The reverse pattern has
been observed in people with type 2 diabetes (6) and
obesity (7). However, these studies (8) controlled for nei-
ther meal size, composition, and caloric content nor for
levels of physical activity, all of which influence post-
prandial glucose excursions. Moreover, because these
studies did not use glucose tracers and modeling tech-
niques, hepatic and peripheral insulin action, meal glucose
appearance, and postprandial insulin secretion were not
assessed.

The purpose of this study was to determine if there are
diurnal changes in postprandial glucose tolerance, insulin
action, insulin secretion, and meal glucose appearance in
nondiabetic subjects using the triple-tracer technique (9)
while controlling for meal macronutrient composition and
caloric content and levels of physical activity. We report
that in healthy volunteers, glucose tolerance declines as
the day advances.

RESEARCH DESIGN AND METHODS

After approval from the Mayo institutional review board and collection of
signed informed consent, 20 nondiabetic subjects were recruited. Inclusion
criteria were age 18–60 years, BMI ,40 kg/m2, HbA1c #5.5%, creatinine #1.5
mg/dL, normal fasting glucose, and standard 75-g oral glucose tolerance test
(OGTT) and normal gastric emptying to solids and liquids. Exclusion criteria
were significant gastrointestinal symptoms by questionnaire, documented re-
cent upper gastrointestinal disorder, medications affecting gastric motility
(e.g., erythromycin), pregnancy or breastfeeding, or other comorbidities pre-
cluding participation. Medications (except stable thyroid hormone or hormone
replacement therapy) that could influence glucose tolerance, history of di-
abetes in first degree family members, or prior history of diabetes were also
exclusionary. Subjects did not engage in regular vigorous physical activities
for 72 h before screen and study visits. Each subject underwent two screen
visits.
Screen visit 1. Subjects reported in the morning after an overnight fast to the
Clinical Research Unit (CRU) of the Mayo Center for Translational Science
Activities for a history, physical examination, screening laboratory tests,
a 75-g standard OGTT, standard urinalysis, and resting electrocardiogram.
All women of childbearing potential had a negative pregnancy test within 24 h
of study visit. A dietary history was taken to ensure adherence to a weight
maintaining diet consisting of at least 200 g of carbohydrates per day and that
diet met American Diabetes Association guidelines for protein, fat, and
carbohydrates. Body composition was also measured using dual energy
X-ray absorptiometry (10).
Screen visit 2. With the use of established scintigraphic techniques (11),
gastric emptying of solids and liquids were assessed in all subjects who were
eligible after the first screening visit; results were summarized as the time
required for 50% of solids and separately liquids to empty (GE T1/2). There-
after, subjects who had normal gastric emptying for solids and liquids pro-
ceeded to the inpatient study visit within 3 weeks of the second screening
visit.
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In-patient study visit. All subjects spent 3 days and 4 nights in the CRU.
Subjects reported at ;1600 h on the evening before the first study day. Con-
tinuous glucose sensor and triaxial accelerometer devices were placed. They
consumed a standard 10 kcal/kg meal (55% carbohydrate, 15% protein, and
30% fat) between 1700 and 1730 h. No additional food was eaten until the next
morning. All subjects were provided with breakfast (B) at 0700 h, lunch (L) at
1300 h, and dinner (D) at 1900 h for 3 consecutive days. An 18-gauge in-
travenous catheter was inserted ;3 h before start of each labeled mixed meal
study for infusion of tracer during the triple-tracer studies. Another in-
travenous cannula was inserted into a forearm vein in a retrograde fashion,
and the hand was placed in a heated Plexiglass box as described before (10),
