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Abstract

Objectives: Differences between capillary and venous
glucose concentrations have been reported in the past. In
continuous glucose monitoring (CGM) system performance
studies, comparator measurements are often performed
in venous samples, despite CGM systems typically aiming
at providing capillary-like values. In this study, differences
between venous, capillary and interstitial glucose concentra-
tions, measured with a laboratory analyzer, a self-monitoring
of blood glucose (SMBG) system and an intermittent-scanning
CGM system were investigated in subjects without diabetes
after glucose load.

Methods: During the study, an oral glucose tolerance test
(oGTT) was performed with 41 participants who had no
known history of diabetes (mean age 255 + 9.7years).
Venous blood samples for measurement with a laboratory
analyzer were collected before drinking the standardized
75 g glucose solution and after 60 and 120 min. In parallel,
capillary blood was obtained for measurement with a labo-
ratory analyzer and an SMBG system, and interstitial glucose
values were measured with an intermittent-scanning CGM
system.

Results: Glucose concentrations in the fasting state were
slightly different for the three different compartments
whereas considerable differences (some median differences
exceeding 30 %) in glucose concentration were observed 60
and 120 min after the start of the oGTT.
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Conclusions: Marked differences with a high inter-individual
variability between venous, capillary, and interstitial fluid
glucose concentrations were found especially after glucose
load. These differences can affect perceived CGM accuracy in
performance studies depending on the specific comparator
method used, and they are potentially relevant in clinical
practice, like diabetes diagnosis.
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Introduction

Continuous glucose monitoring (CGM) systems are widely
used in the treatment of diabetes mellitus. Their efficacy in
people with type 1 diabetes has repeatedly been shown [1-3],
and there may be cost-efficient benefit in people with type 2
diabetes as well [4].

To demonstrate that a CGM system is accurate and
reliable, e.g., for regulatory approval, CGM performance
studies are conducted. In such studies, values obtained with
a CGM system are compared with measurement results from
a comparator method. Many studies implement venous
comparator measurements, which can be traced to a com-
bination of reasons. First, some regulatory authorities, like
the United States Food and Drug Administration, require the
use of laboratory analyzers [5], which require a relatively
large sample volume. And second, some protocols, like the
Clinical and Laboratory Standard Institute’s POCTO05, require
high-frequency measurements of up to one measurement
per 15 min [6]. It may simply not be possible to obtain large
enough volumes of capillary blood in such a study setting,
whereas it is comparably easy to draw sufficiently large
venous blood volumes.

Despite the widespread use of venous blood samples in
CGM performance studies, CGM systems for at-home use by
lay users are intended to either supplement traditional
capillary blood glucose (BG) monitoring or even replace it in
most situations.
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The topic of differences in venous and capillary BG
concentrations has been investigated before. However, some
studies on this topic did not use the same analyzer for venous
and capillary samples [7, 8], so that it may remain unclear to
what degree these differences can be attributed to physio-
logic differences rather than bias of the analyzers. Further-
more, the physiologic differences can be expected to be
dependent from the rates with which glucose concentrations
change [9]. However, even the one identified study that used
the same analyzer for venous and capillary samples does not
provide sufficiently detailed results on any time- or rate-of-
change-dependency [10]. In the case of CGM systems,
another factor is the technical time lag introduced by signal
processing [11]. In addition, different measuring systems
may exhibit biases between each other and imprecision may
vary [12, 13].

Outside of CGM performance studies, differences
between glucose concentrations in different compartments
are potentially relevant in clinical practice, like the diagnosis
of diabetes.

In the present study, we measured venous, capillary and
interstitial glucose concentrations during an oral glucose
tolerance test (0GTT) with a laboratory analyzer, a system
for self-monitoring of BG (SMBG) and an intermittent-
scanning CGM (iscCGM) system in people without diabetes in
order to assess differences depending on sample matrix and
measurement method before the start of the oGTT as well as
60 and 120 min afterward.

Materials and methods

This open, mono-center study was performed between January and
March 2018 at the Institut fiir Diabetes-Technologie, Forschungs-und
Entwicklungsgesellschaft mbH an der Universitat Ulm, Germany under
consideration of the Declaration of Helsinki and in compliance with
the Guideline for Good Clinical Practice and the national regulations
and provisions. The study protocol was approved by the responsible
Ethics Committee and the study was registered at clinicaltrials.gov
(NCT03405415). This study’s primary objective was the characterization
of glucose concentrations in people without diabetes under daily-life
conditions [14].

