
https://doi.org/10.1177/19322968221113341

Journal of Diabetes Science and Technology
2024, Vol. 18(2) 407–413
© 2022 Diabetes Technology Society
Article reuse guidelines: 
sagepub.com/journals-permissions
DOI: 10.1177/19322968221113341
journals.sagepub.com/home/dst

Original Article

Introduction

For more than 25 years, self-monitoring of blood glucose 
(SMBG) has been an adequate tool for the treatment of peo-
ple with diabetes, especially for those on intensified insulin 
therapy.1 However, these measurements are usually per-
formed preprandially, whereas postprandial measurements 
are often missing. The use of continuous glucose monitoring 
(CGM) systems provides comprehensive glucose profiles 
with the opportunity to improve diabetes therapy outcomes.2

The goal of diabetes therapy is to avoid pronounced glu-
cose fluctuations and to achieve a near-normal glucose profile 
to prevent acute and long-term complications.3 However, the 
selection of appropriate goals, including postprandial targets, 

in diabetes therapy is of importance because in particular ele-
vated postprandial glucose levels have been shown to be asso-
ciated with an increased cardiovascular risk.4,5 Nevertheless, 
the definition of postprandial glucose targets in current guide-
lines varies. Whereas the International Diabetes Federation 
(IDF) guideline6 makes the recommendation of a postmeal 
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Abstract
Background: The increased use of continuous glucose monitoring (CGM) and automated insulin delivery systems raises the 
question about therapeutic targets for glucose profiles in people with diabetes. This study aimed to assess averaged pre- and 
postprandial glucose profiles in people without diabetes to provide guidance for normal glucose patterns in clinical practice. 
For that, number and timing of meal intake were predefined.

Material and Methods: To assess glucose traces in 36 participants without diabetes (mean age = 23.7 ± 5.7 years), CGM 
was performed for up to 14 days, starting with a run-in phase (first 3 days, excluded from analysis) followed by 4 days with 
fixed meal times at 8:00 am, 1:00 pm, and 6:00 pm and the remaining 7 days spent under everyday life conditions. Data from 
two simultaneously worn CGM sensors were averaged and adjusted to capillary plasma-equivalent glucose values. Glucose 
data were evaluated through descriptive statistics.

Results: Median glucose concentration on days with fixed meal times and under everyday life conditions was 95.0 mg/dL 
(91.6-99.1 mg/dL, interquartile range) and 98.1 mg/dL (93.7-100.8 mg/dL), respectively. On days with fixed meal times, mean 
premeal glucose was 92.8 ± 9.4 mg/dL, and mean peak postmeal glucose was 143.3 ± 23.5 mg/dL.

Conclusions: By defining the time of meal intake, a clear pattern of distinct postprandial glucose excursions in participants 
without diabetes could be demonstrated and analyzed. The presented glucose profiles might be helpful as an estimate for 
adequate clinical targets in people with diabetes.
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glucose target of <160 mg/dL (9 mmol/L), the American 
Diabetes Association (ADA) guideline3 recommends that 
patients with diabetes should aim for postprandial plasma glu-
cose values of <180mg/dL (10 mmol/L). Some data on con-
tinuous glucose curves in people without diabetes, especially 
with a focus on the postprandial glucose course, which could 
serve as guidance on what constitutes a normal glucose pro-
file, are available.7-16 However, some of these studies7-9 used 
earlier-generation CGM systems for adjunctive use, which are 
known to be less accurate than current devices.17 In addition, 
some of the studies8,9 used capillary whole blood values for 
calibration in contrast to the capillary plasma-equivalent val-
ues that are used today, further limiting the comparability of 
results. A constant factor of 1.11 is recommended to convert 
concentration in whole blood to the equivalent concentration 
in the pertinent plasma.18

Typical distinct glucose peaks after meal intake can only 
be observed and analyzed if meals are taken at defined time 
points.8,14-16 Otherwise, if the meals are consumed at any 
time during the day, the glucose values will be averaged over 
several days or persons and the resulting mean glucose pro-
file will not reflect any postprandial peak.10,13

The present study therefore investigated glucose profiles 
in people without diabetes after fixed meal times and under 
everyday life conditions with the goal to provide relevant 
postprandial glucose profiles in healthy individuals, which 
can support the definition of clinical targets in people with 
diabetes.

Methods

The presented open, mono-center study was performed 
between January and March 2018 at the Institut für Diabetes-
Technologie, Forschungs- und Entwicklungsgesellschaft 
mbH an der Universität Ulm, Germany. The Declaration of 
Helsinki, the Guideline for Good Clinical Practice and the 
national regulations and provisions have been considered. 
The study protocol was approved by the responsible Ethics 
Committee, and the study was registered at clinicaltrials.gov 
(NCT03405415).