to draw arterialized venous blood for hormone, glucose concentrations, and
tracer enrichment periodically for 6 h after initiation of the labeled meal each
day.
Study meals. All meals were provided by the CRU metabolic kitchen. Study
participants received 3 days of weighed meals, three meals each day (0700,
1300, and 1900 h) with each meal comprising 33% of total estimated calorie
intake based on Harris Benedict calorie requirements with ;50 g of carbo-
hydrate in each meal adjusted for a low level of physical activity. The mac-
ronutrient contents for the labeled meals and the six unlabeled meals that
each participant consumed were identical. No snacks or calorie-containing
drinks were permitted between meals. Unfinished food was weighed and ex-
cluded from calculated caloric intake. One meal daily was randomly selected
per Latin square design to include 50 g of glucose labeled with [1-13C]glucose
in Jell-O as the carbohydrate component. The randomization sequence for the
Latin square design was restricted to three potential sequences to maximize
the time between tracer meals (i.e., minimize carryover effects). This design
was specifically chosen to remove confounding effects of unequal glycogen
labeling and carryover effects of residual tracer glucose plasma concen-
trations on postprandial glucose fluxes that would have occurred if all three
successive meals were labeled within a 24-h period. Furthermore, a 1-day
study design would have necessitated the subjects to be resting in bed the
entire day, which is not representative of daily living. While we realize that
meals were not evenly spaced (every 8 h), we wished to maintain a real-world
approach to our study design by timing the meals in a pragmatic fashion, i.e.,
breakfast at 0700 h, lunch at 1300 h, and dinner at 1900 h.
Triple-tracer mixed meal. A primed-continuous infusion of [6,6-2H2]glucose
(11.84 mg/kg free fat mass prime; 0.1184 mg/kg free fat mass/min continuous;
Mass-Trace, Woburn, MA) was started 3 h (2180 min) before the first bite of
the mixed meal used to estimate postprandial glucose kinetics (9). Jell-O con-
taining [1-13C]glucose was consumed within 15 min along with the rest of the
mixed meal of eggs and Canadian bacon/steak. An infusion of [6-3H]glucose was
started at time 0, and the rate varied to mimic the anticipated rate of appearance
of the [1-13C]glucose contained within the meal. Simultaneously, the rate of
infusion of [6,6-2H2]glucose was altered to approximate the anticipated pattern
of change in endogenous glucose production (EGP) (10). Blood was sampled
at 2180, 230, 0, 5, 10, 20, 30, 60, 90, 120, 150, 180, 270, and 360 min for
measurement of tracer-to-tracee ratios, glucose, insulin, glucagon, and
C-peptide concentrations.
Physical activity protocol.We used triaxial accelerometers (Physical Activity
Monitoring System) that captured data on body posture and movement in
duplicate every 0.5 s. Activity data were captured using one device for each half
of the body and attached over the base of the spine. The participants were given
a carefully planned physical activity protocol, adherence towhichwas captured
using the Physical Activity Monitoring System. Subjects walked 5 to 6 h each
day during the study period; the distribution of their active and nonactive time
varied depending upon labeledmeal schedules. Walking velocity of 1.2mphwas
chosen (12) totaling to about 3.5 to 4.2 miles walked during the active times
mimicking activities of daily living. The activity performed was ;2.2 metabolic
equivalents while walking and averaged about 1.7 metabolic equivalents dur-
ing the active times. Caloric requirements of each participant were assessed
by measurement of resting and walking energy expenditure during the phys-
ical activity program. Each of the labeled meals was preceded by at least 3 h
and followed by 6 h of inactivity when the subjects were resting in bed to
enable periodic blood draws. By design, there was a longer period of inactivity
before breakfast than the other two meals.
Analytical techniques