Participants

Adult subjects with no history of diabetes mellitus were eligible for the
study. Informed consent was signed prior to any study procedures. After
a screening visit, subjects were included if they fulfilled the eligibility
criteria. Inclusion criteria were age >18 years, and the willingness
to abstain from medications containing ascorbic acid or salicylic
acid during the study period. Exclusion criteria were diabetes; acute
or severe chronic illness (at the physician’s discretion); pregnancy or
lactation period; known severe allergy to medical grade adhesive;
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language or other barriers that might preclude sufficient understanding
of the study procedures and blood donation in the previous two months.
After screening, 41 subjects were included in the study.

Study devices and comparison measurements

Venous and capillary plasma glucose measurements were performed in
duplicate on a Cobas Integra® 400 plus laboratory analyzer using a
hexokinase-based method (Roche Diagnostics GmbH, Mannheim, Ger-
many) with the GLUC2 Glucose HK application (Roche). Measurements
were performed at three different time points (0 min, 60 and 120 min)
during a 75g oGTT (Accu-Chek Dextrose 0.G-T., Roche Diabetes Care
Deutschland GmbH, Mannheim, Germany). The oGTT was performed
according to the recommendations of the German Diabetes Society at
that time [15, 16], which were based on the WHO guideline [17]. The
conformity to traceability requirements of the method to ISO 17511 was
confirmed by the analyzer’s manufacturer and verified using higher-
order control material (Standard Reference Material 965b; National
Institute for Standards and Technology, Gaithersburg, MD). With the
four levels of this material, bias was <1.9 % and coefficient of variation
(CV) was <1.2 %.

In parallel, capillary whole blood glucose duplicate measurements
were performed using the glucose dehydrogenase-based CON-
TOUR®NEXT ONE (Ascensia Diabetes Care Holdings AG, Basel,
Switzerland) BG monitoring system, which yields capillary plasma-
equivalent values. This system was intended for use by lay persons and
by healthcare professionals. As it was used by the participants them-
selves in this study, it is designated as an SMBG system for the purpose of
this article.

The factory-calibrated FreeStyle® Libre (Abbott Diabetes Care,
Alameda, CA) iscCGM system was used for glucose measurements in the
interstitial fluid of the subcutaneous fatty tissue of the upper arm. This
iscCGM system measured glucose levels every minute and stored one
value every 15 min for up to 14 days. To obtain continuous glucose data,
the iscCGM system needed to be actively scanned using a handheld
reader device. Each participant wore two iscCGM sensors in parallel.

Study procedures

Study duration of the complete study was 15 calendar days for each
participant. On day 1, subjects arrived for screening at the study site.
After enrollment, participants were instructed in the use of the iscCGM
and SMBG systems and two iscCGM sensors were placed on the subjects’
upper arms (one sensor per arm). The iscCGM was allowed to stabilize,
and participants returned on the morning of day 3 for the oGTT.
According to the recommendations of the German Diabetes Society,
participants were asked to abstain from food, nicotine and alcohol for
the previous 10-12h and to eat a high-carbohydrate diet on the pre-
ceding days (=150 g carbohydrates per day) [15, 16]. Results of the com-
plete study, including analysis of glucose profiles of people without
diabetes have been published previously [14].

Statistical analysis and visual report of glucose data

For the venous and capillary duplicate glucose measurements on the
hexokinase-based laboratory analyzer as well as the duplicate SMBG
measurements, mean values were calculated. Laboratory analyzer data
were excluded if CV of the duplicate exceeded 5 %. SMBG measurements
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were excluded if the second value was outside +10 mg/dL or +10 %
(whichever was larger) of the first value. For the iscCGM system, the
iscCGM values, which were continuously stored every 15min, were
linearly interpolated on a 1-min time grid for each iscCGM sensor
separately. Then, the linearly interpolated values from two sensors in
the same participant that had the same timestamp were averaged
(median difference of left arm vs. right arm -2.1%, interquartile
interval -6.5% to +3.0%). Scanned values were not used due to
suspicion of increased variability related to differences between
scanned values and continuously stored values [18].