Participants

Adult people without diabetes mellitus were eligible for the 
study. All participants signed informed consent prior to any 
study procedures and were included after a screening visit if 
they fulfilled the eligibility criteria. Inclusion criteria were 
age ≥18 years, and the willingness to abstain from medica-
tions containing salicylic acid or ascorbic acid during the 
study period. Exclusion criteria were diabetes; acute or 
severe chronic illness (at the physician’s discretion); preg-
nancy or lactation period; known severe allergy to medical 
grade adhesive; language or other barriers that might pre-
clude sufficient understanding of the study procedures; and 

blood donation in the previous two months. After screening, 
41 participants were included in the study.

Study Devices and Comparison Measurements

The factory-calibrated FreeStyle Libre (Abbott Diabetes 
Care, Alameda, CA) intermittent-scanning CGM system was 
used. It measured glucose levels every minute in the intersti-
tial fluid and stored one value every 15 minutes for up to 14 
days. To obtain continuous glucose data over this period, the 
CGM system needed to be actively scanned using a handheld 
reader device capable of displaying the results at least once 
every eight hours. Participants were asked to perform regular 
scans to retain the whole daily glycemic data.19 Each partici-
pant wore two CGM sensors in parallel.

Capillary whole blood glucose (BG) measurements were 
performed using the CONTOUR NEXT ONE (Ascensia 
Diabetes Care Holdings AG, Basel, Switzerland) SMBG sys-
tem, which yields capillary plasma-equivalent values.

Assessment of Glucose Trace Data

To minimize the effect of measurement errors and increase 
the reliability of the CGM data, a re-calibration and subse-
quent combination of sensor signals obtained from the same 
participant was carried out generating a single glucose curve. 
For that, individual sensor data were linearly interpolated on 
a 1-minute sampling grid thereby filling gaps in the data, if 
present, for up to three hours. Furthermore, duplicate SMBG 
measurements were averaged if the difference between the 
two values did not exceed 10 mg/dL (for values <100 mg/dL) 
or 10% (for values ≥100 mg/dL) and otherwise excluded. 
After removal of the first 12 hours of data, a Passing-Bablok 
regression20 between CGM and SMBG data was performed 
and the resulting linear equation was used to re-calibrate the 
CGM data. Subsequently, the CGM data from simultaneously 
worn sensors were averaged based on the regression residu-
als. This procedure yielded a single SMBG-adjusted CGM 
glucose concentration trace per participant which is hereinaf-
ter referred to as glucose trace and resulted in improved accu-
racy: The mean absolute relative differences (MARDs) of the 
unprocessed CGM data and calculated glucose traces were 
9.9 ± 4.2% and 6.5 ± 1.2%, respectively. The ±20% agree-
ment rates were 89.2 ± 9.9% for the unprocessed data and 
96.3 ± 0.5% for the calculated glucose trace data.

Further information on data preparation is provided in the 
Supplemental Material.

Study Design and Procedures

Study duration for each participant was 14 days. During the 
study, the participants completed a daily log indicating phys-
ical activity and carbohydrate or meal consumption, as well 
as sleep times (going to bed until wake-up) and additional 
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information to provide context to the recorded glucose con-
centration data.

On day 1, potential study participants arrived for screening 
at the study site and were instructed on the use of CGM and 
SMBG devices. Two CGM sensors were then placed on the 
participants’ upper arms (one sensor per arm). The partici-
pants returned on the morning of day 3 for a 75-g oral glucose 
tolerance test (oGTT; Accu-Chek Dextrose O.G-T., Roche 
Diabetes Care Deutschland GmbH, Mannheim, Germany). 
Venous plasma glucose concentrations were determined using 
a hexokinase-based laboratory analyzer (Cobas Integra 400 
plus; Roche Instrument Center, Rotkreuz, Switzerland) to 
check for diabetes, impaired fasting glucose (IFG), or 
impaired glucose tolerance (IGT) based on diagnostic criteria 
of the German Diabetes Society.21 One additional sample was 
obtained to assess glycated hemoglobin A1c (HbA1c).

During study site visits on days 4 and 5 (between 7:30 am 
and 7:30 pm), participants received standardized meals (50 g 
carbohydrates) for breakfast (8:00 am) and lunch (1:00 pm), 
and a free-choice dinner (6:00 pm) from a buffet.

