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Although the use of radioisotopes in the investigation of glucose metabolism dates back
more than 50 years, several relevant quantitative aspects have not been definitively
determined. These include the volume of distribution (Vd) of glucose and recycling of
glucose radioisotopes from liver glycogen. These problems are further complicated by
methodological issues such as the following: (1) glucose tracers have different metabolic
fates thatmay influence volume estimates, and (2) the calculationmethod needs to be based
on physical principles to avoid some limitations of compartmentalmodels. To address these
issues, we administered boluses of an extracellular marker ([1-14C]-L-glucose, 30 μCi) and 2
glucose tracers ([2-3H]-D-glucose and [3-3H]-D-glucose, 120 μCi of each), followed by a 1-mg
glucagon bolus (in the presence of somatostatin) 245 minutes later, in conscious beagles to
account for potential problems in recycling of the label through glycogen.We usedmodeling
methods based on physical principles (circulatory model), which yield volume estimates
with a clear physiological interpretation. Glucose Vd (mL/kg) were 204 ([1-14C]-L-glucose), 191
([2-3H]-D-glucose), and 206 ([3-3H]-D-glucose). These values were not different and correlated.
The amount of recycled [3-3H]-D-glucose in response to glucagon was small (∼1.7% of the
injected tracer dose). An additional result of this analysis is the determination of the
parameters of the circulatory model in beagles for the standard [3-3H]-D-glucose tracer.
Using multiple tracers in beagles and calculation methods based on physical principles, we
have provided direct proof that the glucose Vd equals the extracellular space in beagles
under basal conditions.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

The study of glucose kinetics with tracers dates back more
than half a century [1]. Many studies have elucidated key
quantitative aspects of glucose homeostasis, not only enrich-
ing our understanding of physiology but also providing the
basis for modeling methods [2-8] that are essential for both
classic in vivo studies [9-11] and modern in silico approaches
aimed at simulating the glucose homeostasis system [12,13].
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Nevertheless, despite these numerous studies, several
relevant quantitative aspects remain unresolved. One such
aspect concerns the physiological identification of volume
of distribution (Vd) of glucose. It is typically assumed that
the Vd of glucose is the extracellular space [1]. This concept
has been based on the notion that glucose is confined
outside of cells by glucose transporters and that intracel-
lular glucose concentration is negligible. This has also been
inferred by the similarity of the estimates of the glucose Vd
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and the extracellular space. However, to our knowledge, no
study has directly addressed this assumption by direct
comparison by simultaneously using a glucose tracer and
an extracellular tracer. Although some multiple tracer
studies do exist [14,15], none have calculated and compared
the distribution spaces. The problem is further complicated
by methodological issues, as glucose tracers have different
metabolic fates that may influence the volume estimates.
In addition, the calculation method needs to be based on
physical principles to avoid some limitations that compart-
mental models have for calculating Vd [16]. Indeed, the
uncertainties on the glucose Vd have caused some contro-
versies in the past [8,16,17].

In this study, we have used an extracellular marker
([1-14C]-L-glucose) and 2 glucose tracers ([2-3H]-D-glucose and
[3-3H]-D-glucose) to test whether differences in recycling of
the label through glycogen could affect the volume estimate.
We have also used modeling methods based on physical
principles, which yield volume estimates with a clear
physiological interpretation.
2. Materials and methods

2.1. Animal preparation

Experiments were performed in overnight-fasted female
beagles (13.2 ± 0.6 kg, n = 9) receiving Lab Diet dog chow
(Purina Mills, St Louis, MO). The composition of the diet was
49% carbohydrate, 28% protein, and 23% fat based on dry
weight. Animals were housed in a facility that met the
American Association for the Accreditation of Laboratory
Animals Care guidelines. All procedures were approved by the
Merck Research Laboratories Institutional Animal Care and
Use Committee. Sampling and infusion catheters were placed
in the carotid artery and jugular vein, respectively, as
previously described [18]. Experiments were performed after
an overnight fast in conscious animals that had (1) no signs of
bacterial infection, (2) a hematocrit of greater than 35%, (3)
normal stools, and (4) a healthy appetite.