Using venous plasma glucose mean values as reference values,
relative differences were calculated for each participant and each
time point separately for the capillary plasma glucose mean values
(laboratory analyzer), the capillary plasma-equivalent glucose mean
values (SMBG system) and the iscCGM mean values.

The results are given as median relative difference with 2.5
and 97.5% quantiles (thus indicating the central 95% of values) in
parentheses, if not indicated otherwise.

Results
Population characteristics

Out of 41 participants, 17 were male and 24 were female with
a mean (+standard deviation) age of 25.5 + 9.7 years and a
BMI 0f 24.2 + 3.9 kg/m?. HbA,. was 5.2 + 0.2 % (33.8 + 2.1 mmol/
mol) and ranged from 4.9 to 57% (30-38 mmol/mol),
suggesting the absence of diabetes [15, 16].

Glucose concentrations during oGTT

The median glucose profile from all participants, based on
iscCGM as it was the only source of continuous glucose
values, showed a baseline median glucose concentration at
the start of the oGTT of approximately 95 mg/dl (5.3 mmol/L).
It indicated a glucose peak approximately 35-40 min later
and a median peak interstitial glucose concentration of
approximately 160 mg/dl (8.9 mmol/L) (Figure 1A). Before
participants left the study site approximately 180 min af-
ter the start of the oGTT, median interstitial glucose
concentrations were at approximately 80 mg/dl (4.4 mmol/L)
and thus lower than the fasting glucose concentrations.

Inter-individual glucose variability, as shown in Figure 1B
and Table 1, in the fasting state was markedly higher for the
interstitial glucose concentrations than for the other glucose
concentrations. It was most pronounced 60 min after glucose
intake for all comparison measurements. The maximum
values, depicted as circles above the whiskers in Figure 1,
were obtained from the same participant 60 and 120 min after
the start of the oGTT, and from two different participants
immediately before the start of the oGTT.

Pleus et al.: Differences in venous, capillary and interstitial glucose concentrations —— 99

In the fasting state immediately before the start of the
0GTT, the capillary glucose concentrations measured in
plasma with the laboratory analyzer were nearest to those
measured in venous plasma, followed by interstitial glucose
concentrations and plasma-equivalent capillary SMBG
glucose concentrations. After 60 and 120 min, the interstitial
glucose concentrations exhibited the smallest median
difference from venous plasma concentrations, followed by
the capillary plasma concentrations and the capillary plasma-
equivalent SMBG concentrations. The systematic difference
between the capillary plasma-equivalent concentrations
obtained from the SMBG system and the capillary plasma
concentrations obtained from the laboratory analyzer was
consistent between the three time points, as median SMBG
values were approximately 5-7 % higher than median capil-
lary laboratory analyzer values.

Detailed results are provided in Figure 2 and Table 2.

Across time points the smallest median differences were
found in the fasting state, ranging from +3.1 to +8.5 %. After
60 min, the median relative differences were substantially
larger as depicted in Figure 2 ranging from +23.6 to 37.3 %.
This was most prominent for the capillary glucose concen-
tration determined with the SMBG system (see Figure 2 and
Table 2). Even 120 min after the start of the oGTT, median
relative differences were still markedly higher than in the
fasting state (+10.7 to +30.3 %).

Discussion

In this study, marked differences between venous, capillary
and interstitial glucose concentrations, measured with a
laboratory analyzer (venous and capillary concentrations),
an SMBG system (capillary concentrations) and an iscCGM
system (interstitial concentrations) were found in people
without diabetes during an oGTT. These differences are
caused both by physiologic processes and by technical
aspects of the different measurement methods employed
[7-9, 11].

