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Abstract

Background: Quantitative assessment of the dynamic relationship between plasma and interstitial fluid (ISF)
glucose and the estimation of the plasma-to-ISF delay are of major importance to determine the accuracy of
subcutaneous glucose sensors, an essential component of open- and closed-loop therapeutic systems for type 1
diabetes mellitus (T1DM). The goal of this work is to develop a model of plasma-to-ISF glucose kinetics from
multitracer plasma and interstitium data, obtained by microdialysis, in healthy and T1DM subjects, under
fasting conditions.
Materials and Methods: A specific experimental design, combining administration of multiple tracers with the
microdialysis technique, was used to simultaneously frequently collect plasma and ISF data. Linear time-
invariant compartmental modeling was used to describe glucose kinetics from the tracer data because the
system is in steady state.
Results: A two-compartment model was shown accurate and was identified from both plasma and ISF data. An
‘‘equilibration time’’ between plasma and ISF of 9.1 and 11.0 min (median) in healthy and T1DM subjects,
respectively, was calculated.
Conclusions: We have demonstrated that, in steady-state condition, the glucose plasma-to-ISF kinetics can be
modeled with a linear two-compartment model and that the ‘‘equilibration time’’ between the two compart-
ments can be estimated with precision. Future studies will assess plasma-to-interstitium glucose kinetics during
glucose and insulin perturbations in both healthy and T1DM subjects.

Introduction

Glucose monitoring plays a fundamental role in dia-
betes management. The most used approach is the self-

monitoring of capillary blood glucose, performed before and
after meals. However, the few self-monitoring of capillary
blood glucose measurements per day cannot give a complete
picture of glucose dynamics. To overcome self-monitoring of
capillary blood glucose limitations, in the last 10–15 years
subcutaneous continuous glucose monitoring (CGM) sen-
sors, measuring glucose concentration in the interstitial fluid
(ISF), have been introduced. A quantitative assessment of the
dynamic relationship between plasma and ISF glucose is
fundamental to determine the accuracy of subcutaneous

CGM sensors, which are an essential component of open-
and closed-loop system therapy for type 1 diabetes mellitus
(T1DM).1,2

Several studies have investigated the temporal relationship
between plasma and ISF glucose in subjects with and without
diabetes, using different methodologies, such as microdialysis/
open-flow microperfusion3–10 or electrochemical11–15 mea-
surement techniques. A wide range of delays from 2 min6 to
45 min7 has been reported, possibly due to the different
techniques used for subcutaneous glucose measurement, as
well as different experimental conditions and subjects. Un-
certainty in the underlying temporal relationship between
plasma and ISF glucose has been cited as a reason that
closed-loop control of glucose may not be successful.16 In
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addition, comparison of CGM data time series with tempo-
rally matched blood glucose reference measurement time
series appeared to show large temporal delays of the CGM
signal, but these were later attributed to the filtering used on
the CGM signal to suppress noise.17 Finally, most of the
studies have also reported a wide range of gradients between
the capillary and interstitial glucose measurements, likely
due to a temporary local tissue damage and inflammation due
to device insertion.8,18,19

In the last few years models were developed to assess the
plasma-to-interstitium glucose kinetics by using different
techniques for ISF glucose measurement and experimental
designs. Most of them assume that glucose exchange between
plasma and ISF is driven by diffusion and that an irreversible
glucose disposal takes place in the ISF. In Rebrin et al.12 and
Steil et al.,14 such a model was identified from plasma glu-
cose and subcutaneous glucose sensor current (a surrogate for
ISF glucose), in dogs without diabetes during different hy-
perglycemic clamps and in humans without diabetes during
insulin-induced hypoglycemia. In Regittnig et al.,9 a similar
model was identified from plasma and ISF glucose data,
sampled with a high flow rate open-flow microperfusion
technique to obtain an acceptable time resolution (5 min), in
skeletal muscle and adipose tissue of fasted normal subjects
after an intravenous infusion of labeled glucose. In Wilinska
et al.,10 several models have been postulated and identified
from plasma and ISF glucose data, sampled with a low time
resolution open-flow microperfusion technique (30 min), in
T1DM subjects after a standard meal: the selected model
included, at variance with the previous ones, a constant
glucose disposal in the ISF and an insulin-stimulated glu-
cose transfer from plasma to ISF.