On days 6 and 7, participants did not return to the study site 
but were asked to consume three free-choice meals per day at 
the same times as the days before (8:00 am, 1:00 pm, and 6:00 
pm), and to avoid carbohydrate-containing drinks and physical 
strain. From day 8 to the end of the study on day 14, partici-
pants were allowed to follow their usual daily-life routine.

Capillary blood glucose measurements were performed in 
duplicate at least 4 times per day outside of the study site, 
and at least once per hour during study site visits.

Statistical Analysis and Visual Report of Glucose 
Data

Data from participants with oGTT results indicating diabe-
tes, IFG, or IGT were excluded from the analysis. Based on 
international consensus,22 data of participants from whom 
<70% of glucose data could be recovered were also removed. 
Concerning the remaining participants, data from days 1 and 
2 (≈36 hours) were excluded from the analysis due to the 
increased likelihood of sensor errors.23 Data from day 3 were 
excluded due to an uncommon glycemic load of the oGTT.

Results were calculated separately for days of fixed meal 
times (days 4-7) and days under everyday life conditions 
(days 8-14).

All analyses were performed using the aforementioned 
glucose traces as these were the most reliable continuous 
glucose signals. Population results were obtained by first cal-
culating the mean values of the glucose trace in the specified 
period per participant and then calculating the mean and 
median of all participants. Coefficient of variation (CV) was 
calculated and the glucose management indicator (GMI) was 
determined.24 Time spent within different glucose ranges 
was calculated as the number of values that fell within the 
corresponding range divided by the total number of values 
per participant (represented as percentage).

Glucose data for days with fixed (days 4-7) and free meal 
times (days 8-14) were visualized in a glucose profile based 
on Bergenstal et al25 and the recommendations of the interna-
tional consensus statement.22

Results are given as either mean ± standard deviation (SD), 
median with interquartile range (IQR), or range (min-max).

Results

Population Characteristics

Abnormal oGTT results (3 cases) or insufficient glucose data 
(2 cases) led to exclusion of five participants’ data from analy-
sis. The remaining 36 participants, 15 men and 21 women, had 
a mean age of 23.7 ± 5.7 years and a mean body mass index 
(BMI) of 23.8 ± 3.5 kg/m². Mean HbA1c was 34 ± 2 mmol/
mol (30-38 mmol/mol) (5.2 ± 0.2% [4.9%-5.6%]), indicating 
the absence of diabetes.21 In total, 10 adverse events at the site 
of sensor application were documented (2× redness, 5× itch-
ing, 1× pain, 2× hematoma) all of which were mild.

Glucose Trace Data on Days With Fixed Meal 
Times (Days 4-7)

The mean duration for glucose trace data on days with fixed 
meal times was 93.6 ± 3.5 hours (Table 1). The 10th and 90th 
percentiles (containing 80% of glucose trace data) were found 
at 81.8 mg/dL (71.5–108.3 mg/dL) and at 112.5 mg/dL (93.9–
175.5 mg/dL), respectively (Figure 1). Median glucose con-
centration was 95.0 mg/dL (91.6-99.1 mg/dL). Relative times 
spent between 70 and 140 mg/dL, below 70 mg/dL, and above 
140 mg/dL were 93.5±3.5%, 1.7±2.8%, and 4.8±2.8%, 
respectively.

A potential dawn effect of glucose concentrations between 
01:00 and 05:00 in the morning could not be observed 
(Figure 1).

Figure 2 illustrates postprandial glucose profiles of 36 par-
ticipants without diabetes for all consumed meals on days with 
fixed meal times. Median premeal glucose concentration was 
91.7 mg/dL (86.4-98.3 mg/dL, IQR). In less than one hour 
(50 ± 19min), after meal intake median postprandial glucose 
traces reached a peak at 139.8 mg/dL (127.0-157.4 mg/dL, 
IQR), with the 10th percentile at 116.0 mg/dL and the 90th 
percentile at 174.2 mg/dL (Table 2). The postprandial glucose 
profile of all consumed meals (n = 432) showed a marked 
median increase of glucose concentrations by 47.3 mg/dL. 
Detailed results are provided in Tables 1 and 2.