In the fasting state, differences between glucose con-
centrations in the three compartments were small, but still
potentially clinically relevant for diagnosis or therapy of
diabetes. Considerable differences (some median differ-
ences exceeding 30 %) in glucose concentrations with high
variability were observed 60 and 120 min after start of the
oGTT using different measurement procedures, with SMBG
measuring capillary glucose showing the largest median
relative difference towards venous BG concentrations. This
finding is consistent with the results of other studies pub-
lished some time ago, which reported no differences in
venous and capillary glucose concentrations in the fasting
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Figure 1: Glucose concentrations during the
oral glucose tolerance test (0GTT). (A) Median
venous, capillary and interstitial glucose
concentrations during the oGTT (n=41)
measured with a laboratory analyzer, an SMBG
system or an iscCGM system. iscCGM values
were linearly interpolated to a 1-min time grid
before median values were calculated for each
timestamp. (B) Box-Whisker plots for these
glucose concentrations at the start of the oGTT,
after 60 min, and after 120 min. Whiskers cover
the central 95 % of values, circles indicate
individual values outside of this interval.

cap., capillary samples; glc., glucose
concentrations; iscCGM, intermittent-scanning
continuous glucose monitoring; ISF, interstitial
fluid; Lab, laboratory analyzer; SMBG,
self-monitoring of blood glucose; ven., venous
sample.

Table 1: Median (2.5 and 97.5 % quantiles) of venous, capillary and interstitial glucose concentrations during an oral glucose tolerance test in
41 subjects. Laboratory analyzer measurements were performed on separated plasma; the SMBG system was used with whole blood but provided
plasma-equivalent results.

Time Laboratory analyzer Laboratory analyzer SMBG system iscCGM system
(ven. glc.), (cap. glc.), (cap. glc.), (interst. glc.),

mg/dL [mmol/L] mg/dL [mmol/L] mg/dL [mmol/L] mg/dL [mmol/L]

0 min 89.2 (78.0; 98.5) 91.6 (82.5; 101.8) 96.6 (85.0; 116.2) 94.3(72.1; 109.4)
[4.95 (4.33; 5.47)] [5.09 (4.58; 5.65)] [5.36 (4.71; 6.45)] [5.23 (4.00; 6.07)]

60 min 107.3 (66.3; 168.1) 140.1 (106.2; 207.8) 148.0 (116.5; 220.0) 132.5(101.8; 195.0)
[5.96 (3.68; 9.33)] [7.78 (5.89; 11.53)] [8.21 (6.47; 12.21)] [7.35 (5.65; 10.82)]

120 min 90.6 (67.8; 143.3) 118.6 (72.6; 151.1) 125.5 (75.0; 161.5) 108.0 (66.8; 145.8)

[5.03 (3.76; 7.95)]

[6.58 (4.03; 8.39)]

[6.97 (4.16; 8.96)]

[5.99 (3.71; 8.09)]

cap., capillary; glc., glucose concentration; interst., interstitial; iscCGM, intermittent-scanning continuous glucose monitoring; SMBG, self-monitoring of
blood glucose; ven., venous.
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Figure 2: Box-Whisker plots for the relative difference in capillary and interstitial glucose concentration of subjects without diabetes (n=41) measured
with a laboratory analyzer, an SMBG system or an iscCGM system compared to the venous glucose concentration measured with a laboratory analyzer at
three different time points during an oral glucose tolerance test. Whiskers cover the central 95 % of values, circles indicate individual values outside of this
interval. cap., capillary samples; iscCGM, intermittent-scanning continuous glucose monitoring; ISF, interstitial fluid; Lab, laboratory analyzer; SMBG, self-

monitoring of blood glucose.

Table 2: Median (2.5 and 97.5 % quantiles) of relative paired differences in capillary and interstitial glucose concentration compared to the venous
glucose concentration measured with a laboratory analyzer during an oral glucose tolerance test in 41 subjects.

Time Laboratory analyzer, SMBG system, iscCGM system,

% (cap. glc.) % (cap. glc.) % (cap. glc.)
0min +3.1(-0.6; +13.7) +8.5 (+1.6; +22.4) +6.0 (-14.1; +27.7)
60 min +30.3 (+7.6; +90.2) +37.3 (+8.0; +103.6) +23.6 (—2.7; +83.4)
120 min +24.5 (+3.4; +52.1) +30.3 (+7.7; +68.6) +10.7 (-13.0; +52.6)

cap., capillary; glc., glucose concentration; interst., interstitial; iscCGM, intermittent-scanning continuous glucose monitoring; SMBG, self-monitoring of

blood glucose.