2.2. Experimental protocol

Basal samples were taken at −10 and 0 minute, after which
[1-14C]-L-glucose (30 μCi), [2-3H]-D-glucose (120 μCi), and
[3-3H]-D-glucose (120 μCi, all high-performance liquid chro-
matography–purified from Perkin Elmer, Shelton, CT) were
simultaneously injected into the jugular vein. 2 mL samples
were then taken at 2, 4, 6, 8, 10, 15, 20, 30, 45, 60, 90, 120, 150,
180, 210, and 240 minutes. At 240 minutes, a 1–μg·kg−1·min−1

somatostatin (Sigma, St Louis, MO) infusion was initiated
and continued for the remainder of the experiment. At 245
minutes, another sample was taken, and then a 1-mg
bolus of glucagon (Eli Lilly, Indianapolis, IN) was adminis-
tered. Glucagon stimulates glucose production and mobi-
lizes the [3-3H]-D-glucose label reversibly accumulated in
glycogen, if present. Samples were taken at 250, 255, 260,
275, and 300 minutes. All samples were collected in tubes
containing sodium-EDTA and were frozen at −70°C until
further analyses.
2.3. Assays

Plasma glucose wasmeasured using the Trinder assay (Sigma).
Plasma insulin and glucagon were measured by radioimmuno-
assay (Linco, St Charles, MO). For the determination of tracer
counts, 1-mL plasma samples were first deproteinized with Ba
(OH)2 andZnSO4. [2-3H] and [3-3H] radioactivities inplasmawere
determined by selective enzymatic detritiation of [2-3H]-D-
glucose [19]. External standards of [2-3H] and [3-3H]-D-glucose
suspended in control dog plasma were processed in parallel
with each assay to calculate the degree of detritiation of each
isotopeduringeachsampleplasmaassay.Overall completionof
detritiation of [2-3H]-D-glucose was 93.4% ± 0.1%, whereas
99.3% ± 0.2% of [3-3H]-D-glucose remained intact; tracer
concentrations were corrected for detritiation. Samples were
reconstituted in water and mixed with Ultima Gold scintilla-
tion cocktail (Perkin Elmer) and counted on a dual-channel
Beckman Coulter counter (Fullerton, CA).

2.4. Modeling methods

The tracer decay curves were analyzed using the circulatory
model previously described [16,20-22]. This approach has the
advantage of using an essential physiological representation
of the interaction between circulation and tissues coupled
with a description of organ metabolism based strictly upon
physical principles [16]. In the model (described in greater
detail in the Appendix), the body is schematized as the
feedback arrangement of the heart-lung block, including the
heart chambers and the lungs, and the periphery block, which
lumps together all remaining tissues. Each block is regarded as
a single inlet–single outlet organ, and the blood flow through
these lumped organs is the cardiac output (F). Glucose kinetics
in the blocks are mathematically characterized by an impulse
response, defined as the tracer efflux observed at the outlet
after a bolus injection of a unit tracer dose into the inlet
(assuming no tracer recirculation). Following bolus injection
into a peripheral vein of the body, the tracer disappearance
curve in the artery is the result of the feedback interaction of
the impulse responses of the 2 interconnected blocks. To
resolve the model, the following assumptions were made: (a)
Cardiac output was assumed to be 120 mL·kg−1·min−1; this
value was corrected for the ratio of whole-blood to plasma
glucose concentration (0.73), as glucose was measured in
plasma [21]. (b) The impulse response of the heart-lung block
was assumed to be known and was represented by a 2-
exponential function starting from zero and returning to zero
after rising to an early peak. The parameters of the heart-lung
impulse response were set to match experimentally derived
curves as detailed inMcGuinness andMari [21]. (c) The impulse
response of the periphery block [rper(t)] was represented as a 4-
exponential function, starting from zero and gradually return-
ing to zero after reaching a peak, according to the equation:

rperðtÞ = ge−gt

� w1k1e−k1t + w2k2e−k2t + 1 − w1 − w2ð Þk3e−k3t
� �

1 − Eð Þ: ð1Þ

In this expression, rper(t) is obtained as a convolution (⊗ is
the convolution operator) of a 3-exponential function (in
square brackets) and the single-exponential function γe−γt,
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ig. 1 – Mean (±SD) concentrations of [1-14C]-L-glucose (A),
-3H]-D-glucose (B), and [3-3H]-D-glucose (C), together with
e model fit (solid lines). Error bars are smaller than the

ircle size for several points.
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which determines the fastest rising exponential term with γ =
10 min−1 fixed [21].