Hormone analyses. C-peptide was measured on the Cobas e411 (Roche
Diagnostics, Indianapolis, IN) using a two-site electrochemiluminescence
immunometric assay. Insulin was measured by a two-site immunoenzymatic
assay performed on the DxI automated system (Beckman Instruments, Chaska,
MN) and glucagon by a direct, double antibody radioimmunoassay (Linco
Research, St. Charles, MO) (10).
Glucose tracers. Plasma samples were placed on ice, centrifuged at 4°C,
separated, and stored at 280°C until assay. Plasma glucose concentration was
measured using a glucose oxidase method (YSI, Yellow Springs, OH). Plasma
[6-3H]glucose specific activity was measured by liquid scintillation counting as

described (10). Plasma enrichment of [1-13C]glucose and [6,6-2H2]glucose were
measured using gas chromatography–mass spectrometry (Thermoquest, San
Jose, CA) to simultaneously quantitate C1,2 and C3–6 fragments (9).
Calculations

Glucose kinetics. Fasting and postprandial rates of glucose turnover were
calculated as described (9). The systemically infused [6-3H]glucose was used to
trace the systemic rate of appearance of [1-13C]glucose contained in the meal,
whereas [6,6-2H2]glucose was used to trace the rate of appearance of endoge-
nously produced glucose. The ratio of plasma concentration of [6-3H]glucose
to [1-13C]glucose was used to calculate the rate of appearance of ingested
[1-13C]glucose, and the ratio of plasma concentration of [6,6-2H2]glucose to
endogenously produced glucose was used to calculate EGP. The plasma con-
centration of endogenously produced glucose was calculated by sub-
tracting the concentration of exogenously derived (ingested)glucose (i.e.,
plasma [1-13C]glucose concentration multiplied by meal [1-13C]glucose en-
richment) from total plasma glucose concentration (9).
Meal indices. The oral glucose minimal model (13,14) was used to interpret
plasma glucose and insulin concentrations measured during the meal test. The
model assumes that insulin action on glucose production and disposal ema-
nates from a compartment remote from plasma, which is usually identified
with the interstitium. The most important parameter of the model, estimated
from data, is net insulin sensitivity, Si , which measures the overall effect of
insulin to stimulate whole-body (liver and periphery) glucose disposal and
inhibit glucose production. The oral C-peptide minimal model (15) was used
together with the oral insulin minimal model (16) to interpret the interaction of
plasma glucose with C-peptide and insulin, respectively. The oral C-peptide
minimal model provides indices of dynamic (Fd) and static (Fs) b-cell
responsivity to glucose, which measure the ability of rate of change of plasma
glucose and plasma glucose concentration, respectively, to stimulate pancre-
atic insulin secretion. An index of total b-cell responsivity (Ftotal) can then be
derived. The static component is derived from the ratio of the insulin secretion
rate and the glucose concentrations above a threshold level at steady state.
The dynamic index is a measure of the stimulatory effect of the rate at which
glucose changes upon secretion of stored insulin. It is defined as the quantity
of insulin released in response to maximum glucose concentration achieved
during the meal normalized to the glucose increase from baseline. The total
index is defined as the average increase over basal of insulin secretion over
the average glucose stimulus above threshold level. The oral insulin minimal
model, coupled with the C-peptide minimal model, provides estimates of both
basal (HEb) and total (HE) hepatic insulin extraction. C-peptide is secreted in
equimolar amounts to insulin from the b-cells, but while insulin is extracted by
the liver, C-peptide is not. Hence, the simultaneous integration and modeling
of insulin secretion rate from C-peptide data and insulin delivery rate to the
systemic circulation from the insulin data after its passage through the liver
provides an estimate of hepatic insulin extraction. In addition, a composite
measure of insulin secretion appropriate to the prevailing degree of insulin
resistance can be obtained by calculating dynamic (DId; composite of SI and
fd), static (DIs; composite of SI and fs), and total (DItotal) disposition indices,
from the product of insulin sensitivity (Si) and respective indices of b-cell
responsivity (f indices). All of the above models have been described in detail
in the Supplementary Data.
Statistical analyses. The experimental design translated statistically into
a three-treatment (meals), three-period (study days) crossover study. SAS
PROC Mixed (Cary, NC) was used to test for carryover effects and period
effects using the methodology of Brown and Prescott (17). Carryover effects
were presumed to be negligible given the short half-life of glucose and glucose
tracers and the restricted randomization process. This assumption was sup-
ported by the statistical modeling and by the critical observation that there
were no detectable glucose tracers in plasma from the prior labeled meals on
days 2 and 3 in any subject. A period effect, however, was observed in the data
for some outcome variables. As such, model-based estimates (least squares
[LS] means) were calculated to provide an average effect over the study pe-
riod. This analysis was supplemented with a sensitivity analysis of the first
treatment period (i.e., similar to a parallel group design). These results were
consistent with the full dataset (data not shown), so the results of the full
experimental design were reported. Distributional assumptions for the mixed
model were assessed using graphical displays and numerical summaries by
meal-study day. Longitudinal summary statistics (18) were used to synthesize
the serial measurements into a single index. Area under the curve (AUC) and
incremental AUC (AUC after subtraction of the baseline area) were calculated
by the trapezoidal rule. Post hoc comparison of postprandial states after meals
(breakfast, lunch, and dinner) was tested at the 0.05 level of significance using
the Tukey-Kramer correction factor. The overall effect of meal (i.e., a Type III
analysis) was conducted using the Kenward-Rogers approach for determining
degrees of freedom (19). Measures of insulin action (DI and Si ) had residuals
that were mildly heteroscedastic, so the natural log-transformed values were
reanalyzed as a sensitivity analysis.
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RESULTS