Glucose Trace Data on Days Under Everyday Life 
Conditions (Days 8-14)

On days under everyday life conditions (days 8-14), glucose 
trace data were available for 155.4 ± 15.3 hours (Table 1). A 
corresponding median 24-hour glucose profile is shown in 
Figure 1, in which no glucose peaks are apparent throughout 
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Figure 2.  Postprandial glucose profile (based on Bergenstal et al25) 
of 36 participants without diabetes summarized for all consumed 
meals on days with fixed meal times (12 meals, n = 432).

the day. Individual glucose peaks can occur at any given time 
of day or night depending on the time of food intake but are 
averaged over the whole population. The 10th to 90th percen-
tiles (containing 80% of glucose trace data) were found at 
85.3 mg/dL (74.8-93.9 mg/dL) and 125.2 mg/dL (99.3-
140.9 mg/dL), respectively (Figure 1). Median glucose con-
centration was 98.1 mg/dL (93.7-100.8 mg/dL). Time between 
70 and 140 mg/dL, time below 70 mg/dL, and time above 
140 mg/dL were 95.2±3.0%, 0.9±1.7%, and 4.0±2.8%, 
respectively. Detailed results are provided in Table 1.

Discussion

In the present study, we have shown that defined timing of 
meal intake resulted in CGM profiles with pronounced post-
prandial peaks in healthy individuals that remained visible 
even after averaging over the full population. In contrast, 

Table 1.  Glucose Traces and CGM-Derived Daily Population Metrics of n = 36 Participants Without Diabetes for Days of Fixed Meal 
Times (4 Days per Participant) and Under Everyday Life Conditions (7 Days per Participant). Data are Presented as Either Mean ± SD 
(With Range [Min-Max]), or Median With 25%-75% Range.

Fixed meal times
(days 4-7)

Everyday life conditions
(days 8-14)

Mean CGM use, hours 93.6 ± 3.5 [84.5-96.0] 155.4 ± 15.3 [102.9-168.0]
GMI, % 5.7 ± 0.1 5.8 ± 0.1
Median Glc, mg/dL 95.0 (91.6-99.1) 98.1 (93.7-100.8)
Mean Glc, mg/dL 100.2 ± 5.6 102.0 ± 5.6
SD, mg/dL 19.1 ± 3.8 17.5 ± 3.6
CV, % 19.1 ± 3.9 17.2 ± 3.6
Times in ranges, %
<70 mg/dL 1.7 ± 2.8 0.9 ± 1.7
70-140 mg/dL 93.5 ± 3.5 95.2 ± 3.0
>140 mg/dL 4.8 ± 2.8 4.0 ± 2.8

Abbreviations: CGM, continuous glucose monitoring; CV, coefficient of variation; Glc, glucose concentration; GMI, glucose management indicator; SD, 
standard deviation.

Figure 1.  (a) Glucose profile (based on Bergenstal et al25) of 36 participants without diabetes for days with fixed meal times (4 days,  
n = 144). (b) Glucose profile of these participants for days under everyday life conditions (7 days, n = 252).
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under everyday life conditions with meal intake at any time 
of the day, the average CGM glucose profile summarized 
over the entire population was absent of obvious postpran-
dial glucose peaks, which is often presented as the “typical” 
average glucose profile of people without diabetes in several 
studies.10,13

Importantly, the comparison of days with defined meal 
intake to days under everyday life conditions showed no 
clinically relevant changes in the calculated CGM-based 
metrics. The scheduling of meal intake has thus only changed 
the form of the median glucose profiles, with the possibility 
of making postprandial courses in healthy individuals visible 
and enabling more detailed assessment.

Analyzing the postprandial glucose traces in this study 
(Figure 2), the median peak was found at 140 mg/dL, with 
the 90th percentile almost reaching 180 mg/dL. In fact, post-
prandial glucose traces above 160 mg/dL or even up to 
180 mg/dL occurred regularly in healthy individuals in our 
study. This contrasts with the statement in the IDF guideline 
which says that postprandial blood glucose levels rarely 
exceed 140 mg/dL6 in people with normal glucose tolerance. 
Even the postmeal glucose targets for people with diabetes of 
160 mg/dL in the IDF and of 180 mg/dL in the ADA guide-
line were not achieved by all participants in our study. 
Nevertheless, all participants reached >90% time in the tar-
get range of 70-180 mg/dL which clearly exceeds the target 
recommended by Battelino et  al22 for diabetes patients 
(>70% time in the target range 70-180 mg/dL).

In comparison to our study, DuBose and colleagues10 
recently presented smoother postprandial glucose courses 
with a lower mean peak of about 130 ± 13 mg/dL. In addition 
to a different age distribution of the included participants 
(age 7-80 years), the main difference between this study and 
the study by DuBose et  al10 was that meal intake was not 
defined and there may have been differences in meal timing. 
Our study, however, was partially inpatient and had strict 
mealtime requirements for days with fixed meal times even 
at home. Still, unreported snacks throughout the day cannot 
be ruled out in both studies.