state, but significantly higher post-load glucose levels in
capillary blood than those in venous blood [19, 20]. More
recent studies also confirm this outcome [21]. However, none
of these studies assessed interstitial fluid glucose concen-
trations obtained with a CGM system in parallel to venous
and capillary glucose concentrations. In this study, venous
and capillary glucose concentrations were measured in
plasma with the same laboratory analyzer, so that these
differences can be attributed to physiologic processes. In
addition, capillary plasma-equivalent BG concentrations
were obtained with a high-quality SMBG system [22]. It has to
be noted that the average relative difference between
the SMBG results and capillary BG values obtained with the
laboratory analyzer was consistent across all three time
points, indicating a measurement bias. The glucose concen-
tration ranges measured by all four methods were similarly
wide for any specific time point as shown by 2.5 % quantile
and 97.5 % quantile in Table 1. As the range of relative dif-
ferences was similar among the capillary values from the
laboratory analyzer and the SMBG system at any specific

time point (Figure 2), the increase in variability can likely be
attributed to physiologic differences rather than technical
aspects. For the iscCGM system, it remains unclear to what
degree the differences are caused by physiologic processes
as opposed to technical aspects, because the variability of
fasting differences between iscCGM values and venous
laboratory analyzer values was larger than for the other two
methods. No correlation between within-subject iscCGM
differences and the differences between iscCGM and venous
laboratory analyzer values was found.

Differences in venous, capillary and interstitial fluid
glucose concentrations affect results from CGM performance
studies. Since interstitial fluid cannot be sampled in suffi-
ciently large volumes over sufficiently short time, compar-
ator measurements have to be performed either on venous
or on capillary blood (or plasma) samples. Venous samples
benefit from the use of laboratory analyzers that are typi-
cally more accurate than SMBG systems. However, even in
the absence of known physiologic differences [23, 24], the
potential for pre-analytical and analytical errors exists. Due
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to glycolysis, there is a need to either perform immediate
measurements on whole blood or centrifuge the sample to
separate plasma very quickly after a sample was drawn, or
glycolysis inhibitors have to be used. With liquid additives,
which require a conversion factor due to sample dilution,
the sampling tubes have to be filled very carefully. SMBG
systems, on the other hand, tend to show less accurate
results than laboratory analyzers (i.e., potentially more
analytical errors), although qualitative differences exist be-
tween different brands of SMBG systems [22]. Advantages of
using SMBG systems lie in the comparably small blood vol-
umes needed for measurement and the ability of applying
the reagent system directly to the fingertip, like in traditional
SMBG-based diabetes therapy, thus potentially being less
affected by pre-analytical errors than laboratory analyzers.

Due to differences between venous and capillary
glucose concentrations, the performance data of CGM
systems obtained with venous comparator samples are
thus not necessarily relevant for daily-life use. In perfor-
mance studies, manually calibrated CGM systems could be
calibrated with venous BG values, so that similar to daily-life
use, the same compartment would be used for calibration
and for comparison. However, this is not an option for
factory-calibrated CGM systems.

There is a reasonable expectation that CGM systems
for home use should indicate capillary-like glucose concen-
trations especially if they are intended to supplement
traditional SMBG or if they are calibrated manually.
Otherwise, users would have to have guidance when
discrepant results are acceptable or not, which is currently
not provided. Therefore, the results of this study question
the use of comparator measurements in venous samples. Not
only were there marked systematic differences between
venous and capillary and interstitial values, but these
differences also varied between subjects. Since in analytical
performance studies, the comparator is often viewed as
error-free and measurement error is thus mostly or even
completely attributed to the test system, using venous
comparator measurements will introduce sources of error
that should not reasonably be attributed to the test system.
Furthermore, comparison with venous BG concentrations
could provide an incentive for manufacturers to adapt their
calibration algorithms in order to reduce differences
between CGM values and venous BG concentrations. This
could ultimately lead to a CGM system that shows high levels
of accuracy in analytical performance studies, but the values
it provides may be non-optimal for diabetes therapy.