Subject characteristics. A total of 32 participants were
screened for the study. There were eight screen failures (6
abnormal OGTT, 1 low hemoglobin, and 1 did not return for
screen visit 2). Four additional participants were withdrawn
after being successfully screened because of the inability to
obtain IV access. The remaining 20 subjects completed the
study and comprised the study group. Subject character-
istics are provided in Table 1. Fasting glucose concen-
trations, HbA1c, and OGTT were normal. Physical activity
levels, measured in Accelerometer Units (AU), did not differ
among the 3 days. Gastric emptying rates for liquids (T1/2:
M = 24.6, SD = 13.1 min) and solids (T1/2: M = 112.0, SD =
32.5 min) were normal in all subjects.
Glucose, insulin, C-peptide, and glucagon concentrations.
In Fig. 1, preprandial plasma glucose concentrations were
statistically different across the three meals (P = 0.004)
with higher values at breakfast than at lunch or dinner
(Table 2). Postprandial peak glucose concentrations were
not different among the three meals (P = 0.09). The area
above baseline of postprandial glucose excursion, how-
ever, was different (P , 0.001) with the lowest values
occurring at breakfast, which indicated better glucose
tolerance at breakfast than at lunch or dinner. In contrast,
postprandial glucose excursions were not different between
lunch and dinner.

Preprandial plasma insulin concentrations did not differ
among meals (P = 0.081), whereas postprandial peak insulin
concentrations did (P = 0.008). In post hoc comparisons,
peak insulin levels at dinner were less than those at
breakfast (P , 0.05 after Tukey adjustment). Insulin area
above baseline did not differ between meals (P = 0.23).
Similarly, C-peptide concentrations did not differ among
meals at baseline (P = 0.63) and were different with respect
to the peak value (P = 0.029). In contrast with insulin con-
centrations, the area above baseline was different across
meals (P = 0.024). Notably, the C-peptide concentrations
over the postprandial period were over 16% higher at lunch
relative to breakfast (P , 0.05 after Tukey adjustment).