The parameter wi (dimensionless) represents the relative
weight of the exponential terms of exponent λI (min−1),
whereas E (dimensionless or %) is the glucose fractional
extraction of the periphery block. Glucose clearance was
calculated as F·E and the mean artery-vein transit time of the
periphery block, T, from the parameters of Eq. (1) (Appendix).
The equation for the volume of each block is as follows:

V = VR + VNR = F 1 − Eð ÞT + FdEd T = VR 1 +
E

1 − E
T
T

� �
; ð2Þ

where the total volume V, precisely defined as the total mass
at steady state normalized to arterial concentration, is
expressed as the sum of 2 terms. The first term (VR) is denoted
as recirculating volume and is computable from cardiac
output and the parameters of the impulse response. The
second term (VNR) is denoted as nonrecirculating volume
because it is a fraction of the glucose mass that is removed by
metabolism in the organs and does not exchange with the
circulation. This term cannot be computed because it involves
the mean artery-uptake transit time T---, which cannot be
determined [16]. Therefore, the computable recirculating
volume component was calculated (adding up the heart-
lung and periphery terms) and presented in the results. Of
note is that VR and glucose clearance are dependent on
integral properties of the tracer disappearance curves and
coincide with the so-called noncompartmental estimates [16].
Therefore, their calculation is not particularly sensitive to the
assumption of cardiac output and the details of the impulse
responses (exponents and coefficients in Eq. [1]).

The model parameters were estimated from the tracer
decay curves (from the tracer bolus injection to the last time
point before the glucagon bolus, 0-240 minutes) using
standard weighted least square algorithms. Weights were
chosen to reflect an empirical estimate of the variance of the
measurement error. Model residuals were computed as the
difference between the measured and the model-predicted
values. Residuals were calculated for the whole experimental
period. During the glucagon bolus, the residuals reflect the
effect of glucagon on the mobilization of the [3-3H]-D-glucose
label reversibly accumulated into glycogen.

Fasting glucose production was calculated as the product
of clearance and mean glucose levels. During the glucagon
bolus, the rates of appearance of glucose (above the basal
value) induced by glucagon injection and the release of [3-3H]-
D-glucose from glycogen were calculated by deconvolution
using the increment over basal of glucose concentration and
the [3-3H]-D-glucose residual, respectively. Deconvolution was
performedusing the individualmodel parameters for [3-3H]-D-
glucose and therefore assumed a constant clearance. In the
presence of hyperglycemia and basal insulin (ie, during the
glucagon bolus), glucose clearance may have been reduced
(eg, DeFronzo and Ferrannini [23]). In such cases, it is possible
that rates of appearance can be overestimated.

2.5. Statistical methods

Results are expressed as mean ± SE (SD in Fig. 1) or as median
(interquartile range) for the model parameters. The signifi-
F
[2
th
c

cance of the differences was tested with the signed rank test;
associations were tested using the Spearman correlation
coefficient (ρ) at a significance level of .05.
3. Results

3.1. Arterial plasma glucose and insulin

Arterial glucose remained steady throughout the experi-
ment (1.09 ± 0.08 mg/mL) until the glucagon bolus, after
which it increased to 3.69 ± 0.49 mg/mL. Arterial insulin
remained constant throughout the experiment (8.5 ± 4.2 μU/
mL) until the somatostatin infusion, after which it de-
creased to 3.7 ± 1.0 μU/mL. Arterial glucagon remained
constant (55 ± 15 pg/mL) throughout the experiment until



Table 1 – Kinetic parameters of the glucose tracers

Parameter a [1-14C]-L-
glucose

[2-3H]-D-
glucose

[3-3H]-D-
glucose

λ1 (min−1) 1.85 (3.52) 1.62 (1.36) 1.17 (0.53)
λ2 (min−1) 0.233 (0.095) 0.263 (0.236) 0.174 (0.074)
λ3 (min−1) 0.0407 (0.0262) 0.0376 (0.0606) 0.0278 (0.0113)
W1 (dimensionless) 0.794 (0.139) 0.797 (0.227) 0.830 (0.057)
W2 (dimensionless) 0.182 (0.121) 0.180 (0.175) 0.147 (0.065)
E (dimensionless) 0.050 (0.009) 0.040 (0.015) 0.030 (0.008)
T (min) 2.14 (0.61) 1.99 (0.57) 2.16 (0.31)
Clearance
(mL·min−1·kg−1)