Recently, an innovative multiple tracer experimental de-
sign was developed to accurately measure the plasma-to-ISF
glucose kinetics3,4: plasma and ISF tracer glucose levels were
simultaneously frequently sampled to achieve a fine grid time
resolution (1-min sampling), thus overcoming the intrinsic
delay of the microdialysis technique. However, this first ex-
ploratory data analysis was semiquantitative because the
‘‘time lag’’ between plasma and ISF was defined as the time
taken by the tracer itself to reach detectable levels in the ISF.
With this definition, the authors found that, in the overnight
fasted state, the ‘‘time lag’’ was, on average, 5.8 min in
healthy individuals and 6.8 min in those with T1DM. How-
ever, this ‘‘time lag’’ is dependent on the experimental con-
dition (e.g., how and how much tracer is infused) (Fig. 1). The
only way to rigorously assess such delay in a protocol-
independent fashion is, first, to fit the above data with an
appropriate model of the plasma to ISF kinetics and, second,
to use the model to calculate the ‘‘equilibration time,’’ which
is an intrinsic property of the system defined as the time
constant characterizing the response of the ISF compartment
to a unit step infusion in plasma. This is the purpose of the
present work.

Experimental Design, Database, and Model

Experimental design

The multitracer and microdialysis experimental design has
been recently proposed by Basu et al.3,4 In brief, in order to
accurately measure the microdialysis samples, a multi-
tracer technique has been used to overcome the intrinsic

delay introduced by the microdialysate catheter itself.18,19

A schematic representation of the experimental design is
shown in Figure 2: four glucose tracers were rapidly in-
jected intravenously 2 h apart (Fig. 2, top panel), whereas
plasma and time-pooled microdialysate effluent samples
were simultaneously frequently collected for glucose and
tracer enrichments (Fig. 2, middle panel). Starting with
different time intervals prior to each tracer bolus, all tracers
samples were collected with a 5-min sampling interval (i.e.,
the minimum microdialysis sampling period with the op-
timal microdialysis pump rate used3,4) for the first 30 min
and periodically thereafter until the subsequent tracer
bolus. Thanks to the steady-state condition of the glucose
system, a single tracer curve for both plasma and ISF can be
obtained by aggregating all tracers data (Fig. 2, bottom
panel).

Given that the kinetics of the four tracers are identical, the
aggregation of tracer data allowed us to build a high-
resolution (1-min) virtual tracer curve both in plasma and
also in the ISF. To the best of our knowledge, this is the first
time that a 1-min sampled tracer curve has been made
available in the ISF. In fact, in standard single-tracer proto-
cols, the achievement of such a high time resolution in
ISF sampling requires very high pump flow rates, which,
paradoxically, lead to an incomplete mixing between the
perfusate and the ISF (reduced glucose recovery). The so-
phisticated technique presented here has overcome the in-
trinsic delay introduced by the low pump rates previously
used for an optimal glucose recovery,18,19 without using any
calibration technique.9

The development of such a unique experimental design
was a fundamental component of this work to solidify the
modeling exercise to quantitatively describe the plasma-to-
ISF glucose kinetics and the estimation of the plasma-to-ISF
delay. In fact, the high-resolution sampling grid is necessary
to accurately and precisely estimate the delay between plas-
ma and ISF.

FIG. 1. Comparison between simulated tracer concentra-
tions in interstitial fluid after an injection of a tracer bolus of
amount D1 (dotted-dashed line) or D2 = 2 $ D1 (continuous
line). Defining the ‘‘time lag’’ (s) as in Basu et al.3 (i.e., the
time taken by the tracer itself to reach detectable values in
the interstitial fluid), provides a protocol-dependent mea-
surement of s, in particular, s1 > s2.
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Database

Eight healthy subjects (age, 40 – 19 years; weight,
73.7 – 14.9 kg; body mass index, 25.4 – 3.1 kg/m2)3 and six
T1DM subjects (age, 44 – 14 years; weight, 74.8 – 10.6 kg;
body mass index, 25.2 – 3.6 kg/m2)4 underwent the experi-
mental design described previously.3,4 All glucose tracers
([1-13C], [6,6-2H2], [3-3H], and [2-13C]) were intravenously
infused into four healthy subjects, whereas the remaining
healthy and all the T1DM subjects were infused with the
three stable isotopes only ([1-13C], [6,6-2H2], and [2-13C])

([3-3H]glucose was replaced with saline because it was not
possible to reliably measure it in the pooled microdialysate
samples).

