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Toffolo, Gianna, Rita Basu, Chiara Dalla Man, Robert Rizza,
and Claudio Cobelli. Assessment of postprandial glucose metabo-
lism: conventional dual- vs. triple-tracer method. Am J Physiol En-
docrinol Metab 291: E800-E806, 2006. First published May 23,
2006; doi:10.1152/ajpendo.00461.2005.—The dual-tracer method has
been used conventionally for assessment of postprandial fluxes, i.e.,
appearance in plasma of ingested glucose (Ra mear), endogenous
glucose production (EGP), and disposal (Rq). To quantify the magni-
tude of errors affecting the calculations and their dependence on
model assumptions, this method was assessed and compared with the
triple-tracer method, which provides model-independent estimates.
For this purpose, the dual-tracer protocol was performed twice in eight
normal subjects, with [1-'3C]glucose to trace ingested glucose and
[6,6->Hz]glucose constantly infused. A third tracer, [6-*H]glucose,
was infused at variable rates to render the calculation of R, mear and
EGP virtually model independent. The dual-tracer method analyzed
with a one-compartment model performed poorly, since R, mear peak
was significantly lower and delayed compared with triple-tracer ref-
erence, resulting in a significantly lower estimation of the amount of
absorbed glucose (9,036 = 558 vs. 11,316 £ 823 pmol/kg, P =
0.0117). EGP showed a paradoxical pattern, with an initial overshoot
followed by a rapid decay to negative values, resulting in a significant
underestimation of EGP suppression (57 = 3 vs. 65 = 4%, P =
0.0117). A two-compartment model performed better but did not
overcome the limitations of the dual-tracer approach, since the amount
of absorbed glucose was still significantly underestimated (10,231 =
661 vs. 12,169 = 838 wmol/kg, P = 0.0117) and EGP still showed a
paradoxical behavior. Rq4, estimated from R, mea and EGP, was
significantly underestimated with the dual-tracer method, irrespective
of adopted model. We conclude that three suitably infused tracers are
required for accurate assessment of postprandial R, mea1, EGP, and Rg.

nonsteady state; turnover; meal; kinetics; compartmental models

THE ABILITY OF AN INDIVIDUAL to dispose of an oral glucose load
is the result of three different processes: appearance in plasma
of ingested glucose (R, meal), endogenous glucose production
(EGP), and glucose disposal (R4). A dual-tracer method has
been used largely to assess these fluxes. This method employs
one tracer mixed with ingested glucose and a second tracer
infused intravenously and calculates the systemic appearance
rate of both ingested tracer and total (i.e., ingested and endo-
genously produced) glucose. R, mea is then calculated by
multiplying the rate of appearance of ingested tracer by specific
activity (or tracer-to-tracee ratio if a stable tracer is used) of
glucose or carbohydrate contained in the meal. EGP is subse-
quently calculated by subtracting R, mear from total glucose R,.
Finally, glucose Ry is calculated by subtracting rate of change

of plasma glucose mass from total R,. As extensively discussed
in a number of papers (1, 2, 6, 8), the marked tracer nonsteady
state that occurs with the dual-tracer method introduces errors
and renders the calculation of R, mea1, EGP, and R4 dependent
on both the model used in the calculation (e.g., one or two
compartments) and its parameters (e.g., the volume of distri-
bution).