4.38 (0.82) 3.54 (1.31) 2.61 (0.68)

Volumeb (mL/kg) 204 (54) 191 (50) 206 (27)

Results are median (interquartile range).
a See Eq. (1) for the symbols; cardiac output Fwas fixed to 120·0.73 =
87.6 mL·kg-1·min-1 (“Modeling Methods”).
b Recirculating volume (Eq. [2]), which includes the component of
the heart-lung block (fixed to 17 mL/kg).
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the glucagon bolus to mobilize all of the glycogen was given,
after which it increased to above accurate limits of detection
(>400 pg/mL).

3.2. Tracer bolus analysis

Fig. 1 shows the mean concentrations of [1-14C]-L-glucose,
[2-3H]-D-glucose, and [3-3H]-D-glucose togetherwith themodel
fit. The model residuals in the period 0 to 240 minutes were
randomly distributed around zero (at all time points and for all
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Fig. 2 –Mean (±SE) residuals of [1-14C]-L-glucose (A), [2-3H]-D-gluco
glucose concentration (D) during the glucagon bolus.
tracers, the mean residual was not different from zero by
signed rank test).

Table 1 shows the mean model parameters for all tracers.
As expected, [2-3H]-D-glucose clearance was higher than
[3-3H]-D-glucose clearance (P = .0039). Glucose production
was 2.86 ± 0.56 mg·kg−1·min−1. The recirculating volumes of
all 3 tracers were not different (P = .77 by analysis of
variance [ANOVA]). Both the [3-3H]-D-glucose and [2-3H]-D-
glucose recirculating volumes were correlated with the
[1-14C]-L-glucose volume (ρ = 0.88, P = .0031 and ρ = 0.70,
P = .043, respectively).

3.3. Glucagon bolus analysis

Fig. 2 shows the residuals of [1-14C]-L-glucose, [2-3H]-D-
glucose, and [3-3H]-D-glucose during the glucagon bolus and
the increment from baseline of glucose concentration.
Whereas [1-14C]-L-glucose and [2-3H]-D-glucose residuals
showed little changes, a reappearance of [3-3H]-D-glucose
was evident from the significant increment of the concentra-
tion of this tracer (positive residual).

Fig. 3 shows the rate of appearance of glucose above the
basal value and [3-3H]-D-glucose after the glucagon bolus,
calculated by deconvolution. The release of glucose was
sustained for the whole period, whereas [3-3H]-D-glucose
appearance returned to zero in approximately 45 minutes.
The integral of the incremental glucose appearance was
0.83 ± 0.14 g/kg, whereas that of [3-3H]-D-glucose was (319 ±
88) × 103 dpm/kg or approximately 1.7% of bolus dose ([184 ±
30] × 105 dpm/kg).
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glucose above the basal value (A) and rate of appearance of
[3-3H]-D-glucose (B) after the glucagon bolus.
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4. Discussion

In this study, we show that the glucose Vd equals the
extracellular space in beagles in basal conditions. We have
used both a multiple tracer approach and a physiologically
basedmodel for the determination of glucose Vd, an approach
that has not been previously used. The extracellular marker
[1-14C]-L-glucose is a stereoisomer of glucose not transported
by the glucose transporters [24] and thus is the extracellular
marker most similar to endogenous glucose. [3-3H]-D-glucose
is the radioactive tracer most commonly used in the study of
glucose metabolism. However, its label may be reversibly
incorporated into glycogen [25], thus contributing to estimates
of glucose Vd. Therefore, we also used [2-3H]-D-glucose, the
label of which is rapidly eliminated in the glucose-6-phospate/
fructose-6-phospate reaction and diverted from the glycogen
synthetic pathway. We have shown that, in agreement with
previous findings, [2-3H]-D-glucose does not recycle through
glycogen, whereas [3-3H]-D-glucose does (Fig. 2). We also have
shown for the first time that the [2-3H]-D-glucose and [3-3H]-D-
glucose volumes are equivalent. Therefore, the possible
recycling of [3-3H]-D-glucose through glycogen does not
introduce a significant bias in the [3-3H]-D-glucose Vd estimate
due to a potentially slowly equilibrating glycogen pool. These
findings support the conclusion that the glucose Vd and the
extracellular space are equivalent.