Because the tracee system is in steady-state condition for
the entire duration of the experiment (in both healthy and
T1DM populations),3,4 the analysis of stable isotopic tracer
data can be done applying the same kinetic formalism of
radioactive tracer data by using the tracer-to-tracee mass
ratio.20 Starting from the measurements of tracer enrichment,
for both plasma and ISF, the tracer-to-tracee mass ratios were
calculated as:

FIG. 2. (Top panel) Schematic representation of the experimental design showing the sequence of intravenous boluses of
labeled glucose during the entire experiment, (left and right middle panels) plasma and time-pooled (shaded colored areas)
microdialysate, respectively, samples in the interstitium for each tracer with different sampling times, and (bottom panel)
single tracer curve for both plasma and interstitium obtained by aggregating all the data from each tracer experiment.
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z(t)¼ q(t)

Q
¼ r(t)� rN

r1� r(t)

� �
� 1þ r1

1þ rN

� �
(1)

where q(t) is the tracer glucose mass, Q is the tracee glucose
mass, which is assumed to be constant, r(t) is the ratio of the
masses of the labeled and unlabeled species, and rI and rN are
isotope ratios in a sample of pure tracer and tracee, respectively.
Tracer-to-tracee mass ratio was calculated for each stable iso-
topic tracer, and the single tracer curve was obtained by ag-
gregating data for all tracers as described above. However,
because the [1-13C]glucose level was still above the baseline
value, in both plasma and ISF, at the time the [2-13C]glucose
was administered, in order to correctly calculate the sin-
gle tracer curve (Fig. 2, bottom panel), the interference from
[1-13C]glucose with [2-13C]glucose was removed by subtract-
ing the residual tail of [1-13C]glucose from [2-13C]glucose.

To account for the time to cover the catheter dead space
(6.2 min), the timing of microdialysate sample collection was
re-indexed.3,4 Moreover, because a 5-min period (Dt) was
necessary to collect an adequate sample volume to reliably
measure glucose tracers from the microdialysate effluent, the
measurement equation for the microdialysate samples of ISF
(zI) was averaged over a 5-min period:

zI(tk)¼ 1

Dt
�
Ztk

tk �Dt

zI(s)ds (2)

where tk is the time at which the sample is drawn.
Of note is that one healthy subject has been excluded from the

analysis (hence, n = 7) because of an interference in [2-13C]
glucose chromatography in the microdialysate data.

The model

Model structure. The constant steady-state condition of
the tracee system allows the use of a linear and time-invariant
description of the kinetics of the tracer system.21 A linear
two-compartment model is used to describe glucose kinetics
between plasma and ISF compartments as shown in Figure 3.
The model is described by the following equations:

_zP(t)¼ � (k01þ k21) � zP(t)þ (k12 � Q2)=Q1 � z1(t),

zP(0)¼ d=Q1 (3)

_zI(t)¼ � (k02þ k12) � zI(t)þ (k21=Q2) � Q1 � zP(t),

zI(0)¼ 0
(4)

where zP and zI are the glucose tracer-to-tracee mass ratio in
the plasma and ISF compartments, respectively (dimension-
less), Q1 and Q2 are the tracee mass in the plasma and ISF
compartments, respectively (in mg/kg), k21 and k12 are the
rate constants describing plasma-to-ISF glucose exchange (in
min–1), k01 is the rate constant describing glucose disposal in
plasma (in min–1), k02 is the rate constant describing the net
ISF–cell transmembrane transport (in min-1), and d is the
bolus amount of labeled glucose (in mg/kg).

A fundamental parameter describing the delay between the
plasma and ISF glucose is the ‘‘equilibration time’’ constant (s).
It is defined as the time constant characterizing the response of
the ISF compartment to a unit step input in plasma and can be
easily derived from Eq. 4 as:

s¼ 1

k02þ k12

(5)

Model identification. The model in Eqs. 3 and 4 is a priori
nonidentifiable21 but can be put in its uniquely identifi-
able reparameterization by defining the new parameter
vector (h):

h¼

k01þ k21

k12 � Q2

Q1

k02þ k12

k21=Q2

2
66664

3
77775 (6)

It is notable that, even with this reparameterization, s is still
calculable by h (Eqs. 5 and 6).

FIG. 3. The plasma–interstitial fluid model used in both healthy and type 1 diabetes mellitus subjects. See Eqs. 3 and 4 for
the model parameterization details; q1 and q2 denote labeled glucose mass, whereas Q1 and Q2 denote the tracee glucose
mass in the first (plasma) and second (interstitial fluid) compartments, respectively (in mg/kg). Of note is that to account for
time-pooled microdialysate samples, interstitial fluid tracer-to-tracee model prediction is averaged over the time-pooled
collection period (Dt = 5 min).
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The model was numerically identified from both plasma
and ISF glucose tracer-to-tracee mass ratio data, in its un-
iquely identifiable parameterization (Eq. 6), by nonlinear
weighted least squares for multiple datasets.22 In particular,
measurement error was assumed to be independent Gaussian,
with zero mean and known SD up to a proportionally constant
a posteriori estimated for each dataset.22 Precision of pa-
rameter estimates was obtained from the inverse of the Fisher
information matrix.23

To account for the time-pooled microdialysate samples,
ISF tracer-to-tracee model prediction (zI) was averaged over
a 5-min period:

z
I
(tk)¼ 1

Dt
�
Ztk

tk �Dt

q2

Q2

(s)ds (7)

In this way, estimation of model parameters is not biased by
time-pooled microdialysate measurement technique.