To circumvent these problems, a triple-tracer method (2)
was proposed. This method used, in addition to the oral tracer
(e.g., [1-13C]glucose), two intravenous tracers (e.g., [6-*H]glu-
cose and [6,6—2Hz]glucose) infused in patterns that minimize
the change in their plasma ratio to oral tracer and endogenous
glucose, respectively, thus minimizing non-steady-state errors
and rendering the calculation of turnover essentially model
independent. As a result, very similar patterns of R, mea1, EGP,
and Ry were estimated using three different models: a steady-
state formula, a single-compartment model (1-CM) (11, 12),
and a two-compartment (9) model (2-CM). In contrast, when
the three models were adopted to interpret data using only two
of the three tracers, as is done with the dual-tracer method,
Ry meai, EGP, and Ry were highly dependent on the model
chosen and differed substantially among models. However, in
these experiments, all of the intravenous tracer infusion rates
were varied in time. This resulted in a more pronounced
change in the tracer-to-tracee ratios than would normally have
been observed with the conventional dual-tracer method,
where the intravenous tracer infusion rate is kept constant.
Therefore, although those studies provided both the theoretical
and experimental rationales for the use of the triple-tracer
method, they were unable to quantify the magnitude of the
errors that occur with the conventional dual-tracer method and
the extent to which these errors impact the estimation of
individual components of postprandial glucose metabolism,
i.e., Ry mea, EGP, and Rg.

The present studies, therefore, were undertaken to compare
estimates of R, mea;, EGP, and R4 simultaneously measured in
the same individual using the triple- and conventional dual-
tracer methods. We did so to quantify the effect of non-steady-
state errors and of model assumptions on calculation of post-
prandial fluxes. Subjects were studied on two separate days.
The conventional dual-tracer protocol was used on both occa-
sions. In addition, on one occasion a third tracer was infused in
a pattern that mimicked the anticipated R, of the meal, whereas
on the other occasion the third tracer was infused in a pattern
that mimicked the anticipated R, of EGP, thereby enabling
essentially model-independent measurements of these fluxes.
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Results obtained with the conventional dual-tracer method
were compared with reference profiles obtained with the triple-
tracer method to determine whether the magnitude of the errors
observed with the dual-tracer method warrants the added com-
plexity and cost of the triple-tracer method.

METHODS

Subjects. After approval from the Mayo Institutional Review
Board, eight healthy subjects (4 women and 4 men, mean age 44 = 2
yr, height 172 = 4 cm, weight 85 = 8 kg, body mass index 29.7 = 2.3
kg/m?, lean body mass 48 = 5 kg) gave informed written consent to
participate in the study. All subjects were in good health and did not
participate in regular vigorous physical activity (defined as >30 min
of aerobic exercise/day for more than 3 days/wk).

Net insulin action and the effects of insulin on glucose disposal
assessed by the oral glucose minimal models (4, 5) varied from 4.9
to 29.1 10~ dl-kg~'*min~! per pU/ml and 1.5 to 17 10~*
dl-kg~'min~! per pU/ml, respectively, indicating that subjects
with a wide range of insulin sensitivity were studied.

Experimental design All studies were conducted at the Mayo Clinic
General Research Center.

Mixed meals (10 kcal/kg, 45% carbohydrate, 15% protein, 40% fat)
consisted of scrambled eggs, Canadian bacon, 100 ml of water, and
Jell-O containing [1-'3C]glucose (Cambridge Isotope Laboratories,
Andover, MA), which were consumed within 15 min (7). The beaker
containing the Jell-O was rinsed twice with 20 ml of water, and the
rinse solution was consumed. To prepare the Jell-O, 1.2 g/kg body wt

DAY A
oral [1-13C] glucose

| ]