Outside of CGM performance studies, differences in
glucose concentrations in various compartments play a role,
for example, in the diagnosis of diabetes. If a diagnosis is
based on glucose concentrations rather than HbA,. alone, it
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is best practice to determine venous plasma concentrations
from samples where all pre-analytical and analytical steps
were conducted properly [25]. This study reinforces
the importance of using venous samples when applying
the established diagnostic thresholds. If capillary BG results
or CGM values were used in the diagnosis of diabetes, a
tendency towards higher numbers of non-normal glucose
tolerance could be expected. For example, both the Amer-
ican and the German Diabetes Associations state that a
random venous plasma glucose concentration >200 mg/dl
(>11.1 mmol/L) allows for diagnosing diabetes [25, 26]. The
American Diabetes Association additionally requires that
symptoms of hyperglycemia or hyperglycemic crisis are
present. In the primary analysis of this study’s data [14],
random CGM values above 200 mg/dl (11.1mmol/L) did
not necessarily indicate presence of diabetes mellitus.
Therefore, if capillary glucose concentrations, or CGM values
were to be used for diagnosis of diabetes, new diagnostic
thresholds or parameters would have to be defined [27].

A limitation of this study is the use of a first generation
iscCGM which may not be as accurate as current generation
devices. Sufficient accuracy of CGM systems at times of rapid
changes in glucose concentration like during an oGIT is
indispensable to reliably predict glycemic excursions; this
needs to be taken into account when interpreting CGM values.
As a consequence of the issues associated with sampling
interstitial fluid, CGM systems have to be calibrated with either
venous or capillary samples [28]. It is therefore likely, that any
CGM system does not show the “true” interstitial glucose con-
centrations, but rather a hybrid glucose concentration that lies
between venous or capillary BG and interstitial glucose con-
centrations. Future research may investigate the use of newer
generation sensors. Furthermore, the sample size was rela-
tively small and mostly young adult participants were included
(mean age=~25 years), which is not representative for the gen-
eral population.

Another potential limitation regarding the use of CGM
values is that the displayed glucose value is not directly
comparable to the corresponding capillary, venous or inter-
stitial glucose concentration, because of signal processing and
calibration occurring in the CGM system [28]. In particular
after carbohydrate intake, physiological differences leading to
a time lag between the three compartments (capillary, venous
and interstitial fluid) need to be considered [23, 24], which can
be compounded by technical time lag when CGM systems are
used [11]. In addition, the SMBG system used for calibration
can influence the accuracy of manually calibrated CGM
systems [29]. As there is no traceability chain established for
CGM systems for assessment of their analytical performance,
there may be differences in measurement accuracy between
different models of CGM systems [30].
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Conclusions

In conclusion, there were clinically relevant differences in
absolute values and relative differences between venous,
capillary and interstitial glucose concentrations, measured
with a laboratory analyzer, an SMBG system and a CGM
system in subjects without diabetes during an oGTT.
Especially 60 and 120 min after the start of the oGTT, relative
differences exhibited a high inter-individual variability.
These differences can impact the perceived accuracy of a
CGM system in a performance study depending on the
selected comparator method. In addition, they underscore
the use of venous plasma samples when applying the
established diagnostic thresholds.

Acknowledgments: The authors would like to thank the
study personnel and all volunteers who contributed to the
study.

Research funding: None declared.

Author contributions: All authors have accepted respon-
sibility for the entire content of this manuscript and
approved its submission.

Competing interests: G.F. is general manager of the Institut
fiir Diabetes-Technologie Forschungs- und Entwicklungsges-
ellschaft mbH an der Universitit Ulm (IfDT, Ulm, Germany),
which carries out clinical studies on the evaluation of BG
meters and medical devices for diabetes therapy on its own
initiative and on behalf of various companies. G.F./IfDT have
received research support, speakers’ honoraria or consulting
fees in the last 3 years from Abbott, Ascensia, Berlin Chemie,
Boydsense, Dexcom, Lilly, Metronom, Medtronic, Menarini,
MySugr, Novo Nordisk, Pharamsens, Roche, Sanofi, Terumo. All
other authors were employees of IfDT at the time.

Informed consent: Informed consent was obtained from all
individuals included in this study.

Ethical approval: Research involving human subjects
complied with all relevant national regulations, institutional
policies and is in accordance with the tenets of the Helsinki
Declaration (as revised in 2013), and has been approved by the
authors’ responsible Ethics Committee (Ethikkommission bei
der Landesérztekammer Baden-Wiirttemberg; application no.
F-2017-095).