Preprandial plasma glucagon concentrations and the
postprandial area above basal were different among the
meals (P , 0.001 for both). Interestingly, the preprandial
glucagon levels at breakfast were approximately 20% less
than at lunch or dinner (P , 0.05 after Tukey adjustment),
but the postprandial area under the curve was over 2.5
times higher at breakfast than at lunch or dinner (P , 0.05
after Tukey adjustment).
Meal appearance, EGP, and glucose disappearance. In
Fig. 2A and B, there were no differences in Ra of meal
glucose between the three meals (P = 0.99, Table 2), in-
dicating that the differences in postprandial plasma glu-
cose concentration between meals were not the result of
differences in the Ra of meal glucose. Preprandial rate of
EGP was different among the meals (P = 0.002) with lower
production at breakfast than lunch or dinner. The in-
cremental area below baseline of postprandial EGP was
different among meals (P , 0.001), as was the percent
suppression of EGP from baseline (P , 0.001). For both
measures, breakfast was lower than lunch and dinner (P,
0.05 for both end points after Tukey correction). Likewise,
the integrated Rd did not differ among meals (P = 0.89);
however, percent increase in rates of Rd from baseline
were different across meals (P = 0.029). The percent in-
crease at breakfast was approximately 30% higher than at
lunch or dinner (P , 0.05 for both after Tukey correction).
Indices of b-cell responsiveness and hepatic insulin
extraction. In Fig. 3, the index of b-cell responsiveness to
a given glucose concentration (Fs) was higher at breakfast
than at dinner but did not differ from lunch (P = 0.006),
and b-cell responsiveness to a change in glucose concen-
tration (Fd) was also higher at breakfast than at both lunch
and dinner (P = 0.002, Table 2). Taken together, total b-cell
responsivity (Ftotal) was over 20% higher at breakfast than
at lunch and dinner (P = 0.002). Hepatic insulin extraction
at baseline (HEb) was lower at breakfast than both lunch
and dinner (P , 0.001). Likewise postprandial hepatic in-
sulin extraction (HE) was also lower at breakfast than at
lunch and dinner (P = 0.003). None of these indices dif-
fered between lunch and dinner.
Indices of insulin action. In Fig. 4, Si was higher at
breakfast when compared with lunch and dinner (P , 0.05
after Tukey adjustment). Si did not differ between lunch
and dinner. Likewise, disposition index (DI), DId, DIs were
higher (P , 0.05) at breakfast than at lunch or dinner. As
with many of the prior results, none of the indices differed
between lunch and dinner. In the sensitivity analysis using
natural log-transformed indices, all results remained the
same except one. The transformed Si at dinner was no
longer statistically different from baseline (P = 0.08 after
Tukey correction). The details of the models applied in-
cluding the weighted residuals are provided in the Sup-
plementary Data online.
Si and DI distribution. In Fig. 5, the individual patterns
of Si and DI are depicted in log-transformed scale for the
three meals. As shown in five of the 20 subjects, the diurnal
pattern of Si and DI (high-low-low) was not maintained,
reflecting the heterogeneity of responses.

DISCUSSION

Understanding diurnal patterns in glucose tolerance is
critical for informing closed-loop control algorithm of in-
sulin delivery to treat diabetes. However, to determine the
existence of such a pattern, care needs to be taken to
minimize confounding effects of variability in meal size,

TABLE 1
Baseline characteristics of the participants completing the three
meal study (n = 20): subject anthropometric characteristics

Variable Mean SD Range

Age (years) 34.7 11.1 [18–56]
Sex, n (%) female 11 (55)
Weight (kg) 75.4 15.2 [55.0–108.4]
Height (m) 1.7 0.1 [1.6–1.9]
BMI (kg/m2) 25.0 3.6 [19.0–31.5]
Fat free mass (kg) 52.5 12.2 [36.6–77.9]
Percent body fat (%) 31.0 6.9 [14.5–40.8]
Fasting blood glucose (mmol/L) 4.8 0.3 [4.4–5.5]
2-h OGTT (mmol/L) 5.5 0.8 [4.0–6.8]
HbA1c (%) 5.2 0.2 [4.9–5.6]
Hemoglobin (g/dL) 13.7 1.0 [11.8–15.6]
Creatinine (mg/dL) 0.9 0.2 [0.6–1.3]
BUN 13.7 3.8 [7.0–20.0]
TSH (IU/L) 2.0 0.9 [0.8–4.5]
Randomized meal sequence, n (%)
BDL 6 (30)
DLB 7 (35)
LBD 7 (35)

B, breakfast; L, lunch; D, dinner; BUN, blood urea nitrogen; TSH,
thyroid-stimulating hormone.
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FIG. 1. A: Plasma glucose and insulin concentrations obtained after labeled breakfast, lunch, and dinner. B: Plasma C-peptide and glucagon
concentrations obtained after labeled breakfast, lunch, and dinner.
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meal composition, and degree of physical activity, major
factors that influence postprandial glucose tolerance. Our
observations showing lower postprandial glucose excur-
sion at breakfast than at lunch and dinner suggest the
presence of a diurnal pattern to glucose tolerance in

healthy nondiabetic subjects under carefully controlled
conditions. This is characterized by a trend to reduced
b-cell responsiveness and insulin action with increasing
hepatic insulin extraction after lunch and dinner than at
breakfast.