E801

dextrose was dissolved in 200 ml of water by gentle heating. After
being cooled to room temperature, sufficient [1-'*C]glucose was
added to achieve an enrichment of ~4%. Following thorough mixing,
an aliquot was removed for analysis of [1-'*C]glucose enrichment by
GC-MS. The dextrose solution containing the [1-'*C]glucose then
was gently warmed, and 5 g of sugar-free gelatin (Knox unflavored
gelatin; Nabisco, East Hanover, NJ) and 1 g of sugar-free orange
flavored Kool-Aid (Kraft General Foods, White Plains, NY) were
added. The mixture was allowed to solidify overnight in a refrigerator.
Subjects ingested the mixed meal labeled with [1-1*C]glucose
tracer on both occasions at time 0 (Fig. 1). On each occasion, a
continuous infusion of [6,6-’Hz]glucose (11.84 mg/kg bolus, 0.1184
mg/kg continuous infusion; Cambridge Isotope Laboratories, An-
dover, MA) was started 180 min before the meal and continued for
360 min. On one occasion, [6-*H]glucose (PerkinElmer Life Sciences,
Boston, MA) was infused in a manner designed to mimic the antici-
pated pattern of appearance of the [1-'*C]glucose contained in the
meal, whereas on the other occasion [6-*H]glucose was infused in a
manner anticipated to mimic the pattern of change of EGP, as
suggested by previous studies (2). Blood was sampled from the
arterialized venous site at —30, —20, —10, 0, 5, 10, 15, 20, 30, 40, 50,
60, 75, 90, 120, 150, 180, 210, 240, 260, 280, 300, and 360 min.
Analytical techniques. Plasma samples were placed on ice, centri-
fuged at 4°C, separated, and stored at —20°C until they were assayed.
Plasma glucose concentration was measured using a glucose oxidase
method (YSI, Yellow Springs, OH). Plasma insulin concentration was
measured using a chemiluminescence assay, with reagents obtained
from Beckman Coulter (Access Assay; Beckman Coulter, Chaska,

DAY B

T T T 1 T T — T

-180 -120 -60 0 60

i.v. [6,6-°H,] glucose

A A

120 180 240 300 360 -180 -120 -60 o]

60 120 180 240 300 360

Fig. 1. Study design. On both days A and B,
a mixed meal containing [1-'*C]glucose was
ingested at time 0, and a primed continuous
infusion of [6,6 2Hz]glucose, started at time

—180, was continued until the end of the
experiment. On day A, an additional variable
intravenous infusion of [6-*H]glucose was
started at time 0, mimicking the anticipated

-180 -120 -60 ] 60 120 180

i.v. [6-3H] glucose

A

240 300 360 -180 -120 -60 0

pattern of appearance of the ingested glucose.
On day B, an additive primed continuous
infusion of [6-°H]glucose was started from
time —/80 until time O and then varied to
mimic the anticipated pattern of change of
EGP.

60 120 180 240 300 360

6002 ‘€z JaqwianopN uo Bio°ABojoisAyd-opuadle woly papeojumoq

60 120 180 240 300 360
minutes

60 120 180 240 300 360 -180 -120 -60 [4]
minutes

-180 -120 60 O

AJP-Endocrinol Metab « VOL 291 + OCTOBER 2006 + www.ajpendo.org



http://ajpendo.physiology.org

E802

MN). Body composition was measured using dual-energy X-ray
absorptiometry (DPX scanner; Lunar, Madison, WI). Plasma
[6-*H]glucose specific activity was measured by liquid scintillation,
counting as previously described (10). Plasma enrichment of
[1-13C]glucose and [6,6 *Hz]glucose was measured using GC-MS
(Thermoquest, San Jose, CA) to simultaneously monitor the C,_» and
Cs_¢ fragments, as described by Beylot et al. (3). Pilot experiments in
five subjects established that, under the conditions of the present
experiment, enrichment of '3C due to carbon cycling is below the
limit of detection with this technique.

Calculation. R, meai, EGP, and Ry were calculated, using either the
triple- or dual-tracer methods, with two different models of glucose
kinetics: a 1-CM and a 2-CM (2). Briefly, the 1-CM assumes that the
unknown and time-varying R, and Ry take place in the accessible
compartment, which has a volume equal to a fraction of the total
distribution volume. 2-CM assumes time-varying R, and R4 from the
accessible compartment and constant-rate parameters between the
accessible and the remote compartments. Below, we present the
general formulas, which were particularized for the triple- and dual-
tracer methods.