References

1. Beck RW, Riddlesworth T, Ruedy K, Ahmann A, Bergenstal R, Haller S,
et al. Effect of continuous glucose monitoring on glycemic control in
adults with type 1 diabetes using insulin injections: the DIAMOND
randomized clinical trial. JAMA 2017,317:371-8.

12.

Pleus et al.: Differences in venous, capillary and interstitial glucose concentrations =—— 103

. Bolinder J, Antuna R, Geelhoed-Duijvestijn P, Kroger ], Weitgasser R.

Novel glucose-sensing technology and hypoglycaemia in type 1
diabetes: a multicentre, non-masked, randomised controlled trial.
Lancet 2016;388:2254-63.

. Heinemann L, Freckmann G, Ehrmann D, Faber-Heinemann G,

Guerra S, Waldenmaier D, et al. Real-time continuous glucose
monitoring in adults with type 1 diabetes and impaired hypoglycaemia
awareness or severe hypoglycaemia treated with multiple daily insulin
injections (HypoDE): a multicentre, randomised controlled trial. Lancet
2018;391:1367-77.

. Isitt]), Roze S, Sharland H, Cogswell G, Alshannaq H, Norman GJ, et al.

Cost-effectiveness of a real-time continuous glucose monitoring
system versus self-monitoring of blood glucose in people with type 2
diabetes on insulin therapy in the UK. Diabetes Ther 2022;13:1875-90.

. Han}J, Heinemann L, Ginsberg BH, Alva S, Appel M, Bess S, et al. The YSI

2300 analyzer replacement meeting report. | Diabetes Sci Technol
2020;14:679-86.

. Clinical and Laboratory Standards Institute. POCTO05 - Performance

metrics for continuous interstitial glucose monitoring, 2nd ed. Wayne,
PA: Clinical and Laboratory Standards Institute; 2020.

. Priya M, Mohan Anjana R, Pradeepa R, Jayashri R, Deepa M, Bhansali A,

et al. Comparison of capillary whole blood versus venous plasma
glucose estimations in screening for diabetes mellitus in
epidemiological studies in developing countries. Diabetes Technol
Therapeut 2011;13:586-91.

. Stauffer F, Viswanathan B, Jean M, Kinabo P, Bovet P. Comparison

between capillary glucose measured with a Contour glucometer and
plasma glucose in a population survey. ] Lab Med 2016;40:133-9.

. Thennadil SN, Rennert JL, Wenzel B, Hazen KH, Ruchti TL, Block MB.

Comparison of glucose concentration in interstitial fluid, and capillary
and venous blood during rapid changes in blood glucose levels.
Diabetes Technol Therapeut 2001;3:357-65.

. Nevander S, Landberg E, Blomberg M, Ekman B, Lilliecreutz C.

Comparison of venous and capillary sampling in oral glucose testing
for the diagnosis of gestational diabetes mellitus: a diagnostic accuracy
cross-sectional study using Accu-chek Inform II. Diagnostics 2020;10:
1011.

. Schmelzeisen-Redeker G, Schoemaker M, Kirchsteiger H, Freckmann G,

Heinemann L, Del Re L. Time delay of CGM sensors: relevance, causes,
and countermeasures. ] Diabetes Sci Technol 2015;9:1006-15.
Twomey PJ. Plasma glucose measurement with the Yellow springs
glucose 2300 STAT and the Olympus AU640. | Clin Pathol 2004;57:
752-4.

. Andreis E, Kullmer K, Appel M. Application of the reference method

isotope dilution gas chromatography mass spectrometry (ID/GC/MS)
to establish metrological traceability for calibration and control of
blood glucose test systems. ] Diabetes Sci Technol 2014;8:508-15.

. Freckmann G, Schauer S, Beltzer A, Waldenmaier D, Buck S,

Baumstark A, et al. Continuous glucose profiles in healthy people with
fixed meal times and under everyday life conditions. ] Diabetes Sci
Technol 2022:19322968221113341. https://doi.org/10.1177/
19322968221113341.