Statistical analysis

Data are presented as median – interquartile range values.
Two-sample comparisons were done by the Mann–Whitney
U test.

Results

Model fit

The model was identified in both healthy and T1DM
subjects (Fig. 4). The model reproduced well both plasma and
ISF data: after an intravenous bolus of labeled glucose, a
rapid fall in plasma level occurred (Fig. 4, left), whereas a
slower rise and decay in ISF (Fig. 4, right) glucose tracer-to-

tracee mass ratio were predicted in both healthy (Fig. 4, top)
and T1DM (Fig. 4, bottom) subjects.

Parameter estimates

All model parameters were numerically identified with
good precision. In Table 1 median values of model parame-
ters and their precision, expressed as coefficient of variation,
for healthy and T1DM subjects are reported. Median values
of parameters k01 + k21, k12 $ Q2, and k02 + k12 are quite sim-
ilar between the two populations (0.10 vs. 0.09 min-1, 6.6
vs. 9.7 mg/kg/min, and 0.11 vs. 0.09 min-1, respectively),
whereas parameters Q1 and k21/Q2 are statistically different
between the two populations (96 vs. 150 mg/kg and 0.0013
vs. 0.0007 kg/mg/min, respectively) (P < 0.05). This reflects
the higher average plasma glucose concentrations measured
in T1DM versus healthy subjects in Basu et al.3,4

The ‘‘equilibration time’’ s is slightly lower in healthy
versus T1DM subjects (9.1 vs. 11.0 min), but no statistical
significance is observed.

Discussion

There is an emerging and renewed interest in the accuracy
of the subcutaneous CGM systems because of their vital role
in contemporary open- and closed-loop systems for T1DM.1

Improvements in sensor accuracy have been cited as a major
factor in the acceleration of clinical research on closed-loop
systems.2 CGM sensors allow a minimally invasive quasi-
continuous glucose measurement in the ISF rather than the
more invasive few self-monitoring of capillary blood glucose
measurements per day in blood. However, the intrinsic
physiological delay between plasma and ISF glucose has been
considered to be challenging for the development of safe and
effective closed-loop control algorithms based on CGM data.

FIG. 4. Average data versus model prediction of (left) plasma and (right) interstitium tracer-to-tracee mass ratio in (top)
healthy and (bottom) type 1 diabetes mellitus (T1DM) subjects.
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Different definitions of delay have been proposed in the
literature, and this, together with the variety of experimental
protocols used, may in part explain the wide range of values
reported in different studies. For instance, Basu et al.3 defined
the ‘‘time lag’’ as the time taken by the tracer, injected in
plasma, to reach detectable levels in the ISF. This definition is
easy to grasp, but it is protocol-dependent (i.e., it does not
capture the intrinsic feature of the system) (Fig. 1).

The proper way to accurately assess the plasma-to-ISF
delay in the adipose tissue is through a modeling approach.
Thus, the aim of this work was to exploit the unique data of
Basu et al.3,4 to build a model of the plasma-to-ISF kinetics in
healthy and T1DM subjects under fasting conditions. A linear
two-compartment model was simultaneously identified from
both plasma and ISF glucose tracer-to-tracee mass ratio data.

Because a high variability of microdialysate data is ob-
served, likely due to the complexity of the experimental
protocol, which may restrain the assumption that glucose
concentration in the interstitium is exactly the same during
the administration of the three tracers, one could question the
validity of parameter estimates, including the equilibration
time. On the contrary, the precision of estimated model pa-
rameters, including s, are satisfactory (within 7–18%).
Hence, we can conclude that, despite the large scatter in the
data, the model provides good estimates of the equilibration
time (coefficient of variation, 10–11% of the median).

Despite the large variability of the plasma-to-ISF delays
reported in literature, most investigators reported a range
from 5 to 10 min.3–5,9,10,12,14,15 In this work, a model-derived
‘‘equilibration time’’ of 9.1 and 11.0 min in healthy and
T1DM subjects, respectively, was calculated in the steady-
state condition. No significant difference was observed be-
tween the two populations, but the sample size does not
permit a definitive conclusion. This is certainly a limitation of
this study. However, the slightly increased distribution in
T1DM may be due to well-established local anatomical dif-
ferences of the abdominal subcutaneous space that could
exist in this population.