General formulas. Both the 1-CM and 2-CM allowed the estima-
tion of the (unknown) R, in plasma of the tracee from the known rate
of infusion of the tracer and measurements of tracer and tracee
concentration in plasma (see Appendix A in Ref. 2 for details).
According to the 1-CM,

_inf prxCXd(TTR)
*" TTR TTR dt

()

where inf is the tracer infusion rate, TTR is the tracer-to-tracee ratio
in plasma, C is the tracee plasma concentration, V is the volume of
distribution (fixed in all subjects to 200 ml/kg bw), and p is the pool
fraction (fixed to 0.65).

According to the 2-CM,

inf  V,xC d(TTR) q
l X ]2( . QZ

. o )
TTR TTR dt TTR

where V| is the volume of distribution of the accessible pool and k1>
is the rate constant between the peripheral and the accessible com-
partment fixed to 130 ml/kg and 0.07 min respectively, according to
previous studies in normal subjects (9). g> and Q- are the amounts of
tracer and tracee, respectively, in the peripheral compartment to be
evaluated by integrating model equations.

As detailed in the following paragraph, the triple- and dual-tracer
methods use Egs. I and 2 to calculate R, mea and EGP by adopting as
tracer and tracee different glucose variables, namely natural glucose
(Gnat, pmol/ml), i.e., glucose at natural composition coming from
ingested glucose and from EGP; endogenous glucose (Geng, pumol/ml)
derived from EGP only; ingested tracer (G3c pwmol/ml); and infused
tracers (Gon, pmol/ml and Gy, dpm/ml). The concentrations of these
variables were derived from their measurements by using the proce-
dure outlined in (2).

Triple-tracer Ry mea and EGP. On day A, [6->H]glucose was
infused to mimic the R, of [1-'3>C]glucose contained in the meal
(referred to as R, 13¢; Fig. 1, bottom left). R, 13c was calculated by the
1-CM (Eq. I) or 2-CM (Eq. 2), assuming [6->H]glucose as tracer and
[1-13C]glucose as tracee. R, mear Was then calculated by multiplying
R, .. by the ratio of total glucose to [1-'*Clglucose in the meal,
expressed as a function of the ratio between [1-'*Clglucose and
natural glucose measured in the meal (TTRmear)-

Gnat + G13C) =R < 1 + 1) (3)
meal oo TTRmeal

G13C
An index was defined to quantify the total amount, Qmeal, Of ingested
glucose that reaches the systemic circulation in the 6-h duration of the
study, equal to the area under the Ry meal curve.

Rimea = Ra13c<
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360
Qmea] = AUC(Ra) = J‘ Ra mea]([)dt (4)

0

On day B, [6->H]glucose was infused to mimic the R, of endog-
enously produced glucose (Fig. 1, bottom right). EGP was derived by
the 1-CM (Eq. 1) or 2-CM (Eq. 2), assuming [6-*H]glucose as tracer
and Gena as tracee. Suppression of EGP (EGPS) was calculated by
normalizing the area below basal to the basal area over the 6-h
duration of the study

360
(EGP(r) — EGP,)dt

0

EGPS = X 100 (3)

EGP, X 360

Dual-tracer R, mear and EGP. Because [6,6-’Hz]glucose tracer is
infused at a constant rate on both days A and B (Fig. 1, middle),
dual-tracer calculations were performed twice. R, 13c was calculated
using the 1-CM (Egq. I) or 2-CM (Egq. 2) with [6,6-’H;]glucose as
tracer and [1-'3C]glucose as tracee. Ry mear and Qmear Were calculated
for the triple-tracer method using Egs. 3 and 4, respectively. To
calculate EGP, the total R, of natural glucose was first calculated by
the 1-CM or 2-CM (Eq. 1), with [6,6->H;]glucose as tracer and natural
glucose as tracee, and then R, mea Was subtracted from it. EGPS was
calculated using Egq. 5.