With regard to the calculation methods for glucose Vd, we
have used an approach [16,20] that is based on physical
principles to avoid the potential pitfalls of themore traditional
compartmental models [16]. With compartmental models, the
volume estimate depends on the compartmental configura-
tion, which requires assumptions. Because compartments do
not represent physical entities, the configuration assump-
tions cannot be in relation to the physical processes and may
lead to biased volume estimates [16].

In contrast, the circulatory model theory clarifies on
physical grounds what the intrinsic limitations in the
calculation of the Vd are and provides an equation for Vd

that has physical foundations, although it contains undeter-
mined quantities. In particular, the theory shows that the
volume estimates are apparent volumes, as they are not a
physical space but the steady-state glucose mass normalized
to steady-state glucose concentration. If concentration gradi-
ents in the system are negligible, only then does this estimate
represent a physical volume. Furthermore, the theory dem-
onstrates that tracer experiments are only capable of calcu-
lating a fraction of this apparent volume, which has been
denoted as “recirculating volume” and presented in Table 1.
Another fraction cannot be determined because part of the
glucosemass ismetabolized by tissues and does not exchange
with the circulation [16].

Despite these intrinsic limitations, one important advan-
tage of the circulatory model theory is that it allows
estimation of the total volume on physical grounds (Eq. [2])
based on assumptions on the undeterminable parameters.
Eq. (2) shows that at small fractional extractions (such as in
the current basal conditions), the difference between the
recirculating and the total volumes is small, as long as the
artery-uptake mean transit time is not much larger than the
artery-vein mean transit time (∼3% difference, from Eq. [2]
assuming equality of the mean transit times, T = T---). Although
the latter condition is not testable, large differences between
the artery-vein and artery-uptake mean transit times are
expected only in the presence of significant unidirectional
transport barriers in the tissues that may allow accumulation
of glucose in regions that do not exchange with blood. This
condition is unlikely for glucose. Therefore, it seems safe to
conclude that the glucose distribution space is the extracel-
lular volume.

For our aim of determining the distribution volumes, it was
logical to use a physically based approach rather than
compartmental analysis for the reasons discussed above.
This does not imply that compartmental models would
necessarily be inappropriate for this purpose. As shown in
previous studies [7,8], compartmental models can provide an
adequate data fit, similar to that of Fig. 1. In addition, it is
known that the Vd estimate obtained from a mammillary
compartmental model with elimination from the central
compartment coincides with the so-called noncompartmen-
tal volume estimate, which in turns equals the recirculating
volume presented in Table 1 [16]. Therefore, as long as the
data are accurately described, this compartmental model
would yield a volume equivalent to that of the circulatory
model. However, compartmental analysis lacks an expression
of the total volume based on physical grounds such as Eq. (2).

In this work, we have applied a general use modeling
approach to a specific problem. The study of the glucose
distribution space inother conditions, suchas the controversial
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hyperinsulinemic state [8,16,17], is a possible future applica-
tion. On the other hand, the circulatorymodel has already been
used to study glucose kinetics in non–steady state, both as a
general tool [22,26] and as the core to develop glucose
homeostasis models [27,28]. Developments in the latter area
are also of potential interest.

Concerning the non–steady-state tracer analysis method
[22], an additional novel result of this study is the determina-
tion of the parameters of the circulatory model for the
standard [3-3H]-D-glucose tracer (Table 1) in beagles, the
preferred canine model for glucose metabolism studies in
the pharmaceutical industry. The mean parameters are
necessary when individual parameters are not available
[22,26]. The values previously reported were applicable to
humans and rats only [22,28].

In conclusion, using multiple tracers in beagles and
calculation methods based on physical principles, we have
provided direct proof that, under basal conditions, the glucose
Vd equals the extracellular space, within the intrinsic limita-
tions of the tracer method.
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Appendix A

This appendix gives an outline of the circulatory model
previously described by Mari [16,20], McGuinness and Mari
[21], andMari et al [22], using a notation similar to that used by
Mari et al [22], where additional details can be found.