TABLE 2
Outcome measures of 3-day meal sequence

Variable and summary statistic

Estimated meana Estimated common
(pooled) standard errora P valueb

Post hoc
comparisonscBreakfast Lunch Dinner

Hormones
Glucose
Baseline (mmol/L) 5.2 5.0 5.0 0.1 0.004 L,D,B
Peak (mmol/L) 10.3 11.1 10.8 0.4 0.091 N/A
iAUC (mmol/L/6 h) 287.8 460.0 505.1 40.9 ,0.001 B,L,D

Insulin
Baseline (pmol/L) 4.7 4.1 3.8 0.5 0.081 N/A
Peak (pmol/L) 65.9 61.0 49.4 5.9 0.008 D,B
iAUC (pmol/L/6 h) 5,133.3 5,487.0 4,857.8 422.5 0.231 N/A

C-peptide
Baseline (nmol/L) 0.60 0.60 0.62 0.05 0.626 N/A
Peak (nmol/L) 3.5 3.8 3.4 0.2 0.029 D,L
iAUC (nmol/L/6 h) 344.1 400.6 375.0 20.1 0.024 B,L

Glucagon
Baseline (pg/mL) 69.2 84.7 85.0 4.2 ,0.001 B,L,D
Peak (pg/mL) 143.7 131.2 132.8 7.4 0.115 N/A
iAUC (pg/mL/6 h) 10,816.0 3,673.4 4,203.3 1,020.6 ,0.001 L,D,B

Meal appearance, EGP, and
glucose disappearance

EGP
Baseline (mmol/kg/min) 12.7 14.7 14.2 0.6 0.002 B,L,D
AUC (mmol/kg/min/6 h) 2,788.7 2,552.2 2,614.6 155.1 0.353 N/A
iAUC (mmol/kg/min/6 h) 1,777.6 2,726.1 2,514.5 219.8 ,0.001 B,L,D
Percent decrease from baseline 38 51 48 3 0.002 B,L,D

Ra of meal glucose
AUC (mmol/kg/6 h) 6,231.1 6,236.3 6,273.9 403.1 0.991 N/A

Rd

AUC (mmol/kg/6 h) 8,976.0 8,823.5 8,816.7 419.2 0.890 N/A
iAUC (mmol/kg/6 h) 4,650.6 3,755.6 3,986.2 375.3 0.115 N/A
Percent increase from baseline 104 76 80 9 0.029 L,B

Indices of b-cell responsiveness
and hepatic insulin extraction

Fs

1029/min 46.0 41.0 38.4 3.3 0.006 D,B
Fd

1029 748.3 519.7 579.3 68.4 0.002 L,D,B
Ftotal

1029/min 58.1 48.1 46.3 4.2 0.002 L,D,B
Hepatic insulin extraction
Baseline (HEb) (%) 69 74 75 2 ,0.001 B,L,D
Postprandial (HE) (%) 51 55 56 2 0.003 B,D

Indices of insulin action
Si (10

24 dL/kg/min/mU/mL) 11.2 7.9 8.1 1.1 0.005 L,D,B
ln SI (ln [1024 dL/kg/min/mU/mL]) 2.2 2.0 2.0 0.1 0.021 L,Bd

DI (10214 dL/kg/min2/pmol/L) 1,052.4 639.2 638.4 117.2 0.002 L,D,B
ln DI (ln [10214 dL/kg/min2/pmol/L]) 6.8 6.3 6.3 0.1 0.001 L,D,B
DId (10214 dL/kg/min/pmol/L) 12,664.0 7,015.0 7,846.1 1,418.8 0.002 L,D,B
ln DId (ln [10214 dL/kg/min/pmol/L]) 9.3 8.6 8.7 0.1 ,0.001 L,D,B
DIs (10

214 dL/kg/min/pmol/L) 834.8 538.4 523.2 94.3 0.002 L,D,B
ln DIs (ln [10214 dL/kg/min/pmol/L]) 6.5 6.1 6.1 0.1 0.003 L,D,B