Glucose Ry Once R, mea1 and EGP were available, with either the
triple- or the dual-tracer method, the postprandial profile of glucose
disappearance was calculated with the 1-CM and 2-CM, respectively.

dG
Rd = (Ra meal T EGP + FZH) - pV E (6)

dG
Ry = (Rymea + EGP + Fyy) — V, E —kyViG + k0, (7)

where Fay is the infusion rate of [6,6-*Hz]glucose tracer, G is glucose
concentration in the accessible compartments, k»; and k> are con-
stant-rate parameters between the peripheral and accessible compart-
ments (assumed equal to 0.05 and 0.07 min, respectively), and Q> is
the amount of glucose in the peripheral compartment. Dual-tracer
calculation of Rq was performed twice on days A and B. With the
triple-tracer method, R, mear €stimated on day A and EGP estimated on
day B were used in Egs. 6 and 7, with G calculated as its average
profile on the 2 days. An index quantifies the increase of R4 (Ra 1) by
normalizing the area above basal to the basal area over the 6-h
duration of the study.

f360 (R4(f) — Ryp)dr

Ry=——— %100 8
a1 Ry, X 360 &)

Data analysis. All data are expressed as means = SE. Postprandial
fluxes are expressed as micromoles per kilogram per minute of lean
body mass. Values obtained from —30 to 0 min (i.e., prior to the meal)
were considered as basal.

The time derivatives of the tracer-to-tracee ratios and areas under
curves have been calculated as in Ref. 2.

Wilcoxon’s signed rank test was used to determine the statistical
significance of differences. A P value <0.05 was considered to be
statistically significant.
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RESULTS

Plasma concentrations. Plasma glucose, insulin, and glucose
tracer concentrations are shown in Fig. 2. As is evident, the
concentration of glucose, insulin, [1-13C]glucose, and [6,6-
2H,)glucose were virtually identical on the 2 study days,
indicating a high degree of reproducibility of the experimental
conditions, whereas [6-*H]glucose concentration exhibited dif-
ferent patterns resulting from different infusion profiles. On
day A, the intravenous infusion of [6-*H]glucose was varied so
that it mimicked the anticipated pattern of change of R, meal,
resulting in a gradual but smooth fall in the ratio of plasma
[6-*H]- and [1-'3*C]glucose from ~12,000 down to ~6,000
dpm/pmol over the 6 h of study (Fig. 3, fop leff). On the other
hand, on day B, the intravenous infusion [6-*H]glucose was
varied so that it mimicked the anticipated pattern of change of
EGP, resulting in a slow increase of the ratio of [6-*H]glucose
to endogenous glucose from ~400 to 600 dpm/pmol (Fig. 3,
bottom left). In contrast, because [6,6-H,]glucose was infused
intravenously at a constant rate, the ratio of [6,6-°H,] glucose to

10 - day A
- day B
8
_|
Glucose =
g 6
1S
4
0 60 120 180 240 300 360
600 -+ day A
-4~ day B
= 400
Insulin o
I
Q200
0 b
0 60 120 180 240 300 360
0.30
- day A
-+ day B
= 020
[113C] glucose g
£ 010
0
0 60 120 180 240 300 360
030 —-—day A
- day B
| 1
= 020
[6,6-2H,] glucose 5
IS
€ o010
0.00
0 60 120 180 240 300 360
3000 - day A
- day B
E 2000
[6-3H] glucose £
E £
S
© 1000
0 *+
0 60 120 180 240 300 360

minutes

Fig. 2. Mean plasma glucose, insulin, [1-'3C]glucose, [6,6-*Hz]glucose, and
[6-*H]glucose concentrations. Vertical bars represent SE.
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[1-13C]glucose (used to calculate meal appearance with the
dual method) and the ratio of [6,6-2H2]glucose to unlabeled
glucose (used to calculate total glucose appearance with the
dual method) rapidly and markedly fell after meal ingestion
(Fig. 3, right).