Results were comparable with other model-derived plasma-
to-ISF ‘‘equilibration time’’ constants reported in the litera-
ture. Ranges of delays of 3–14 min and 6–8 min were reported
in dogs without diabetes during different hyperglycemic
clamps12 and in humans during insulin-induced hypoglyce-
mia,14 respectively, using the subcutaneous glucose sensor
current as a surrogate for ISF glucose level. In Regittnig
et al.,9 the measurement of the ‘‘equilibration time’’ derived
from the appearance of an intravenously infused glucose

tracer in the ISF reported an average value of 9–10 min in
adipose tissue and skeletal muscle of healthy subjects during
fasting conditions. In Wilinska et al.,10 an average ‘‘equili-
bration time’’ of 10.7 min was reported in ISF glucose in
T1DM subjects after a standard meal. Moreover, given that
studies of glucose rate of change have shown rates of change
of 2 mg/dL/min or less 90% of the time in T1DM subjects, the
inherent inaccuracy of ISF glucose sensors can be bounded at
approximately 15–20 mg/dL.24

Finally, these results are built on those reported by Basu
et al.3,4 for the ‘‘time lag.’’ The model-derived ‘‘equilibration
time’’ (s) represents the time it takes the ISF compartment’s
response to a unit step input in plasma to reach 63% of its
asymptotic value, whereas the ‘‘time lag’’ calculated by Basu
et al.3,4 represents the time it takes the tracer to reach de-
tectable levels in the ISF. The ‘‘equilibration time’’ is an
intrinsic feature of the system, is protocol-independent, and
better represents the plasma-to-ISF glucose kinetics than the
‘‘time lag’’ defined by Basu et al.3,4 However, despite the
different meaning of the two parameters, this study agrees
with Basu et al.3,4 in finding that the delay is slightly, but not
significantly, higher in T1DM than in healthy subjects.

At variance with other studies,9,10 in the current study it
was not possible to estimate the plasma-to-ISF glucose gra-
dient by a combination of model parameters as reported by
Rebrin et al.12 This was due to the fact that the model was
identified on plasma and ISF tracer-to-tracee mass ratio rath-
er than glucose tracer concentration data, thus not allowing
the calculation of the ratio between the plasma and ISF la-
beled glucose concentration. Finally, these experimental
conditions did not allow detection of the stimulatory effect of
insulin on glucose disposal, the so-called ‘‘push–pull’’ phe-
nomenon, which has been widely discussed in the litera-
ture.25 However, current studies evaluating the effect of non–
steady-state conditions and stimuli (i.e., meals and exercise)
on ‘‘equilibration time’’ are currently being conducted to
advance our knowledge in this area.

Conclusions

In this work a modeling analysis of plasma-to-ISF glucose
kinetics was accurately assessed from multitracer plasma and
microdialysis data in healthy and T1DM subjects under
fasting conditions. A multitracer protocol was specifically
developed to achieve a high-resolution time grid to overcome
the intrinsic delay of the microdialysis technique. A linear
two-compartment model was identified from both plasma

Table 1. Values of Model Parameters and Their Precision

Parameter Subjects

Definition Unit Healthy T1DM

k01 + k21 min-1 0.10 – 0.08 (17 – 5) 0.09 – 0.03 (15 – 10)
k12 $ Q2 min-1$mg/kg 6.6 – 5.4 (15 – 5) 9.7 – 5.5 (14 – 8)
Q1 mg/kg 96 – 21 (5 – 2) 150 – 28 (6 – 3)
k02 + k12 min-1 0.11 – 0.03 (10 – 2) 0.09 – 0.03 (11 – 4)
k21/Q2 min-1$kg/mg 0.0013 – 0.0006 (13 – 4) 0.0007 – 0.0001 (12 – 5)
s min 9.1 – 2.3 11.0 – 3.3

Data are median – interquartile range values, with their precision in parentheses (% coefficient of variation).
T1DM, type 1 diabetes mellitus.
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and ISF glucose data, and a median ‘‘equilibration time’’
between the two compartments of 9.1 and 11.0 min in healthy
and T1DM subjects, respectively, was calculated. The results
reported here from the multitracer study and modeling
analysis can be used to further improve the accuracy of
subcutaneous CGM sensors for T1DM diabetes management.
Future studies under dynamic conditions, including meals
and exercise, will be addressed to complete the picture of
plasma-to-ISF glucose kinetics.
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