Data presented are model based (LS means) from a three-period crossover ANOVA model. B, breakfast; L, lunch; D, dinner; ln, natural log (log
base e); iAUC, incremental (baseline-subtracted) AUC. aModel-based (or LS means) reported averaged over the three periods. The ANOVA
model assumed a common standard error, and the estimated value has been reported once for each outcome. bP value reported is for the Type
III effect of meal type after adjusting for study day (period effect). cStatistically significant pairwise comparisons are noted if the Type III
P value was less than 0.05 and the pairwise comparisons were statistically significant at 0.05 level of significance after Tukey correction.
dEstimated means for lunch and dinner were 1.95 and 2.01, respectively. Because estimates had to be rounded, both appear as 2.0.
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Although premeal physical activity could influence post-
prandial insulin action and hence glucose tolerance, our
results demonstrating that postprandial glucose excursion
was significantly lower at breakfast (preceded by a longer
duration of inactivity) than at lunch or dinner support our
case for a diurnal decline in glucose tolerance.

The primary observation of our study is that post-
prandial glucose excursion was lower at breakfast than
at lunch or dinner. Diurnal variation in postprandial glu-
cose excursions may result from changes in Ra of meal
glucose, EGP, Rd, or a combination of these fluxes that

were calculated with the triple-tracer approach (20). The
Ra of meal glucose of ingested glucose did not differ be-
tween the three meals, thus eliminating alterations in glu-
cose absorption and/or splanchnic uptake of meal glucose
contributing to the observed changes in glucose tolerance.
Moreover, these data suggest that the Ra of meal glucose,
a reflection of net balance between rate of glucose ab-
sorption and splanchnic retention of meal glucose and
by extension glucokinase activity (21,22), do not follow
a diurnal pattern. Our data show that Si, reflecting com-
posite effect of insulin on the rate of EGP and the rate of

FIG. 2. A: Ra of meal glucose, rate of EGP, and rate of Rd obtained after labeled breakfast, lunch, and dinner. B: Percent suppression of EGP and
percent increase in Rd obtained after labeled breakfast, lunch, and dinner. *P < 0.05 vs. breakfast.
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whole-body (liver and periphery) glucose disappearance,
tended to be greater at breakfast than at lunch or dinner.
However, in the sensitivity analysis using the log-transformed
Si, statistical significance between breakfast and dinner
was lost (P = 0.08). We are unable to directly calculate
hepatic insulin action. However, because meal-derived
glucose appearance did not differ between meals and be-
cause meal glucose contents were identical, it implies that
splanchnic/hepatic glucose uptake (component of whole-
body glucose disappearance) did not differ between meals.
Therefore, it is reasonable to propose that the primary
reason for greater Si at breakfast was an improved pe-
ripheral glucose disappearance although there were no
detectable differences in whole-body Rd between meals.
EGP was less suppressed at breakfast than at lunch or
dinner likely because of the lower portal insulin concen-
trations (reflected by the lower C-peptide levels at break-
fast) and lower plasma glucose concentrations. However,
postprandial glucose disappearance did not differ at
breakfast compared with lunch or dinner despite lower
glucose concentrations, thereby providing support to our
conclusion of improved insulin action (Si) during this
meal.

With that said, it is important to underscore the limi-
tations in the measurements of the various components of
glucose turnover (i.e., Ra of meal glucose, Rd, and EGP)
and meal indices (Si, DI) that do not consistently provide
mechanistic insights and explanation to the primary ob-
servation of reduced postprandial glucose excursion at

breakfast. This shortcoming likely reflects the relative
imprecision of the estimation of both the meal indices and
glucose flux calculations when compared with actual
plasma glucose measurements, despite our rigorous study
design applying state-of-the-art mathematical models (as
detailed in the Supplementary Data online). For example,
although Si (composite effect of insulin on both EGP and
Rd) appeared to be higher at breakfast, the integrated re-
sponses of postprandial EGP and Rd were discordant.
Specifically, although Si was higher, insulin suppression of
EGP was lower at breakfast than the later meals. Addi-
tionally, fasting glucose concentrations were statistically
slightly higher at breakfast despite slightly lower baseline
EGP than the other two meals (Table 2). These observa-
tions are contradictory and reflect limitations in estimation
of glucose turnover when compared with the precision in
measurement of plasma glucose concentrations.