Ry mear. Figure 4 shows estimates of glucose fluxes with the
dual-tracer vs. the reference triple-tracer method obtained with
the 1-CM (left) and 2-CM (right) models. Ry mear (Fig. 4, left)
measured with the dual-tracer method, and the 1-CM peaked
later (37.5 £ 1.6 vs. 25 = 1.9 min, P = 0.012 ) and at a lower
value (58.4 = 5.5 vs. 82.5 * 8.7 pmol-kg !'*min~!, P =
0.0117) than with the triple-tracer method. With the dual-tracer
method and 2-CM, the time to R, mear peak was delayed (40 =
1.9 vs. 25 = 1.9 min, P = 0.0117), but the peak values were
comparable [81.5 = 7.7 vs. 79.9 * 8.1 wmol-kg~!-min~!, not
significant (NS)]. The area under meal appearance was lower
with the dual-tracer method, by 20% with the 1-CM (9,036 =
558 vs. 11,316 = 823 wmol/kg, P = 0.0117) and by 16% with
2-CM (10,231 £ 661 vs. 12,169 = 838 wmol/kg, P = 0.0117).
Compared with the dose of ingested glucose, we found that
there were no differences between glucose dose and the total
amount of ingested glucose that reaches the systemic circula-
tion (Qmear) estimated with the triple-tracer technique both with
1-CM and 2-CM (dose = 11,952 £ 989 vs. Omea (1-CM) =
11,316 = 823, Omea (2-CM) = 12,169 = 838 wmol/kg, P =
0.5754), whereas Qmea estimated with the dual-tracer method
was significantly lower [Qmear (1-CM) = 9,036 = 559, Omeal
(2-CM) = 10,231 % 662 pmol/kg, P = 0.0117].

EGP. The pattern of EGP (Fig. 4, middle) was different with
the dual and the triple-tracer approaches, particularly during
the first 60 min after meal ingestion with both the 1-CM and
2-CM. The dual method indicated an initial paradoxical in-
crease, resulting in an overestimation of EGP compared with
the triple-tracer method during the initial 40 min that reaches
significance at 20 min with the 1-CM. From 40 to 60 min, EGP
with the dual-tracer method reaches negative values in all but
one subject, resulting in a significantly negative average nadir
with both the 1-CM (—2.5 £ 1, P = 0.041) and 2-CM (—6.0 =
1.3, P = 0.0026). This represents an underestimation of the
reference EGP derived with the triple-tracer method, which
took on negative values in only a limited number of subjects,
resulting in an average nadir not significantly different from
zero. The difference in EGP estimated with the dual- and
triple-tracer method was more evident with the 1-CM, and
thus EGPS was lower than the triple-tracer method when the
dual-tracer method was employed with the 1-CM (57 £ 3
vs. 65 £ 4%, P = 0.0117) but not with 2-CM (63 = 4 vs.
65 * 4%, NS).

Glucose disposal. The postprandial pattern of R4 also dif-
fered when calculated with the dual- and triple-tracer methods.
Compared with the triple-tracer method, Ry was underesti-
mated with the dual-tracer method, regardless of whether the
data were analyzed using the 1-CM or 2-CM (Fig. 4, bottom). In
particular, the postprandial peak in Rq was underestimated with
the dual-tracer method with both the 1-CM (day A: 52.4 = 4.5;
day B: 553 £ 4.2 vs.76.3 £ 8.2%, P = 0.0117) and 2-CM (day
A: 647 £ 6.3 vs. 794 £ 8.9%, P = 0.0357; day B: 66.8 = 5.0
vs. 79.4 = 8.9%, P = 0.0499). In addition, the postprandial area
of Ry above basal normalized to the area under basal Ry
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(Ra1) was underestimated with both the 1-CM (day A: 109 £ 7,
day B: 110 = 7 vs. 148 = 19%, P = 0.0117 ) and 2-CM (128 =
9 and 124 = 8 vs. 158 *= 20%, P = 0.0173).