The mathematical description of the circulatory model is
based on amultiexponential representation of the single-pass
impulse response of the heart-lung and periphery blocks
involved in the model. For physical reasons, the impulse
response r(t) starts from zero, rapidly reaches a peak, and then
gradually returns to zero. In addition, the area under r(t) from
zero to infinite is less than 1; and 1 − area is the fractional
extraction [16]. Thus, a multiexponential r(t) with N ≥ 2
exponential terms can be represented as a convolution of a
single-exponential function and a multiexponential function
with N − 1 terms. The expression for N = 4 is:

r tð Þ = ge−gt

� w1k1e−k1t + w2k2e−k2t + 1 − w1 − w2ð Þk3e−k3t
� �

1 − Eð Þ: ðA1Þ

In this expression, ⊗ is the convolution operator; and the
particular representation of the exponential functions en-
sures the following: (1) convolution with the single-exponen-
tial function γe−γt ensures that the area under r(t) equals that
under the multiexponential function to the right of the
convolution operator; (2) the area under the multiexponential
function in square brackets is 1, as the area of each
exponential term λke−λkt is 1 and the coefficients (w1, w2, etc)
add up to 1; (3) because of the previous properties, the area
of r(t) is 1 − E, that is, E is the fractional extraction; (4) the
parameter γ of the single-exponential function determines
the fast rising phase of r(t); and (5) the coefficients of the
exponential terms (w1, w2, etc) represent the relative contri-
bution of each term to the total area.

Eq. (A1) is the equation used to describe the periphery
block. Because the parameter γ has little influence on the
whole-body response and cannot be determined from the
data, it has been fixed to a value of 10 min−1 [21,22].

A 2-exponential impulse response for the heart-lung block
has been used. Based on literature data, the glucose fractional
extraction in heart-lung block was assumed to be negligible;
and the glucose distribution volume was fixed to 17 mL/kg
[21,22]. Thus, the impulse response was:

rhl tð Þ = be−bt � xe−xt; ðA2Þ
where β was set to 15 min−1, similarly to the periphery block,
andωwas determined from cardiac output (see below) and the
volume constraint.

To simulate the whole-body circulatory model, the
multiexponential block impulse responses were first repre-
sented in state space form (representing multiexponential
functions in the Jordan canonical form and convolution as a
series arrangement). The whole-body response was then
obtained by combining the heart-lung and periphery block
state space representations in their feedback arrangement.
The rate of glucose appearance Ra(t) (tracer infusion or
glucose production) was accounted for by expressing the
heart-lung block inlet concentration as the sum of the
periphery block outlet concentration and Ra(t)/F, where F is
the cardiac output (dilution principle). Cardiac output was
assumed to be 120 mL·kg−1·min−1; this value was corrected
for the ratio of whole-blood to plasma glucose concentration
(0.73), as glucose was measured in plasma [21]. A more
complete description of the differential equations can be
found in Mari et al [22].

The mean transit time of the heart-lung and periphery
blocks was determined from the transit time density function
of the blocks (the impulse response normalized to its areas).
For the periphery block, the mean transit time is:

T = 1= g + w1 = k1 + w2 = k2 + 1 − w1 − w2ð Þ= k3: ðA3Þ

An analogous expression applies to the heart-lung block.
Glucose clearance was calculated as F·E. The volume of

each block was calculated from the equation [16]:

V = VR + VNR = F 1 − Eð ÞT + FdEdT = VR 1 +
E

1 − E
T
T

� �
; ðA4Þ

where the total volume V, precisely defined as the total mass
at steady state normalized to arterial concentration, is
expressed as the sum of 2 terms. The first term (VR) is denoted
as recirculating volumeand is computable fromcardiac output
and themean transit time. The second term (VNR) is denotedas
nonrecirculating volume because it is a fraction of the glucose
mass that is removed by metabolism in the organs and does
not exchange with the circulation. This term cannot be
computed because it involves the artery-uptake mean transit
time T---, which cannot be determined [16]. Therefore, the
computable recirculating volume component was calculated
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(adding up the heart-lung and periphery terms) and presented
in the results.
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