. Nauck M, Petersmann A, Mdller-Wieland D, Kerner W, Miiller UA,

Landgraf R, et al. DDG praxisempfehlung. Definition, klassifikation
und diagnostik des diabetes mellitus. Diabetol Stoffwechs 2017;12:
$94-100.

. Petersmann A, Nauck M, Muller-Wieland D, Kerner W, Miiller UA,

Landgraf R, et al. Definition, classification and diagnosis of diabetes
mellitus. Exp Clin Endocrinol Diabetes 2018;126:406-10.


https://doi.org/10.1177/19322968221113341
https://doi.org/10.1177/19322968221113341

104 —— Pleus et al.: Differences in venous, capillary and interstitial glucose concentrations

20.

21.

22.

23.

. World Health Organization. Definition and diagnosis of diabetes

mellitus and intermediate hyperglycemia. Geneva, Switzerland: World
Health Organization; 2006.

. Pleus S, Kamecke U, Link M, Haug C, Freckmann G. Flash glucose

monitoring: differences between intermittently scanned and
continuously stored data. | Diabetes Sci Technol 2018;12:397-400.

. Eriksson KF, Fex G, Trell E. Capillary-venous differences in blood

glucose values during the oral glucose tolerance test. Clin Chem 1983;
29:993.

Kuwa K, Nakayama T, Hoshino T, Tominaga M. Relationships of glucose
concentrations in capillary whole blood, venous whole blood and
venous plasma. Clin Chim Acta 2001;307:187-92.

Blaurock MG, Kallner A, Menzel S, Masuch A, Nauck M, Petersmann A.
Impact of glucose measuring systems and sample type on diagnosis
rates of diabetes mellitus. Diabetes Ther 2018;9:2029-41.

Pleus S, Baumstark A, Jendrike N, Mende J, Link M, Zschornack E, et al.
System accuracy evaluation of 18 CE-marked current-generation blood
glucose monitoring systems based on EN ISO 15197:2015. BMJ Open
Diabetes Res Care 2020;8:e001067.

Leel, LuntH, Chan H, Heenan H, Berkeley J, Frampton CM. Postprandial
capillary-venous glucose gradient in Type 1 diabetes: magnitude and
clinical associations in a real world setting. Diabet Med 2016;33:
998-1003.

24.

25.

26.

27.

28.

29.

30.

DE GRUYTER

Cobelli C, Schiavon M, Dalla Man C, Basu A, Basu R. Interstitial fluid
glucose is not just a shifted-in-time but a distorted mirror of blood
glucose: insight from an in silico study. Diabetes Technol Therapeut
2016;18:505-11.

Schleicher E, Gerdes C, Petersmann A, Muller-Wieland D, Muller UA,
Freckmann G, et al. Definition, classification and diagnosis of diabetes
mellitus. Exp Clin Endocrinol Diabetes 2022;130:51-S8.

American Diabetes Association. Classification and diagnosis of
diabetes: standards of medical care in diabetes—2022. Diabetes Care
2022;45:517-34.

Frank S, Hames KC, Jbaily A, Park JH, Stroyeck C, Price D, et al. Feasibility
of using a factory-calibrated continuous glucose monitoring system to
diagnose type 2 diabetes. Diabetes Technol Therapeut 2022;24:907-14.
Freckmann G, Nichols JH, Hinzmann R, Klonoff DC, Ju Y, Diem P, et al.
Standardization process of continuous glucose monitoring: traceability
and performance. Clin Chim Acta 2021;515:5-12.

Campos-Nanez E, Breton MD. Effect of BGM accuracy on the clinical
performance of CGM: an in-silico study. ) Diabetes Sci Technol 2017;11:
1196-206.

Freckmann G, Pleus S, Schauer S, Link M, Jendrike N, Waldenmaier D,
et al. Choice of continuous glucose monitoring systems may affect
metrics: clinically relevant differences in times in ranges. Exp Clin
Endocrinol Diabetes 2022;130:343-50.



	Differences in venous, capillary and interstitial glucose concentrations in individuals without diabetes after glucose load
	Introduction
	Materials and methods
	Participants
	Study devices and comparison measurements
	Study procedures
	Statistical analysis and visual report of glucose data

	Results
	Population characteristics
	Glucose concentrations during oGTT

	Discussion
	Conclusions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