DISCUSSION

The present data confirm that use of the dual-tracer method
is accompanied by marked changes in plasma tracer-to-tracee
ratios following glucose ingestion and that these changes can,
to a large extent, be minimized by a triple-tracer method (2).
These data further indicate that the nonsteady state associated
with the dual-tracer method results in substantial error in the
estimation of both rate and pattern of postprandial glucose
fluxes, i.e., Ry mea;, EGP, and Ry, compared with reference
profiles of the triple-tracer method. Taken together, these data
suggest that three tracers with appropriate infusion profiles are
required for simultaneous assessment of these three postpran-
dial fluxes.

The conventional dual-tracer method uses two tracers, one
ingested and the other intravenously infused at a constant rate,
to estimate R, mea, total glucose appearance (the difference
equaling EGP), and Ry by using either the 1-CM or 2-CM. The
estimated R, mea1 and EGP are dependent on both the structure
and parameter values of the model used to derive them. The
1-CM has been used with a wide range of values for the
distribution volume, ranging from 130 to 230 ml/kg (6). The
2-CM assumes a time-varying loss from the accessible pool
and constant exchange parameters between the accessible and
peripheral pools, likely providing a more realistic representa-
tion of glucose kinetics. The problem is that there has been no
“gold” standard to determine which method yields the most
accurate estimate of postprandial glucose turnover. Livesey et
al. (6) reported that a 1-CM with a distribution volume equal to
230 ml/kg provides R, mea and EGP profiles similar to those
derived from a 2-CM. However, as shown in the present
studies, this is not a proof of model validity, since both the
1-CM and 2-CM are affected by non-steady-state errors.
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The triple-tracer method was proposed in an effort to min-
imize these errors; it requires a more complex experimental
setting since it uses three tracers, one ingested and two intra-
venously infused at variable rates, but provides an almost
model-independent assessment of R, mea and EGP, i.e., not
dependent on the model to derive them, either 1-CM and
2-CM, or on the value of parameters used in the models.

In the present study, eight subjects, characterized by a wide
range of insulin sensitivity, were studied with a 2-day protocol
designed to perform simultaneously dual- and triple-tracer
studies. The conventional dual-tracer method (i.e., constant
intravenous tracer infusion) was accompanied by the use of a
third tracer infused to optimize estimation of either R, mear (day
A) or EGP (day B). As is evident in Fig. 3, the plasma ratio of
[6-*H]glucose to [1-1*C]glucose on day A and to endogenous
glucose on day B were not perfectly constant. Obtaining
perfectly constant TTRs is impossible, because this would
require exact knowledge of the time course of R, mea1 and EGP.
In practice, only an approximate knowledge is necessary (2) to
adjust the tracer infusion rates in a manner that substantially
reduces the variation in TTRs, thereby markedly reducing the
error introduced by the nonsteady state. Data were analyzed by
using the 1-CM and 2-CM with parameters fixed to population
values. The impact of model structure and nonindividual pa-
rameter values on estimated fluxes is minimized by the triple-
tracer method (2), which can thus be used as a reference
against which the ability of the dual-tracer method to provide
estimates of postprandial fluxes can be evaluated. As expected,
the dual-tracer method resulted in marked non-steady-state
conditions, with very pronounced initial TTR declines, which
rendered R, mear and EGP estimation model dependent. R, meal
(Fig. 4, top) was markedly lower with 1-CM compared with
2-CM, and EGP showed a paradoxical pattern with both
models (Fig. 4, middle), i.e., an initial increase above basal,
more pronounced with the 1-CM, and a rapid decline to even
negative values, more pronounced with the 2-CM.
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A comparison of the dual-tracer fluxes with the triple-tracer
reference fluxes (Fig. 4) confirmed previous findings (2). The
dual-tracer and 1-CM performed poorly, with R, mear peak
significantly lower and delayed compared with the triple-tracer
reference, resulting in a significantly lower estimation of the
total amount of ingested glucose, and EGP initially overesti-
mated (0- to 40-min period following glucose ingestion) with
respect to the triple reference, resulting in a significant under-
estimation of EGP suppression. The 2-CM performed better
than the 1-CM, particularly for R, mea, Which peaked at a
similar value, even if it was somewhat delayed. The total
amount of ingested glucose was still significantly underesti-
mated compared with reference, although to a minor extent
compared with the 1-CM. The dual-tracer method and the
2-CM still provided a paradoxical pattern of EGP, but with a
correct estimate of the total suppression index, since initial
overestimation of EGP (0- to 40-min period following glucose
ingestion) was compensated by late underestimation (40-120
min).