Our study was powered to detect differences in post-
prandial glucose excursions but underpowered to detect
differences in the components of glucose turnover be-
tween meals. Furthermore, it is important to stress that
our study did not investigate the repeatability of pattern of
glucose tolerance within a subject over multiple 24-h pe-
riods. Such a study would be difficult to execute. Therefore,
we cannot draw any conclusions regarding existence of a
true circadian pattern to insulin secretion or action, nor was
this study designed to test it.

Indices of b-cell responsiveness were higher after
breakfast than after lunch or dinner, suggesting the

FIG. 3. A: Indices of b-cell responsiveness Fs, Fd, and Ftotal obtained after labeled breakfast, lunch, and dinner. *P < 0.05 vs. breakfast. B: Indices
of hepatic insulin extraction (basal and total) were obtained after labeled breakfast, lunch, and dinner. *P < 0.05 vs. breakfast.
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presence of a diurnal pattern to b-cell responsiveness to
absolute and changing glucose concentrations. This ob-
servation was further enhanced by the intriguing finding
that hepatic insulin extraction also followed a diurnal
pattern with the lowest extraction after breakfast than
after lunch or dinner. The observation that lower hepatic
insulin extraction at breakfast is associated with higher Si
is corroborated by prior reports (23,24) showing similar
observations between postprandial hepatic insulin ex-
traction and whole-body insulin action.

DI was significantly higher at breakfast than at lunch or
dinner, thus suggesting a diurnal pattern to this index.
Likewise, Si, an index of insulin action, was higher at
breakfast than the other two meals. As alluded to ear-
lier and recorded in Table 2, sensitivity analyses of log-
transformed DI did not reveal any changes to statistical
significance, whereas for Si, statistical significance be-
tween breakfast and dinner was lost. Additionally, as
shown in Fig. 5, there appears to be a degree of hetero-
geneity in the individual patterns to both DI and Si. In five
subjects, the pattern shows low-high-low, whereas in the
remaining fifteen subjects, the predominant pattern of
high-low-low is maintained. Perhaps this heterogeneity of
response patterns suggests diversity in demographic and/or
physiological factors splitting the study population, al-
though this was not evident on closer scrutiny of the de-
mographic characteristics. However, we realize that in the
limited sample size it would be unlikely to see tangible
demographic differences in study cohorts. Furthermore,
although our observations imply a diurnal pattern to

postprandial insulin secretion, b-cell responsiveness, and
insulin action in healthy people, the effect of other factors
such as age, sex, adiposity, shift work, time-zone travel,
and sleep-wake cycle disturbances on diurnal pattern will
need to be investigated in future studies.

Our data also demonstrate, for the first time, an intriguing
diurnal variation in postprandial plasma glucagon excur-
sions. In contrast with insulin and C-peptide concentrations,
preprandial glucagon concentrations were significantly
lower at breakfast than at lunch or dinner. In contrast,
postprandial glucagon excursion was significantly higher at
breakfast than at lunch or dinner. It is possible that the
longer (12 h) gap between dinner and breakfast (resulting in
lower meal-derived amino acid concentrations) than the
other two meals could explain the lower preprandial glu-
cagon concentration at breakfast. However, this explana-
tion is speculative at best. Additional studies are needed to
determine the cause(s) of this observation.

In summary, this study demonstrates that under care-
fully controlled conditions of identical meal composition
and physical activity in healthy individuals, postprandial
glucose tolerance (as evidenced by lower postprandial
glucose excursions) was better at breakfast than at lunch
or dinner. This is in part the result of better b-cell re-
sponsiveness accompanied by a tendency to better insulin
action and DI and lower hepatic insulin extraction at
breakfast than later in the day. If a pattern in postprandial
insulin action is observed in people with type 1 diabetes,
this information will need to be incorporated into closed-
loop systems of insulin delivery.

FIG. 4. Si, DI static, DI dynamic, and DI total obtained after labeled breakfast, lunch, and dinner. *P < 0.05 vs. breakfast.
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