In 2007, we performed a similar study investigating CGM 
profiles in people without diabetes with fixed meal times and 
after ingestion of different meals.8 It is noticeable that the 
highest postprandial peak was observed after breakfast in our 
previous study, whereas the postprandial increase after 

breakfast showed a less pronounced peak in this study. This 
is likely due to the fact that the study participants in the pre-
vious study stayed the night at the study site without substan-
tial activity before breakfast. In contrast, the study participants 
in the current study came to the study site in the morning and 
were therefore already active, possibly resulting in a less 
pronounced glucose increase (Figure 1a).26-28

The median and mean 24-hour glucose concentrations 
under everyday life conditions of approximately 100 mg/dL 
found in our study are similar to other CGM studies in people 
without diabetes with current CGM systems.10,11,13 In earlier 
studies,7-9 generally lower mean concentrations were found, 
for example, approximately 90 mg/dL in our previous study.8 
This systematic difference is most likely due to the calibra-
tion of CGM systems on whole blood glucose values in ear-
lier studies, because currently used plasma-equivalent values 
are expected to be approximately 11% higher.18 In addition, 
early generation CGM systems were often less accurate.

The long observation period of 14 days and the resulting 
amount of glucose traces contribute to the reliability of the 
calculated profiles. In particular, the scheduling of food 
intake maximized the impact of meals on the average popu-
lation curves, whereas the detailed specification of percen-
tiles attempted not to overestimate the individual glucose 
traces and to exclude potential residual artifacts.

Furthermore, the proposed CGM data adjustment proce-
dure (integrating capillary plasma-equivalent glucose values 
resulting in SMBG-adjusted CGM values) led to a marked 
improvement in the reliability and ability to interpret glucose 
data and associated results, thus endorsing its application in 
future studies.

A limitation of the study is the use of a first generation 
intermittent-scanning CGM. However, this limitation was to 
a large extent compensated by the described interpolation 
procedure. Other limitations of the present study are the 
small sample size and the homogenous group composition 
that prohibit adequate stratification regarding, for example, 
age, gender, BMI, or ethnicity. Another limiting factor is the 
low mean age (≈24 years) of the participants in this study 
which is not representative for an older population, since 
glucose concentrations reportedly increase with age.11 In 
general, it should not be neglected that glucose excursions 
always depend on the composition of the meal (eg carbohy-
drate/fat/protein content, glycemic index) and may differ 

Table 2.  Pre- and Postprandial Glucose Traces and Glucose Characteristics of 36 Participants Without Diabetes Summarized for All 
Consumed Meals on Days With Fixed Meal Times (12 Meals per Participant, n = 432).

Fixed meal times Mean ± SD 2.5% Qu 10% Qu 25% Qu Median 75% Qu 90% Qu 97.5% Qu

Premeal glucose, mg/dL 92.8 ± 9.4 77.0 81.7 86.4 91.7 98.3 104.7 113.6
Time to peak, min 50 ± 19 26 32 38 47 56 78 105
Peak glucose, mg/dL 143.3 ± 23.5 107.1 116.0 127.0 139.8 157.4 174.2 198.9
Glucose increase, mg/dL 50.9 ± 23.6 18.6 23.4 32.6 47.3 65.2 80.3 113.7

Abbreviations: CGM, continuous glucose monitoring; Qu, quantile; SD, standard deviation.



412	 Journal of Diabetes Science and Technology 18(2)

between studies according to eating patterns in the respective 
country. The limited range of meals in the study does not 
cover different eating habits.

It can, however, be argued that the glucose traces found in 
this study represent a scenario of optimal physiologic glu-
cose control, since participants were young, had a BMI in the 
normal range, and HbA1c and oGTT results indicating nor-
mal glucose tolerance.21 Thus, the presented glucose profiles 
can support clinical targets in people with diabetes and, 
potentially, the detection of prediabetes using CGM.29

Likewise, with regard to interoperable CGM systems and 
insulin pumps, as well as the further development of (hybrid) 
closed-loop systems30,31 it is essential to take into account the 
physiologic level of glycemic control in healthy individuals.

Conclusions

In this study, fixed meal times resulted in a clear pattern of 
distinct postprandial glucose excursions in participants with-
out diabetes, thus enabling statements about the course of 
glucose in healthy subjects throughout the day and allowing 
for the establishment of a standardized normative glucose 
profile. These results, therefore, not only add to the clinical 
evidence of the glucose values that are occurring in healthy 
subjects, but also show CGM-derived metrics, which were 
not observed in other studies likely due to their study design. 
Based on these data, people with diabetes or their healthcare 
professionals might get a clearer picture of what “normal” 
pre- and postprandial glucose levels, and thus realistic thera-
peutic goals, are.
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