Ry also can be calculated once R, mea1 and EGP are known.
Both dual and triple-tracer methods can provide an estimate of
R4 from mass balance equation of the accessible compartment,
i.e., from rate of change of glucose mass. Estimation of Ry is
thus sensitive to the model structure and parameter values with
both dual and triple-tracer approaches, but the triple tracer has
the advantage of a more accurate measure of total glucose
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appearance (i.e., Ry mea + EGP) than does the conventional
dual tracer. In the present studies, Rq peak and above-basal
increase estimated with either the 1-CM or 2-CM were similar
with the triple- but not with the dual-tracer method, thus
confirming that dependence of Ry on model structure is less
critical with the triple-tracer method. Assuming the triple tracer
as a reference (Fig. 4), the dual-tracer approach using either the
1-CM or 2-CM significantly underestimated both Rq peak and
its overall increase above basal.

These results indicate that, although triple-tracer flux esti-
mates are almost model independent, those derived with the
dual-tracer method are dependent on the model used to derive
them. However, it is important to point out that all of these
results were derived by fixing some model parameters to
specific values. With the 1-CM, calculations required to fix the
product of the total distribution volume (V) by an operational
pool fraction (p). We used for pV a value equal to 130 ml/kg,
but we have previously shown (2) that, although the value
chosen for pV has a marked effect on fluxes calculated with the
dual-tracer method, the triple-tracer calculations are essentially
independent of the assumed volume of distribution. For in-
stance, as pointed out by Livesey et al. (6), the Ry meal
measured with the dual-tracer method increased as the volume
assumed for pV was increased. However, no single pV value
appeared to be adequate for deriving glucose fluxes with the
dual-tracer method, since three different time-varying pV pro-
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files would be required to derive R, mea, EGP, and Rq4 equal to
the reference values derived with the triple-tracer method.
With the 2-CM, exchange rate parameters ki, and k»; and the
volume of distribution of the accessible pool need to be fixed.
Ideally, these parameters should be determined separately in
each individual, but this would require an additional tracer
experiment. Therefore, we fixed them to values derived from
previous studies in normal subjects (9). As is evident from
inspection of 2-CM equations, the influence of model param-
eters on estimated fluxes is more pronounced when the tracer-
to-tracee ratio varies in time, as with the dual-tracer method.
However, the extent to which use of individual vs. population
rate parameters improves the performance of the 2-CM is
difficult to predict.

In conclusion, our results show that changes in tracer-to-
tracee ratios that occur with the conventional dual-tracer
method preclude accurate estimation of postprandial fluxes
Ry mea, EGP, and R4q. The use of the 2-CM with the
dual-tracer approach reduces but does not completely avoid
these errors. The dual-tracer method underestimates R, meal
and Ry and inaccurately assesses the degree and pattern of
suppression of EGP. Of concern, the size of these errors
differs depending on the degree of tracer-to-tracee non-
steady state, making comparison of fluxes in individuals
with different degrees of glucose tolerance (e.g., diabetic vs.
nondiabetic subjects) problematic. Although it is experi-
mentally more complex, the triple-tracer method minimizes
non-steady-state errors, thereby enabling more accurate as-
sessment of postprandial fluxes R, mea, EGP, and Ryq. How-
ever, if the purpose of the experiment is to assess Ry meal
alone or EGP alone, then only two tracers are required, i.e.,
the oral tracer plus a second intravenous tracer properly
infused to optimize estimation of R, mea in the former case
and EGP in the latter.
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